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Introduction

Abstract

Reduced vessel density in adipose tissue and skeletal muscle is associated with
obesity and may result in decreased perfusion, decreased oxygen consumption,
and insulin resistance. In the presence of VEGFA, Angiopoietin-2 (Angpt2)
and Angiopoietin-1 (Angptl) are central determinants of angiogenesis, with
greater Angpt2:Angptl ratios promoting angiogenesis. In skeletal muscle, exer-
cise training stimulates angiogenesis and modulates transcription of VEGFA,
Angptl, and Angpt2. However, it remains unknown whether exercise training
stimulates vessel growth in human adipose tissue, and it remains unknown
whether adipose angiogenesis is mediated by angiopoietin signaling. We
sought to determine whether insulin-resistant subjects would display an
impaired angiogenic response to aerobic exercise training. Insulin-sensitive
(IS, N = 12) and insulin-resistant (IR, N = 14) subjects had subcutaneous adi-
pose and muscle (vastus lateralis) biopsies before and after 12 weeks of cycle
ergometer training. In both tissues, we measured vessels and expression of
pro-angiogenic genes. Exercise training did not increase insulin sensitivity in
IR Subjects. In skeletal muscle, training resulted in increased vessels/muscle
fiber and increased Angpt2:Angptl ratio in both IR and IS subjects. However,
in adipose, exercise training only induced angiogenesis in IS subjects, likely
due to chronic suppression of VEGFA expression in IR subjects. These results
indicate that skeletal muscle of IR subjects exhibits a normal angiogenic
response to exercise training. However, the same training regimen is insuffi-
cient to induce angiogenesis in adipose tissue of IR subjects, which may help
to explain why we did not observe improved insulin sensitivity following aero-
bic training.

perfusion may result from reduced vessel density and/or
diminished vasodilatory responses (Clerk et al. 2006; Fris-

Poor tissue perfusion in skeletal muscle and adipose tissue
is associated with obesity and may result in decreased
oxygen consumption (Gavin et al. 2005), decreased glu-
cose tolerance, and insulin resistance (Krotkiewski et al.
1983; Lillioja et al. 1987; Frisbee 2007). Inadequate tissue
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bee 2007; Clark 2008; Clough et al. 2011). In skeletal
muscle, vessel density is correlated with glucose tolerance
and insulin sensitivity (Lillioja et al. 1987; Nyholm et al.
1997; Larsson et al. 1999; Solomon et al. 2011), and is
reduced in subjects with type 2 diabetes (Mathieu-Costel-
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lo et al. 2003). Additionally, weight loss induces angio-
genesis in skeletal muscle of obese humans (Kern et al.
1999), and weight loss plus exercise has been shown to
induce angiogenesis in subjects with impaired glucose tol-
erance (Prior et al. 2014). In humans with type 2 diabe-
tes, the insulin-sensitizing thiazolidinedione (TZD) drug
troglitazone increases muscle vessel density (Mathieu-Cos-
tello et al. 2003). These observations are particularly
important in the context of diabetes and insulin resis-
tance, as trans-vessel insulin transport is posited to be a
rate-limiting step in insulin-stimulated glucose uptake
(Sjostrand et al. 2002; Herkner et al. 2003). In studies
involving men with type 2 diabetes (Allenberg et al. 1988)
and impaired glucose tolerance (Kim et al. 2004), exercise
was shown to induce muscle angiogenesis. Although it
has long been known that exercise training stimulates ves-
sel growth in healthy skeletal muscle, it is not known
whether insulin-resistant subjects differ from healthy sub-
jects in their angiogenic response to aerobic exercise
training.

Skeletal muscle vessel density is also correlated with
aerobic fitness, as assessed by maximal oxygen consump-
tion during a graded exercise test (VO2max). Further-
more, low VO2max is associated with metabolic
dysfunction, including elevated fasting insulin (Nagano
et al. 2010), decreased insulin-stimulated glucose uptake
(Nyholm et al. 2004), and decreased glucose disposal rate
during hyperinsulinemic-euglycemic clamp (Nyholm et al.
1996). Indeed a number of studies have shown that exer-
cise training-induced increases in VO2max correlate with
increased vessel density in healthy humans (Zumstein
et al. 1983; Duscha et al. 2012) and obese women (Man-
droukas et al. 1984).

The adipose tissue dysfunction that is associated with
obesity and insulin resistance also includes decreased ves-
sels and hypoxia, along with fibrosis, inflammation, and
macrophage infiltration (extensively reviewed by Sun
et al. (Sun et al. 2013)). Accordingly, decreased vessel
density has been observed in subcutaneous fat from obese
versus lean humans (Pasarica et al. 2009; Spencer et al.
2011), and postprandial adipose tissue blood flow is posi-
tively correlated with adipose tissue insulin sensitivity
(Karpe et al. 2002). Furthermore, the TZDs pioglitazone
and rosiglitazone induce adipose tissue angiogenesis
(Gealekman et al. 2012; Spencer et al. 2014). However, it
remains unknown whether exercise training affects adi-
pose tissue vascularity in humans.

Exercise and other stimuli have been shown to regulate
pro-angiogenic pathways through the induction of
hypoxia inducible factor-la (HIF-1o), which induces
transcription of vascular endothelial growth factor A
(VEGFA) (Levy et al. 1995). Additionally, the secreted
glycoproteins angiopoietin-2 (Angpt2) and angiopoietin-1
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(Angptl) are central determinants of angiogenesis, with
greater Angpt2:Angptl ratios promoting angiogenesis.
The Angpt2 signaling cascade ultimately contributes to
angiogenesis by promoting the permeabilization and
destabilization of vessel walls (Gustafsson 2011; Cascone
and Heymach 2012; Fagiani and Christofori 2013). In
human skeletal muscle, exercise has been shown to modu-
late Angptl and Angpt2 gene expression (Timmons et al.
2005) and increase the Angpt2:Angptl ratio (Gustafsson
et al. 2007). However, the effect of exercise on the Ang-
pt2:Angptl gene expression ratio has not been extensively
studied in adipose tissue.

The purpose of this study was to quantify the chronic
skeletal muscle and adipose tissue angiogenic response to
exercise training and to determine whether it is impaired
in insulin-resistant subjects. In this cohort, we have previ-
ously reported a shift toward a more oxidative muscle
fiber type profile following aerobic exercise training (type
IMa/IIx to type Ila)(Fry et al. 2014), and we and others
have shown that abundance of type Ila fibers correlates
with VO2max (Hunter et al. 2005; Fry et al. 2014). In the
present report, aerobic fitness, adipose and muscle vessels,
and adipose and muscle angiogenic gene expression were
assessed before and after 12 weeks of aerobic exercise
training. We show that training induces vessel growth
and a chronic shift toward a pro-angiogenic gene expres-
sion pattern in skeletal muscle in both insulin-sensitive
and insulin-resistant subjects. However, adipose tissue
responds differently; adipose tissue vessel density and
angiogenic gene expression is induced in insulin sensitive,
but not insulin resistant, individuals following exercise
training. To our knowledge, this is the first study to
investigate exercise-induced angiogenesis in multiple tis-
sues in a human cohort that includes both men and
women.

