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Objective: Individuals with spinal cord injury (SCI) show structural and functional vascular maladaptations and
muscle loss in their lower limbs. Angiogenic biomolecules play important roles in physiological and pathological
angiogenesis, and are implicated in the maintenance of muscle mass. This study examined the responses of
angiogenicmolecules during upper-limb aerobic exercise in patients with SCI and in able-bodied (AB) individuals.
Methods: Eight SCI patients with thoracic lesions (T6–T12, ASIA A) and eight AB individuals performed an arm-
cranking exercise for 30 minutes at 60% of their VO2max. Plasma concentrations of vascular endothelial growth
factor (VEGF-A165), VEGF receptor 1 (sVEGFr-1), VEGF receptor 2 (sVEGFr-2), metalloproteinase 2 (MMP-2),
and endostatin were measured at rest, after exercise, and at 1.5 and 3.0 hours during recovery.
Results: The two-way analysis of variance showed non-significant main effects of “group” and significant main
effects of “time/exercise” for all angiogenic biomolecules examined (P< 0.01–0.001). The arm-cranking
exercise significantly increased plasma concentrations of VEGF, sVEGFr-1, sVEGFr-2, MMP-2, and
endostatin in both groups (P< 0.001–0.01). The magnitude of the increase was similar in both patients with
SCI and AB individuals, as shown by the non-significant group × time interaction for all angiogenic parameters.
Conclusions: Upper-limb exercise (arm-cranking for 30 minutes at 60% of VO2max) is a sufficient stimulus to
trigger a coordinated circulating angiogenic response in patients with SCI. The response of angiogenic
molecules to upper-limb aerobic exercise in SCI appears relatively similar to that observed in AB individuals.
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Introduction
Angiogenesis and arteriogenesis are regulated by the
coordinated interaction between angiogenic and angio-
static molecules. Vascular endothelial growth factor
(VEGF), metalloproteinases (MMPs), and endostatin
are among the molecules involved in physiologic and
pathologic angiogenic processes. More specifically,
VEGF and its receptors (sVEGFr-1 and sVEGFr -2),
and MMP-2, play important roles in microvascular
remodeling,1–3 in regulating basal muscle

capillarization, preserving vascular integrity, and main-
taining and regenerating muscle mass.4 The expression
of VEGF and MMPs is upregulated by catecholamines
via activation of adrenergic receptor signaling path-
ways.1,5 Endostatin, on the other hand, acts as an inhibi-
tor of the angiogenic process by directly interacting with
the VEGF-2 receptor and preventing VEGF-induced
endothelial cell migration and proliferation.6,7 It also
restricts the formation of capillaries and suppresses the
mobilization of endothelial progenitor cells (EPC) into
the circulation.6

Individuals who have suffered a spinal cord injury
(SCI) show impaired vascular control8 in the lower
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limbs and have an increased riskof developing cardiovas-
cular disease. In addition, individuals with SCI show
reduced capillarization and capillary diameter, and loss
of muscle mass in the affected limbs.9 Exercise promotes
angiogenesis and remodeling of the microvasculature
and of the conduit vessels. Studies show that both
VEGFandMMPs are important mediators of these pro-
cesses in electrically stimulated skeletal muscles and
during contraction-induced angiogenesis.10,11

A systemic rise in the concentrations of catechol-
amines, interleukins, and leukocytes may stimulate the
expression of VEGF and MMPs.1,2,5,12,13 During exer-
cise, individuals with SCI, compared with able-bodied
individuals (AB), show autonomic nervous system dys-
function and alterations in the catecholamine and inter-
leukin responses;14,15 thus, it is possible that the
responses of angiogenic molecules to exercise might
also be different in individuals with SCI. Previous
studies examined the acute effects of “large muscle
mass” exercise (i.e. cycling or running) on the levels of
circulating angiogenic factors in both healthy and dis-
eased populations.16–18 However, individuals with SCI
cannot perform this type of exercise. The effects of a
“small muscle” mass aerobic activity, such as an arm-
cranking exercise, on angiogenic parameters have not
been tested in these individuals, despite the fact that
they regularly engage in this type of activity.
Therefore, the aim of this study was to examine the

responses of angiogenic molecules in SCI and AB indi-
viduals during upper-limb (arm-cranking) aerobic exer-
cise performed for 30 minutes at 60% of VO2max.

Methods
Participants
Eight individuals (seven male; one female) with spinal
cord lesion between T6 and T12 (ASIA A; time since
injury, 4.7± 1.3 years.) and eight AB controls (seven
male; one female) participated in the study. The study
conformed to the standards set out in the Declaration
of Helsinki (2000) and was approved by The
Institutional Ethical Committee. All participants pro-
vided written informed consent prior to the study and
completed a health history questionnaire. All partici-
pants were healthy non-smokers who had normal arm
function and no history of cardiovascular/pulmonary
disease or any other chronic disorders. None were
taking medications that might affect cardiovascular
function.