Methods

Human subjects

In accordance with the standards set by the Declaration
of Helsinki (last modified in 2008), all protocols were
approved by the Institutional Review Board of the Uni-
versity of Kentucky, Lexington, KY. All subjects were
made aware of the design and purpose of the study, and
all signed consent forms. Subjects were excluded for:
history of smoking, coronary disease, congestive heart
failure, chronic inflammatory diseases, BMI > 42, triglyce-
rides > 700 mg/dL, or orthopedic problems that could
influence ability to perform the exercise protocol. Partici-
pants included both normal weight and obese subjects.
Diabetic subjects were excluded, but some subjects
demonstrated impaired fasting glucose or impaired
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glucose tolerance. Twenty-seven participants were
recruited and 26 completed the study. Baseline measures
included routine laboratory testing for liver, kidney, and
thyroid function. Physical activity was assessed using the
International Physical Activity Questionnaire (IPAQ) vali-
dated questionnaire (Craig et al. 2003).

Assessment of physical and metabolic
function

Assessment of glucose metabolism and body composition
were performed before and after 12 weeks of exercise
training. Subjects underwent oral glucose tolerance tests
according to World Health Organization standard proto-
col (75 g glucose, 2 h). To measure insulin sensitivity, the
frequently sampled intravenous glucose tolerance test
(FSIVGTT) was performed and analyzed using the MIN-
MOD method (Pacini and Bergman 1986; Bergman et al.
1989), and S; (min x pU ™" x mL™" x 10™*) was deter-
mined. Subjects were considered to be insulin resistant if
S; was <2.4 (N = 15), and were considered to be insulin
sensitive if S; was >2.4 (N = 12). We were unable to
obtain baseline S; data for two subjects, giving us 25 base-
line S; measurements. DEXA scans were performed for
assessment of body composition (Lunar Prodigy, GE
Lunar, Inc., Little Chalfont, U.K.).

Maximal graded exercise testing (GXT) along with
assessment of VO2max with integrated electrocardiogram
and calibrated exercise bicycle ergometer was performed
before and after 12 weeks of exercise training. Subjects
maintained a pedaling rate of 60-70 rpm, with workload
intensity beginning at 20 watts, and increasing by
20 watts every 2 min until VO2max was obtained. Initial
loads were modified on the basis of participant fitness
levels, but all participants completed the same testing pro-
tocol at baseline and study conclusion. Continuous mea-
sures of oxygen consumption and CO, production (Vmax
229, Viasys Healthcare, Yorba Linda, CA) were taken.
Respiratory exchange ratio, heart rate, blood pressure,
and rate of perceived exertion were recorded in the final
30 sec of each work watts stage.

Aerobic exercise training

The exercise training protocol consisted of stationary
cycle ergometer, with the target intensity corresponding
to 65% of VO2max and approximately 75-80% of maxi-
mum heart rate, as determined by baseline maximal GXT
measures. Training intensity was monitored using Polar
A3 heart rate monitors (Polar Electro Inc., Woodbury,
NY). Subjects were required to exercise for duration of
45 min, and were allowed to take intermittent breaks if
they were unable to maintain constant exercise for the
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entire session. During the 12 week time course, exercise
intensity was gradually increased and rest periods were
gradually decreased so that during the eighth through
twelfth weeks of training, subjects exercised for 45 min
consecutively without rest at a heart rate corresponding
to 65% of VO2max.

Muscle and adipose tissue biopsies

In order to assess chronic exercise-induced angiogenic
changes, muscle and subcutaneous adipose tissue biopsies
were performed using local anesthesia at baseline and fol-
lowing aerobic training (72 h after the final exercise
bout). Approximately 250 mg of vastus lateralis muscle
was obtained using a 5 mm Bergstrom needle with suc-
tion. For histochemistry, approximately 50 mg of muscle
was then mounted on cork using tragacanth gum and
then frozen in isopentane. For gene expression, the
remainder of the muscle sample was snap-frozen in liquid
nitrogen. On or near the same day as the muscle biopsy,
approximately 4-6 g of abdominal subcutaneous adipose
tissue was obtained through a small incision. For histo-
chemistry, approximately 1 g of adipose was placed in
Bouin’s fixative and 1 g was placed in 10% neutral buf-
fered formalin (Electron Microscopy Sciences, Hatfield,
PA). For gene expression, the remainder of the adipose
was snap-frozen in liquid nitrogen.

Histochemistry

We have previously published a report using a subset of
this cohort of subjects (N = 22) to investigate the rela-
tionship between exercise-induced fiber type switching
and improvement in VO2max (Fry et al. 2014). In this
study, we performed additional analyses using previously
reported fiber typing data, including correlations between
fiber type and vessels in 19 subjects for whom both data
were available. Fiber typing was performed as previously
described: unfixed 7 um sections were incubated over-
night at room temperature with antibodies against MyHC
type Ila (SC.71; IgGl) and type IIx (6HI; IgM) from
DSHB. The following day, slides were incubated with sec-
ondary antibodies: goat anti-mouse IgGl AF488 (Life
Technologies, Carlsbad, CA, #A21121), or goat anti-
mouse IgM biotin (Life Technologies, #626840) followed
by Streptavidin-Texas Red (Vector Laboratories, Burlin-
game, CA, #SA-5006). Slides were post-fixed in methanol
prior to mounting with fluorescent mounting media (Fry
et al. 2014).

For determination of vessel density in muscle, 7 um
sections were cut in a cryostat. After excluding muscle
slides with poor morphology or poor orientation, 24
pre and post-training pairs were available for analysis.
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For determination of vessel density in adipose, tissues
were embedded in paraffin and 5 um sections were
obtained using a microtome. Adipose sections were then
de-paraffinized through a series of xylenes to ethanol
washes. Adipose sections also underwent antigen retrie-
val (30 min at 100°C in 6 mm Citrate buffer, pH 6.0).
For both muscle and adipose, sections were blocked in
2.5% normal horse serum (NHS) for 1 h at room tem-
perature. Then sections were incubated in TRITC-conju-
gated lectin from Ulex europaeus (Sigma-Aldrich, St.
Louis, MO, 1-4889), 1:50 in 2.5% NHS for 90 min at
room temperature. Slides were then washed in PBS
3 x 5 min, cover-slipped using Vectashield Mounting
Medium with DAPI (Vector Laboratories, H-1200), and
photographed. Muscle images were obtained using 20x
magnification with a Nikon 55i upright microscope, and
analyzed using Nikon NIS Elements software (Nikon
Instruments, Melville, NY). Adipose Images
obtained using 10x magnification with a Zeiss Axiolm-
ager Mlupright microscope and analyzed using AxioVi-
sion v4.8 software (Carl Zeiss AG, Oberkochen,
Photomicrograhs underwent

were

Germany). gamma and
exposure corrections in Adobe Photoshop (Adobe Sys-
tems, San Jose, CA) in order to enhance contrast. Ves-
sels and cells were counted manually. In adipose tissue,
the number adipocytes/mm* of adipose tissue was used
to calculate average adipocyte size. We excluded two
participants from adipose analyses because their mea-
sures were consistent statistical outliers, leaving 24 pre/

post pairs of adipose slides available for analysis.

Gene expression

In pre and post-training muscle biopsies, RNA was
extracted by homogenizing pulverized frozen samples in
QIAzol Lysis Reagent (QIAGEN, Hilden, Germany,
79306) and RNA was precipitated and washed using the
RNeasy kit (QIAGEN, 74104). RNA quality and integrity
was assessed using the Agilent 2100 Bioanalyser (Agilent
Technologies, Santa Clara, CA). Gene expression was
measured using the nCounter analysis system (NanoString
Technologies, Seattle, WA) (Geiss et al. 2008; Northcott
et al. 2012; Veldman-Jones et al. 2014). Due to the Nano-
String platform capacity, 20 subjects with a wide range of
S; were chosen for analysis. We designed a hypothesis-dri-
ven custom probe set that included numerous genes in
the angiogenesis pathway and hybridized these with
100 ng of RNA from each biopsy. Gene expression was
normalized to the geometric mean of six housekeeping
genes (f-actin, Cyclophilin A, Cyclophilin B, TATA bind-
ing protein, Tubulin-f, and Ubiquitin C), and the mean
of eight negative controls was subtracted; the data are
presented as normalized counts. For this study, we only
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report results for genes that are known markers or media-
tors of angiogenesis. These are as follows: Angptl, Ang-
pt2, CD31, HIF-1a, TIE-1, TIE-2, and VEGFA.

In pre and post-training adipose biopsies, RNA was
extracted using RNeasy lipid tissue kit (QIAGEN, 74804).
As with muscle, RNA quality and integrity was assessed
using the Agilent 2100 Bioanalyser. Reverse transcription
was performed with the iScript cDNA synthesis kit (Bio-
Rad, Hercules, CA, 170-8890). Quantitative real-time
rtPCR was performed for expression of selected genes in
adipose based on Nanostring results in muscle using Ki-
CgStart qPCR ReadyMix (Sigma-Aldrich, KCQS07). Gene
expression was normalized to Cyclophilin A gene expres-
sion. Primer pairs are given in Table 1. Adipose samples
were chosen based on overlap with NanoString muscle
samples. Three subjects were removed due to poor quality
RNA and two subjects were removed because they were
statistical outliers, leaving 15 pre and post-training pairs
available for adipose gene expression analysis.

Statistics

In order to determine whether exercise training had dif-
ferential effects on IS versus IR, comparisons between pre
and post-training were analyzed using repeated measures
ANOVA (RMANOVA). Exercise training, insulin resis-
tance, and exercise training x insulin resistance were
included in the model as fixed effects. All data are
expressed as mean £ SEM. Significance was predeter-
mined to be P < 0.05. Exact P values for biologically rele-
vant trends are reported. Linear regressions employed the
Pearson product-moment correlation coefficient when

Table 1. Primers used for analysis of adipose tissue gene expres-
sion.

Gene Primers

5-CCC ACC GTG TTC TTC GAC AT-3
3/-GCT GTC TTT GGG ACC TTG TCT-5

Cyclophilin A

Angpt1 5-AGC GCC GAA GTC CAG AAA AC-3'
3'-TAC TCT CAC GAC AGT TGC CAT-5'
Angpt2 5/-CTC GAA TAC GAT GAC TCG GTG-3'

3'-TCA TTA GCC ACT GAG TGT TGT TT-5'
CD31 5-GCT GAC CCT TCT GCT CTG TT-3'
3'-CGG CAG GCT CTT CAT GTC AA-5

HIF-1a 5'-ATC CAT GTG ACC ATG AGG AAA TG-3'
3'-TCG GCT AGT TAG GGT ACA CTT C-5

TIE1 5-ACG ACC ATG ACG GCG AAT G-3'
3'-CGG CAG CCT GAT ATG CCT G-5

TIE2 5-TTA GCC AGC TTA GTT CTC TGT GG-3'
3'-AGC ATC AGA TAC AAG AGG TAG GG-5

VEGFA 5-AGG GCA GAA TCA TCA CGA AGT-3'

3’-AGG GTC TCG ATT GGA TGG CA-5
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two continuous variables were normally distributed
(including all figures depicting regressions). All S; values
were log-transformed prior to analysis. Statistical outliers
were removed from analyses if they were greater than two
standard deviations above or below the mean. Statistical
analyses were performed with JMP v. 10 (SAS Institute,
Cary, NC).

Results

Baseline characteristics of subjects

Clinical characteristics of insulin-sensitive (IS) versus
insulin-resistant (IR) participants are shown in Table 2.
Our cohort included a broad age range (2668 years),
and consisted of mostly women (74%). There was no dif-
ference in age, sex, fasting glucose, LDL cholesterol, or
blood pressure between IR and IS subjects. However, the
IR subjects had significantly greater BMI (P < 0.0001)
and fasting insulin (P < 0.05), and had significantly lower
St (P <0.0001), HDL cholesterol (P < 0.01), and
VO2max (P < 0.001). Additionally, IR subjects showed
trends toward higher triglycerides (P = 0.06) and lower
physical activity (P = 0.08). Figure 1 shows relationships
between baseline clinical parameters of all subjects: BMI
was inversely associated with log S; (Fig. 1A, P < 0.0001,
r=—0.71) and VO2max (Fig. 1B, P < 0.0001,
r = —0.47). Furthermore, VO2max was positively associ-
ated with log S; (Fig. 1C, P < 0.05, r = 0.49) and vessels
per muscle fiber (Fig. 1D, P < 0.01, r = 0.53; representa-
tive image shown in Fig. 2B). However, vessel density was
not associated with IPAQ physical activity scores or insu-
lin sensitivity.

Table 2. Clinical characteristics of study subjects.