Study design
The study was conducted over two separate days, sched-
uled 1 week apart. On the first day, the participants

performed a maximal incremental test on an arm-erg-
ometer to determine their maximal oxygen consumption
(VO2max) and peak workload. On the second day, the
participants performed an arm-cranking exercise for
30 minutes at 60% of their VO2max. Blood samples
were collected before, immediately after, and at 1.5
and 3.0 hours after exercise. Plasma VEGF-A165

(referred to as VEGF from this point on), soluble
VEGF receptor 1 (sVEGFr-1), soluble VEGF receptor
2 (sVEGFr-2), MMP-2, and endostatin levels were
measured for all time points. The subjects were
requested to abstain from caffeine and alcohol, as well
as any physical activity for at least 24 hours before the
tests.

Testing procedure and instrumentation
On the morning of day 1 (between 10 and 11 am), all
participants reported to the exercise laboratory to
assess their VO2max. The maximal incremental test
was performed on an arm-ergometer (Monark
Ergonomedic 881E, Varberg, Sweden) with the axis of
the crank aligned with the height of the acromioclavicu-
lar joint and positioned at a distance that allowed the
elbow to fully extend during cranking. Briefly, each par-
ticipant started the test protocol at a workload of 25 W
at 50 rpm. The workload was increased every 2 minutes
for the first three stages (by 10 W for women and 15 W
for men) and then every 1 minute. The test was termi-
nated when the participant was no longer able to main-
tain the cranking rate. Respiratory gas exchange was
measured breath-by-breath (Oxycon Pro, Jaeger,
Germany) throughout the incremental test. The O2

and CO2 analyzers were calibrated prior to and after
each test using ambient air and a gas of known compo-
sition (15.8 and 5.0%, respectively). Heart rate (HR) was
continuously recorded using chest belt telemetry (Polar
Electro, Kempele, Finland). The criteria for
“maximum effort” were as follows: (i) a respiratory
exchange ratio (RER) >1.05; (ii) visible exhaustion
and the inability to sustain exercise despite continuous
verbal encouragement; and (iii) a plateau in oxygen con-
sumption (VO2) despite the increase in workload. All
subjects attained at least two of the above criteria,
thereby ensuring “maximum effort”.
On day 2, all participants reported to the laboratory

at the same time (10:00 am) after an overnight fast.
Following a 15-minute rest, a baseline blood sample
was obtained from the antecubital vein and the partici-
pants performed the arm-cranking exercise at the work-
load corresponding to 60% of their individual maximal
workload for 30 minutes. The patients maintained the
cranking frequency throughout the maximal graded
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test and the sub-maximal arm-cranking exercise, by
observing the rpm monitor fitted to the arm-ergometer.
Blood samples were obtained immediately post-exercise,
and at 1.5 and 3.0 hours of recovery.

Biochemical analyses
Blood samples (5 ml) were collected in EDTA tubes
(VEGF, sVEGF-1, sVEGF-2, endostatin) or in
heparin tubes (MMP-2). The samples were immediately
centrifuged at 1800 × g at 4°C for 15 minutes
(Centrifuge 5702R, Eppendorf AG, Hamburg,
Germany). The plasma was removed, separated into ali-
quots, and stored at −80°C for later analysis of VEGF
(pg/ml), sVEGFr-1 (pg/ml), sVEGFr-2 (pg/ml),
endostatin (ng/ml), and MMP-2 (ng/ml). All biomole-
cules were analyzed in duplicate using Quantikine
Human Immunoassay ELISA kits (R & D Systems,
Minneapolis, MN, USA), according to the manufac-
turer’s instructions. The intra-assay and the inter-assay
coefficients of variation for all analyses were below 5.3
and 8.0%, respectively.

Statistical analysis
All data are presented as mean± SD and were analyzed
using Statistica version 7.0 (StatSoft Inc., Tulsa, OK,
USA) software. Individuals with SCI and AB were com-
pared in terms of their physical and physiological
characteristics (age, height, body mass, body mass
index, resting HR, and mean arterial pressure) and
maximal graded exercise test variables (VO2peak,
HRmax, total exercise time, and peak workload) using
two-tailed independent t-tests. Two-way analysis of var-
iance (ANOVA) with repeated measures (two groups × 4
time points) was used to examine the effects of “group”
and “time” (exercise) on VEGF, sVEGFr-1, sVEGFr-2,
MMP-2, and endostatin levels. The main effects were
followed by Newman–Keuls post hoc tests (if needed)
to locate significantly different means. The level of sig-
nificance for all statistical analyses was set at P< 0.05.
The effect sizes (ES) were calculated using partial eta
squared (η2p). Small, medium, and large effects were
reflected by η2p values >0.0099, 0.0588, and 0.1379,
respectively.19,20