Insulin Resistance and Exercise-Induced Angiogenesis

Physiological effects of exercise training

Subjects participated in an aerobic exercise training pro-
tocol consisting of cycle ergometer, 3 days per week for
12 weeks. Exercise intensity was incrementally increased
over the 12 week period in order to achieve 45 continu-
ous minutes of exercise at a heart rate corresponding to
65% of VO2max during the final 4 weeks of the study.
To ensure the efficacy of the training protocol, measure-
ment of VO2max was performed at baseline and follow-
ing 12 weeks of aerobic exercise training. VO2max was
lower in IR subjects at baseline and following training
(Fig. 2A; IS versus IR P < 0.0001, RMANOVA). None-
theless, VO2max in the entire cohort was significantly
increased following training, regardless of insulin
sensitivity (Fig. 2A, training P < 0.01, RMANOVA). In
IR subjects, the aerobic training protocol had no effect
on Sy

Skeletal muscle angiogenic response to
exercise training

In order to quantify the angiogenic response to training,
histochemical lectin staining was used to visualize and
count skeletal muscle vessels in biopsies obtained pre and
post-training. A representative image is shown in Fig. 2B.
At baseline and following training, IS subjects had signifi-
cantly more vessels per muscle fiber (Fig. 2C, IS versus IR
P < 0.05, RMANOVA). Nonetheless, vessels per muscle
fiber increased significantly for the entire cohort following
training (Fig. 2C, training P < 0.001, RMANOVA).
Importantly, both the IS and IR groups increased vessel
density to the same extent (Fig. 2C, training x IR NS,

Insulin sensitive N = 12; 8
female, 4 male

Insulin resistant N = 15; 12
female, 3 male

Measurement Mean + SEM (range) Mean + SEM (range) P
Age (years) 479 £ 4.0 (26-64) 49.3 + 2.8 (29-68) NS

BMI (kg/mz) 26.0 + 0.72 (23.3-32.6) 35.1 + 0.9 (27.5-41.8) <0.0001
S 4.64 + 0.33 (2.49-7.12) 1.55 £ 0.30 (0.56—2.34) <0.0001
Fasting glucose (mg/dL) 84.4 4+ 1.7 (73-96) 88.4 4+ 2.2 (78-109) NS
Fasting insulin (ulU/mL) 6.4 + 0.97 (3.3-13.1) 12.5 + 2.5 (5.1-42.1) <0.05
Triglycerides (mg/dL) 111.6 £ 17.9 (57-255) 157.4 + 15.5 (69-328) 0.06
HDL (mg/dL) 70.5 + 8.0 (38-126) 46.7 £+ 2.4 (29-66) <0.01
LDL (mg/dL) 124.4 4+ 12.0 (72-207) 117.8 &+ 6.0 (77-166) NS
Systolic BP (mmHg) 125.9 4+ 5.9 (103-174) 127 + 4.6 (98-163) NS
Diastolic BP (mmHg) 75.7 + 3.2 (58-92) 76.7 + 2.9 (56-96) NS
VO2max (mL/kg*min) 33.7 £ 2.5 (22.9-53.2) 22.2 + 1.2 (13.8-29.3) <0.001
IPAQ activity score 2945 + 805 (318-9782) 1335 4 958 (186-2946) 0.08
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Figure 1. Relationships between baseline characteristics of study subjects. BMI is inversely correlated with (A) log S, (P < 0.0001, r = —0.71,
N = 25), and (B) VO2max (P < 0.05, r = —0.47, N = 27). VO2max is positively correlated with (C) log S, (P < 0.05, r = 0.49, N = 25), and (D)

vessels/muscle fiber (P < 0.01, r = 0.53, N = 24).

RMANOVA). The NanoString nCounter system was used
to measure gene markers of vessels. Consistent with histo-
chemical results, gene products of vascular endothelial
cells were significantly increased following training,
including CD31 (Fig. 2D, training P < 0.0001, RMANO-
VA) and the angiopoietin receptor TIE1 (Fig. 2E, training
P < 0.0, RMANOVA). Lastly, there was no change in
mean gene expression of TIE2 (another angiopoietin
receptor) following training (data not shown).

In this study cohort, we have previously reported a
shift in muscle fiber type distribution following aerobic
exercise training, with training inducing a decreased fre-
quency of hybrid Ila/IIx fibers and an increased frequency
of pure Ila fibers (Fry et al. 2014). As this represents a
shift toward a more oxidative fiber type profile, we
hypothesized that these changes would be accompanied
by increases in vessel density. Indeed, change in vessels
per fiber was inversely correlated with change in Ila/IIx
fiber frequency following training (Fig. 3A, P < 0.05,
r = —0.56). We also previously showed that the frequency
of Ila/lIx fibers was higher in obese than lean subjects
(Fry et al. 2014). Likewise, Ila/IIx fibers were more abun-
dant in IR than IS subjects both before and after training
(Fig. 3B, IS versus IR P < 0.01, RMANOVA), although
both groups exhibited decreased I1a/IIx fiber frequency fol-
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lowing training (Fig. 3B, training P = 0.01, RMANOVA).
Lastly, the decrease in type Ila/IIx fiber frequency tended
to be greater in IS versus IR subjects following training
(Fig. 3B, training x IR P = 0.15, RMANOVA).

We next evaluated the angiopoietin signaling pathway
in more detail. Skeletal muscle Angpt2, TIEI, and TIE2
gene expression did not differ between IR and IS subjects
at baseline, whereas Angptl mRNA was correlated with
several indicators of less robust muscle metabolic func-
tion. Baseline Angptl was positively correlated with BMI
(Fig. 4A, P < 0.05, r = 0.41). Additionally, baseline Ang-
ptl gene expression was inversely associated with
VO2max (Fig. 4B, P < 0.05, r = —0.50) and vessels per
muscle fiber (Fig. 4C, P < 0.05, r = —0.48).

Furthermore, skeletal muscle Angptl gene expression
was elevated in IR compared to IS participants at baseline
and following training (Fig. 5A, IS versus IR P < 0.01,
RMANOVA). However, Angptl gene expression was sig-
nificantly decreased following training to the same extent
in IR and IS subjects (Fig. 5A, training P < 0.05, training
x IR NS, RMANOVA). Additionally, Angpt2 expression
was significantly increased following training (Fig. 5B,
training P < 0.05, RMANOVA), with no relationship
between insulin sensitivity and Angpt2 gene expression.
However, increases in Angpt2 gene expression were larg-
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Figure 2. Aerobic training increases VO2max and vessels in muscle. (A) VO2max is significantly decreased in IR versus IS at baseline and
following training (IS versus IR P < 0.0001). After 12 weeks aerobic training, VO2max is significantly increased in both IS and IR (training

P < 0.01), with no interaction between insulin resistance and training. RMANOVA, N = 12 IS, N = 14 IR. (B) Representative photomicrograph of
lectin staining for vessels. (C) Vessels per muscle fiber are significantly decreased in IR versus IS at baseline and following training (IS versus IR

P < 0.05). In both groups, vessels per fiber are significantly increased following aerobic training (training P < 0.001) with no interaction
between insulin resistance and training. RMANOVA, N = 11 IS, N = 13 IR. In both IS and IR, gene markers of vessel density are also increased
following training, including (D) CD31 (training P < 0.001), and (E) TIE-1 (training P < 0.01), and these markers are not associated with insulin

resistance. RMANOVA, N=9 IS, N =11 IR.

est in subjects with the lowest baseline aerobic fitness, as
evidenced by a significant inverse correlation between
change in Angpt2 and baseline VO2max (Fig. 5C,
P <0.01, r= —0.63). Notably, the ratio of Angpt2 to
Angptl increased in 80% of the subjects following exer-
cise, leading to a significant increase in the Angpt2 to
Angptl ratio for the entire cohort (Fig. 5D, training
P < 0.01, RMANOVA). Exercise training had no signifi-
cant effect on muscle VEGFA gene expression, although
there was a trend for increased HIF-lo expression
(P = 0.07, data not shown). These results suggest that the
Angpt2:Angpt]l ratio is a major regulator of increased
angiogenesis in human muscle in response to exercise
training, and that the pro-angiogenic transcriptional
response to training in muscle is maintained in IR
humans.

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Adipose tissue response to exercise training

Subcutaneous adipose tissue biopsies were obtained before
and after the aerobic exercise training protocol, and lectin
staining was used to quantify vessel density. A representa-
tive photomicrograph of adipose lectin staining is shown in
Figure 6A. At baseline, adipocyte diameter was positively
associated with BMI (P < 0.05, r = 0.46, data not shown)
and inversely associated with vessel density (P < 0.05,
r = —0.47, data not shown). At baseline, adipocyte
diameter was negatively associated with VO2max (Fig. 6B,
P < 0.05, r = —0.47). Throughout the study, adipocyte
diameter tended to be lower in IS versus IR subjects (IS
versus IR P = 0.07, RMANOVA, data not shown), regard-
less of training status. In contrast to muscle, in adipose tis-
sue only IS subjects displayed a training-related increase in
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Figure 3. Change in lla/lix muscle fiber frequency is associated with muscle angiogenesis and insulin resistance. (A) Exercise-induced decrease
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frequency after training (training P < 0.01), there is a trend toward greater lla/llx fiber decrease in IS versus IR subjects (training x IR P = 0.15).

RMANOVA, N=111S, N= 11 IR.

vessels per adipocyte, whereas IR subjects displayed a slight
decrease in vessels per adipocyte; thus, there was a signifi-
cant interaction between training and insulin resistance
(Fig. 6C, training x IR P < 0.01, RMANOVA). Further-
more, there was a significant training-induced increase in
adipose vessels within the IS group (Fig. 6C, IS pre versus
IS post P = 0.05, post hoc), and vessels per adipocyte was
significantly lower in IR than IS following training
(Fig. 6C, IS post versus IR post P < 0.05, post hoc).

In subcutaneous adipose tissue, angiogenic gene expres-
sion was quantified using real-time rtPCR. While we did
not observe differences in CD31 and TIEl gene expres-
sion following exercise, mean CD31 expression showed
the same pattern as vessels per adipocyte (Fig. 6D, NS).
Furthermore, TIE1 gene expression was lower in IR than
IS subjects at baseline and following training (Fig. 6E, IS
versus IR P = 0.05, RMANOVA), and mean TIE1 expres-
sion was higher in IS, but not IR, subjects following train-
ing (Fig. 6E, NS).

We next sought to determine if the angiopoietins are
modulated by aerobic training in adipose tissue. Angptl
gene expression was inversely correlated with vessel den-

2015 | Vol. 3 | Iss. 6 | e12415
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sity at baseline (Fig. 7A, P < 0.05, r = —0.55). Following
training, mean Angptl gene expression tended to
decrease in both IS and IR subjects (training P = 0.13,
RMANOVA, data not shown), whereas mean Angpt2
gene expression tended to increase in IS, but not IR,
subjects (Fig. 7B, training x IR P = 0.08, RMANOVA).
Furthermore, the Angpt2:Angptl ratio did not differ
between IS and IR at baseline, and these small changes
in Angptl and Angpt2 expression were not large enough
to induce a significant shift in the Angpt2:Angpt1 ratio fol-
lowing training (data not shown). In contrast to muscle,
VEGFA gene expression was lower in the adipose of IR than
IS subjects, and this was not affected by aerobic exercise
training (Fig. 7C, IS versus IR P < 0.01, RMANOVA). We
hypothesize that this chronic suppression of VEGFA may
drive resistance to angiogenesis in adipose tissue of IR
humans. Finally, TIE2 gene expression did not differ
between IR and IS subjects, regardless of training status.
Additionally, muscle and adipose tissue vessel densities
were not correlated. Similarly, there were no correlations
between muscle and adipose tissue gene expression at
baseline, or between changes in muscle and adipose

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.
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expression is positively correlated with BMI (P < 0.05, r = 0.41), and inversely correlated with (B) VO2max (P < 0.05, r = —0.50), and (C) vessels

per muscle fiber (P < 0.05, r = —0.48). N = 20.

angiogenic gene expression. Furthermore, we observed no
effects of sex or age on vessels or angiogenesis genes in
muscle and adipose tissue (data not shown).

Thus, exercise training induced vascularization and
pro-angiogenic gene expression in the skeletal muscle of
both IR and IS subjects. Conversely, exercise training
increased adipose tissue vessel density in IS subjects, but
not IR subjects. Taken together, these data indicate that
insulin-resistant subjects sustain a chronic pro-angiogenic
response to aerobic exercise training in skeletal muscle,
but not in adipose tissue.

Discussion

In this study, we investigated whether aerobic exercise
training would induce a normal angiogenic response in
the skeletal muscle and adipose tissue of IR participants,
and whether chronic changes in vessel density and gene
expression are associated with improved fitness and meta-
bolic health. Toward this end, IR and IS subjects com-
pleted 12 weeks of cycle ergometer training. Although our
intervention did not induce weight loss or improvement
in insulin sensitivity, we did observe improved VO2max,
increased muscle vessel density, and a shift toward a more
oxidative fiber type profile (Fry et al. 2014). Here we

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

show that decrease in type Ila/Ilx fiber frequency was
greatest in insulin-resistant participants, indicating that IR
subjects retain muscle fiber type plasticity and respond
well to training, even in the absence of improvement in
insulin sensitivity. In addition, this study demonstrated a
differential response to training in IS and IR subjects in
adipose tissue, with IS subjects increasing and IR subjects
decreasing vessel density. This response was mechanisti-
cally different from the response in muscle where an
increase in the Angpt2:Angptl ratio occurred in both
groups of subjects.

In our cohort, baseline skeletal muscle vessel density was
associated with aerobic fitness, but not with insulin sensi-
tivity. Following exercise training, IR subjects displayed no
improvement in Sy, even though skeletal muscle vessel den-
sity was increased to the same extent in IR and IS subjects.
This may be because our exercise intervention did not
induce weight loss or improve adipose vessel density. This
also suggests that skeletal muscle vessel density may not be
a central determinant of insulin sensitivity. IR subjects
maintained a normal muscle angiogenic response to exer-
cise, in spite of significantly higher levels of the antiangio-
genic Angptl mRNA than IS subjects, both before and
after exercise training. Thus, it is possible that Angptl does
not simply function as an inhibitor of angiogenesis in our
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Figure 5. Angiogenesis in skeletal muscle is associated with changes in Angiopoietin gene expression. (A) Angpt1 gene expression is increased
in IR versus IS at both baseline and following training (IS versus IR P < 0.01). In both groups, Angpt1 decreases following training (training

P < 0.05). However, Angpt1 gene expression decreases to the same extent in IR and IS subjects following training. RMANOVA. B) In both IR
and IS subjects, Angpt2 gene expression is increased following training (training P < 0.05), and is not associated with insulin resistance at any
time point. RMANOVA. (C) Baseline VO2max is a significant predictor of change in Angpt2 gene expression (P < 0.01, r = —0.63). (D) The ratio
of Angpt2 to Angpt1 is increased following aerobic training (training P < 0.01), with no significant effect of insulin resistance. RMANOVA,

N=9IS, N=11IR.

IR subjects. Rather, Angptl may be up-regulated in order
to prevent the microvascular rarefaction that has been
reported in insulin-resistant humans and animals (McC-
lung et al. 2005; Pasarica et al. 2009; Trask et al. 2012). In
skeletal muscle at baseline, Angptl was also inversely cor-
related with VO2max, which is consistent with a previous
report showing inverse correlations between Angptl gene
expression and resting energy expenditure and respiratory
quotient in humans (Wu et al. 2011).

Following training, mean muscle Angptl gene expres-
sion decreased and mean Angpt2 gene expression
increased, and the magnitude of these changes did not
differ between IR and IS. Thus, the training protocol
effectively increased the Angpt2 to Angptl ratio in both
groups, likely providing the central mechanism for angio-
genesis in skeletal muscle. Our findings are in agreement
with other studies (Timmons et al. 2005; Gustafsson et al.
2007) that reported modulation of Angptl and Angpt2
levels after exercise training. In our study, poor baseline
aerobic fitness was highly predictive of change in Angpt2
following training, indicating that Angpt2 is highly
responsive to deficits in substrate delivery when metabolic
demand is increased. In agreement with others (Gustafs-

son et al. 2007), we did not observe chronically increased
VEGFA in skeletal muscle following training. However,
our study was designed to measure sustained changes in
gene expression following exercise training, and we were
therefore unable to determine whether acute post-exercise
VEGFA expression differed in IR compared to IS subjects.
However, our results suggest that chronic changes in Ang-
ptl and Angpt2 gene expression may contribute to muscle
angiogenesis in the presence of HIF-1a and VEGFA.

To our knowledge, we are the first to examine
whether exercise training induces angiogenesis in healthy
human adipose tissue, and whether the adipose response
differs between IR and IS subjects. Unlike muscle, train-
ing only induced angiogenesis in adipose tissue of IS
participants. As in skeletal muscle, adipose Angptl gene
expression was inversely correlated with vessel density.
However, Angptl gene expression was not significantly
decreased in adipose tissue following training. Our
results are similar to another study which reported no
change in Angptl gene expression in adipose tissue from
obese humans following a training intervention that was
similar to ours (Cullberg et al. 2013). However, Angptl
expression did not differ in adipose tissue from IR com-
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correlated (P < 0.05, r = —0.47, N = 24). (C) Following training, vessels per adipocyte is increased in IS, but not IR participants; there was a
significant interaction between training and insulin resistance (training x IR P < 0.01), a significant increase in vessels within IS subjects (IS pre
versus IS post P = 0.05 post hoc), and a significant difference between IS and IR adipose vessels following training (IS post versus IR post

P < 0.05 post hoc). RMANOVA, N =10 IS, N = 14 IR. (D) CD31 gene expression was not significantly affected by training or insulin resistance
(NS for all covariates). (E) TIE1 gene expression tended to be lower in IR versus IS, regardless of training (IS versus IR P = 0.05). RMANOVA,
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pared to IS subjects. Conversely, VEGFA expression was
lower in IR subjects, and was not normalized by train-
ing. Thus, lower VEGFA expression in IR subjects may
explain their lack of angiogenic response to aerobic exer-
cise training, and may help to explain why our exercise
intervention did not affect S;. Indeed, overexpression of
VEGFA, along with increased adipose vessel density, has
been shown to ameliorate diet-induced obesity and insu-
lin resistance in three different mouse models (Elias

2015 | Vol. 3 | Iss. 6 | €12415
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et al. 2012; Sun et al. 2012; Sung et al. 2013); it is there-
fore tantalizing to hypothesize that adipose tissue VEG-
FA receptor agonism could be a viable pharmacological
treatment for insulin resistance.

It is important to note that tissue perfusion depends
upon adequate vessel density, as well as appropriately coor-
dinated responses to metabolic demand, including dilation
of arteries and arterioles. It has been shown that the vasodi-
latory effect of insulin is diminished in the forearm of

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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obese humans (Clerk et al. 2006). However, we are not
aware of any studies comparing the vasodilatory effect of
moderate exercise in IS versus IR humans. Nevertheless,
data presented here indicate that both IS and IR subjects
increase VO2max and have pro-angiogenic effects in skele-
tal muscle, but not in adipose tissue in response to training.
Muscle from both IR and IS subjects is likely to be extre-
mely responsive to mechanical stimulation and increased
oxygen demand. Conversely, the dysfunctional adipose tis-
sue in IR subjects did not have an angiogenic response to
exercise training, indicating that a more intensive exercise
protocol and/or weight loss may be required in order to
cause meaningful changes in adipose tissue physiology.

Acknowledgments

The authors thank M. Spencer, R. Anglin, and M.
Hickey for technical assistance with histochemistry
image acquisition; we also thank K.-C. Chen and D.
Wall of the University of Kentucky Microarray Core
Facility for assistance with NanoString nCounter prepa-
ration; we are also grateful for the assistance of W.
Katz of the University of Kentucky COCVD Pathology
Research Core for adipose slide preparation; lastly, we
are especially grateful for the efforts of our study coor-
dinator, S. BeBout.

Conflict of Interest

None declared.

References

Allenberg, K., K. Johansen, and B. Saltin. 1988. Skeletal muscle
adaptations to physical training in type II (non-insulin-
dependent) diabetes mellitus. Acta Med. Scand. 223:365—
373.

Bergman, R. N, I. D. Hope, Y. J. Yang, R. M. Watanabe, M.
A. Meador, J. H. Youn, et al. 1989. Assessment of insulin
sensitivity in vivo: a critical review. Diabetes Metab. Rev.
5:411-429.

Cascone, T., and J. V. Heymach. 2012. Targeting the
angiopoietin/Tie2 pathway: cutting tumor vessels with a
double-edged sword? J. Clin. Oncol. 30:441-444.

Clark, M. G. 2008. Impaired microvascular perfusion: a
consequence of vascular dysfunction and a potential cause
of insulin resistance in muscle. Am. J. Physiol. Endocrinol.
Metab. 295:E732-E750.

Clerk, L. H., M. A. Vincent, L. A. Jahn, Z. Liu, J. R. Lindner,
and E. J. Barrett. 2006. Obesity blunts insulin-mediated
microvascular recruitment in human forearm muscle.
Diabetes 55:1436-1442.

Clough, G. F., V. L’Esperance, M. Turzyniecka, L. Walter, A. J.
Chipperfield, J. Gamble, et al. 2011. Functional dilator

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Insulin Resistance and Exercise-Induced Angiogenesis

capacity is independently associated with insulin sensitivity
and age in central obesity and is not improved by high dose
statin treatment. Microcirculation 18:74-84.

Craig, C. L., A. L. Marshall, M. Sjostrom, A. E. Bauman, M. L.
Booth, B. E. Ainsworth, et al. 2003. International physical
activity questionnaire: 12-country reliability and validity.
Med. Sci. Sports Exerc. 35:1381-1395.

Cullberg, K. B., T. Christiansen, S. K. Paulsen, J. M. Bruun, S.
B. Pedersen, and B. Richelsen. 2013. Effect of weight loss
and exercise on angiogenic factors in the circulation and in
adipose tissue in obese subjects. Obesity 21:454—460.

Duscha, B. D., B. H. Annex, J. L. Johnson, K. Huffman, J.
Houmard, and W. E. Kraus. 2012. Exercise dose response in
muscle. Int. J. Sports Med. 33:218-223.

Elias, I., S. Franckhauser, T. Ferre, L. Vila, S. Tafuro, S. Munoz,
et al. 2012. Adipose tissue overexpression of vascular
endothelial growth factor protects against diet-induced
obesity and insulin resistance. Diabetes 61:1801-1813.

Fagiani, E., and G. Christofori. 2013. Angiopoietins in
angiogenesis. Cancer Lett. 328:18-26.

Frisbee, J. C. 2007. Obesity, insulin resistance, and microvessel
density. Microcirculation 14:289-298.

Fry, C. S., B. Noehren, J. Mula, M. F. Ubele, P. M. Westgate,
P. A. Kern, et al. 2014. Fibre type-specific satellite cell
response to aerobic training in sedentary adults. J. Physiol.
592:2625-2635.

Gavin, T. P., H. W. 3rd Stallings, K. A. Zwetsloot, L. M.
Westerkamp, N. A. Ryan, R. A. Moore, et al. 2005. Lower
capillary density but no difference in VEGF expression in
obese vs. lean young skeletal muscle in humans. J. Appl.
Physiol. 98:315-321.

Gealekman, O., N. Guseva, K. Gurav, A. Gusev, C. Hartigan,
M. Thompson, et al. 2012. Effect of rosiglitazone on
capillary density and angiogenesis in adipose tissue of
normoglycaemic humans in a randomised controlled trial.
Diabetologia 55:2794-2799.

Geiss, G. K., R. E. Bumgarner, B. Birditt, T. Dahl, N. Dowidar,
D. L. Dunaway, et al. 2008. Direct multiplexed
measurement of gene expression with color-coded probe
pairs. Nat. Biotechnol. 26:317-325.

Gustafsson, T. 2011. Vascular remodelling in human skeletal
muscle. Biochem. Soc. Trans. 39:1628—1632.

Gustafsson, T., H. Rundgvist, J. Norrbom, E. Rullman, E.
Jansson, and C. J. Sundberg. 2007. The influence of physical
training on the angiopoietin and VEGF-A systems in human
skeletal muscle. J. Appl. Physiol. 103:1012—-1020.

Herkner, H., N. Klein, C. Joukhadar, E. Lackner, H.
Langenberger, M. Frossard, et al. 2003. Transcapillary
insulin transfer in human skeletal muscle. Eur. J. Clin.
Invest. 33:141-146.

Hunter, G. R.,, M. M. Bamman, D. E. Larson-Meyer, D. R.
Joanisse, J. P. McCarthy, T. E. Blaudeau, et al. 2005. Inverse
relationship between exercise economy and oxidative
capacity in muscle. Eur. J. Appl. Physiol. 94:558-568.

2015 | Vol. 3 | Iss. 6 | e12415
Page 13



Insulin Resistance and Exercise-Induced Angiogenesis

Karpe, F., B. A. Fielding, V. Ilic, I. A. Macdonald, L. K.
Summers, and K. N. Frayn. 2002. Impaired postprandial
adipose tissue blood flow response is related to aspects of
insulin sensitivity. Diabetes 51:2467-2473.

Kern, P. A., R. B. Simsolo, and M. Fournier. 1999. Effect of
weight loss on muscle fiber type, fiber size, capillarity, and
succinate dehydrogenase activity in humans. J. Clin.
Endocrinol. Metab. 84:4185-4190.

Kim, H. J., J. S. Lee, and C. K. Kim. 2004. Effect of exercise
training on muscle glucose transporter 4 protein and
intramuscular lipid content in elderly men with impaired
glucose tolerance. Eur. J. Appl. Physiol. 93:353-358.

Krotkiewski, M., A. C. Bylund-Fallenius, J. Holm, P.
Bjorntorp, G. Grimby, and K. Mandroukas. 1983.
Relationship between muscle morphology and metabolism
in obese women: the effects of long-term physical training.
Eur. J. Clin. Invest. 13:5-12.

Larsson, H., J. R. Daugaard, B. Kiens, E. A. Richter, and B.
Ahren. 1999. Muscle fiber characteristics in postmenopausal
women with normal or impaired glucose tolerance. Diabetes
Care 22:1330-1338.

Levy, A. P., N. S. Levy, S. Wegner, and M. A. Goldberg. 1995.
Transcriptional regulation of the rat vascular endothelial
growth factor gene by hypoxia. J. Biol. Chem. 270:13333—
13340.

Lillioja, S., A. A. Young, C. L. Culter, J. L. Ivy, W. G. Abbott,
J. K. Zawadzki, et al. 1987. Skeletal muscle capillary density
and fiber type are possible determinants of in vivo insulin
resistance in man. J. Clin. Investig. 80:415-424.

Mandroukas, K., M. Krotkiewski, M. Hedberg, Z. Wroblewski,
P. Bjorntorp, and G. Grimby. 1984. Physical training in
obese women. Effects of muscle morphology, biochemistry
and function. Eur. J. Appl. Physiol. 52:355-361.

Mathieu-Costello, O., A. Kong, T. P. Ciaraldi, L. Cui, Y. Ju,
N. Chu, et al. 2003. Regulation of skeletal muscle
morphology in type 2 diabetic subjects by troglitazone and
metformin: relationship to glucose disposal. Metabolism
52:540-546.

McClung, J. A., N. Naseer, M. Saleem, G. P. Rossi, M. B.
Weiss, N. G. Abraham, et al. 2005. Circulating endothelial
cells are elevated in patients with type 2 diabetes mellitus
independently of HbA(1)c. Diabetologia 48:345-350.

Nagano, M., H. Sasaki, and S. Kumagai. 2010. Association of
cardiorespiratory fitness with elevated hepatic enzyme and
liver fat in Japanese patients with impaired glucose tolerance
and type 2 diabetes mellitus. J. Sports Sci. Med. 9:405—410.

Northcott, P. A., D. J. Shih, M. Remke, Y. J. Cho, M. Kool, C.
Hawkins, et al. 2012. Rapid, reliable, and reproducible
molecular sub-grouping of clinical medulloblastoma
samples. Acta Neuropathol. 123:615-626.

Nyholm, B., A. Mengel, S. Nielsen, C. Skjaerbaek, N. Moller,
K. G. Alberti, et al. 1996. Insulin resistance in relatives of
NIDDM patients: the role of physical fitness and muscle
metabolism. Diabetologia 39:813—-822.

2015 | Vol. 3 | Iss. 6 | €12415
Page 14

R. G. Walton et al.

Nyholm, B., M. F. Nielsen, K. Kristensen, S. Nielsen, T.
Ostergard, S. B. Pedersen, et al. 2004. Evidence of increased
visceral obesity and reduced physical fitness in healthy
insulin-resistant first-degree relatives of type 2 diabetic
patients. Eur. J. Endocrinol. 150:207-214.

Nyholm, B., Z. Qu, A. Kaal, S. B. Pedersen, C. H. Gravholt, J.
L. Andersen, et al. 1997. Evidence of an increased number
of type IIb muscle fibers in insulin-resistant first-degree
relatives of patients with NIDDM. Diabetes 46:1822—1828.

Pacini, G., and R. N. Bergman. 1986. MINMOD: a computer
program to calculate insulin sensitivity and pancreatic
responsivity from the frequently sampled intravenous glucose
tolerance test. Comput. Methods Programs Biomed. 23:113-122.

Pasarica, M., O. R. Sereda, L. M. Redman, D. C. Albarado, D.
T. Hymel, L. E. Roan, et al. 2009. Reduced adipose tissue
oxygenation in human obesity: evidence for rarefaction,
macrophage chemotaxis, and inflammation without an
angiogenic response. Diabetes 58:718-725.

Prior, S. J., J. B. Blumenthal, L. I. Katzel, A. P. Goldberg, and
A. S. Ryan. 2014. Increased skeletal muscle capillarization
after aerobic exercise training and weight loss improves
insulin sensitivity in adults with IGT. Diabetes Care
37:1469-1475.

Sjostrand, M., S. Gudbjornsdottir, A. Holmang, L. Lonn, L.
Strindberg, and P. Lonnroth. 2002. Delayed transcapillary
transport of insulin to muscle interstitial fluid in obese
subjects. Diabetes 51:2742-2748.

Solomon, T. P., J. M. Haus, Y. Li, and J. P. Kirwan. 2011.
Progressive hyperglycemia across the glucose tolerance
continuum in older obese adults is related to skeletal muscle
capillarization and nitric oxide bioavailability. J. Clin.
Endocrinol. Metab. 96:1377-1384.

Spencer, M., R. Unal, B. Zhu, N. Rasouli, R. E. Jr McGehee,
C. A. Peterson, et al. 2011. Adipose tissue extracellular
matrix and vascular abnormalities in obesity and insulin
resistance. J. Clin. Endocrinol. Metab. 96:E1990-E1998.

Spencer, M., L. Yang, A. Adu, B. S. Finlin, B. Zhu, L. R.
Shipp, et al. 2014. Pioglitazone treatment reduces adipose
tissue inflammation through reduction of mast cell and
macrophage number and by improving vascularity. PLoS
ONE 9:2102190.

Sun, K., J. Tordjman, K. Clement, and P. E. Scherer. 2013. Fibrosis
and adipose tissue dysfunction. Cell Metab. 18:470-477.

Sun, K., I. Wernstedt Asterholm, C. M. Kusminski, A. C.
Bueno, Z. V. Wang, J. W. Pollard, et al. 2012. Dichotomous
effects of VEGF-A on adipose tissue dysfunction. Proc. Natl
Acad. Sci. USA 109:5874-5879.

Sung, H. K., K. O. Doh, J. E. Son, J. G. Park, Y. Bae, S. Choi,
et al. 2013. Adipose vascular endothelial growth factor
regulates metabolic homeostasis through angiogenesis. Cell
Metab. 17:61-72.

Timmons, J. A., E. Jansson, H. Fischer, T. Gustafsson, P. L.
Greenhaff, J. Ridden, et al. 2005. Modulation of extracellular
matrix genes reflects the magnitude of physiological

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.



R. G. Walton et al.

adaptation to aerobic exercise training in humans. BMC
Biol. 3:19.

Trask, A. J., P. S. Katz, A. P. Kelly, M. L. Galantowicz, M. J.
Cismowski, T. A. West, et al. 2012. Dynamic micro- and
macrovascular remodeling in coronary circulation of obese
Ossabaw pigs with metabolic syndrome. J. Appl. Physiol.
113:1128-1140.

Veldman-Jones, M., Z. Lai, M. Wappett, C. Harbron, J. C.
Barrett, E. A. Harrington, et al. 2014. Reproducible,
quantitative and flexible molecular sub-typing of
clinical DLBCL samples using the NanoString nCounter

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Insulin Resistance and Exercise-Induced Angiogenesis

system. Clin. Cancer Res. doi: 10.1158/1078-0432.CCR-14-
0357.

Wu, X., A. Patki, C. Lara-Castro, X. Cui, K. Zhang, R. G.
Walton, et al. 2011. Genes and biochemical pathways in
human skeletal muscle affecting resting energy
expenditure and fuel partitioning. J. Appl. Physiol.
110:746-755.

Zumstein, A., O. Mathieu, H. Howald, and H. Hoppeler. 1983.
Morphometric analysis of the capillary supply in skeletal
muscles of trained and untrained subjects—its limitations in
muscle biopsies. Pflugers Arch. 397:277-283.

2015 | Vol. 3 | Iss. 6 | e12415
Page 15


http://dx.doi.org/doi: 10.1158/1078-0432.CCR-14-0357
http://dx.doi.org/doi: 10.1158/1078-0432.CCR-14-0357