Results
Participants’ characteristics
There were no significant differences between SCI and
AB individuals in terms of age (34.3± 12.2 vs. 31.3±
7.8 years.), height (174± 8 vs. 177± 11 cm), body
mass (74.0± 10.7 vs. 82.8± 16.0 kg), body mass index
(24.6± 3.9 vs. 26.2± 3.1), resting HR (67.9± 6.9 vs.
65.5± 4.7 b/minute), and mean arterial pressure

(87.5± 11.7 vs. 90.0± 7.8 mmHg). The performance
data from the maximal arm-cranking test showed that
VO2peak was lower in individuals with SCI than in AB
individuals (18.2± 2.6 vs. 22.8± 5.3 ml/kg/minute;
P< 0.05), whereas HRmax (170± 11 vs. 174± 14 b/
minute), total exercise time (8.3± 1.2 vs. 9.9± 1.9
minutes), and peak workload (87± 17 vs. 103± 23 W)
were not significantly different between the groups.

VEGF and VEGF receptors
Circulating plasma levels of VEGF (pg/ml), sVEGFr-1
(pg/ml), and sVEGFr-2 (pg/ml) in individuals with
SCI and AB in response to the arm-cranking exercise

Figure 1 Values are presented as mean± SD. Plasma
concentrations (pg/ml) for VEGF (A), sVEGFr-1 (B), sVEGFr-2 (C)
at rest, immediately after exercise, and at 1.5 and 3.0 hours after
arm-exercise. Non-significant effect of “group” and “group ×
time” interaction; significant effect of “time” (P< 0.01); *P< 0.05
vs. resting values.
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are shown in Fig. 1. Two-way ANOVA indicated a non-
significant main effect of “group” for VEGF (P= 0.412;
η2p= 0.049 (small ES)), sVEGFr-1 (P= 0.703; η2p=
0.011 (small ES)), and sVEGFr-2 (P= 0.548; η2p=
0.026 (small ES)); however, the main effect of “time”
was significant for all three variables (VEGF: P<
0.001, η2p= 0.392 (large ES); sVEGFr-1: P< 0.001,
η2p= 0.427 (large ES); and sVEGFr-2: P< 0.01, η2p=
0.304 (large ES)). The “group × time” interaction was
not significant for any of the variables (VEGF: P=
0.432; sVEGFr-1: P= 0.917; and sVEGFr-2: P=
0.372), suggesting that the effect of “time” (exercise)
on the level of these angiogenic molecules was indepen-
dent of the group examined.
Post hoc analyses within the main effect of “time”

revealed that the levels of VEGF (P< 0.01), sVEGFr-
1 (P< 0.001), and sVEGFr-2 (P< 0.01) were signifi-
cantly higher at the end of the arm-exercise compared
to resting levels. VEGF levels remained significantly
elevated at 1.5 hours post-exercise (P< 0.05 vs. rest),
whereas sVEGFr-1 and sVEGFr-2 concentrations
returned to resting levels.

Endostatin and MMP-2
The response of circulating plasma levels of endostatin
(ng/ml) and MMP-2 (ng/ml) to the arm-cranking exer-
cise are shown in Fig. 2. Two-way ANOVA identified
non-significant main effects of “group” for endostatin
(P= 0.774; η2p= 0.006 (trivial ES)) and MMP-2 (P=
0.772; η2p= 0.006 (trivial ES)) and significant main
effects of “time” (endostatin: P< 0.001 and η2p= 0.585
(large ES); MMP-2: P< 0.001 and η2p= 0.386 (large
ES)). The “group × time” interactions were not signifi-
cant for endostatin (P= 0.256) or MMP-2 (P= 0.879).
Post hoc analysis within the main effect of “time”
showed that the circulating levels of endostatin and
MMP-2 were higher (P< 0.001) at the “end of exercise”
time point than at rest. Endostatin levels remained elev-
ated at 1.5 and 3.0 hours post-exercise vs. rest (P<
0.001); whereas MMP-2 concentrations were elevated
only at 1.5 hours post-exercise (P< 0.01) compared to
rest.

Discussion
This study examined whether an upper-limb (arm-
cranking) aerobic exercise may provide a sufficient
stimulus to increase the circulating levels of angiogenic
biomolecules in individuals with SCI and AB. To the
best of our knowledge, no study has examined the circu-
lating levels of angiogenic factors in humans with SCI.
The results of this study support the idea that exercise
is a stimulus for angiogenesis in both individuals with
SCI and AB. More specifically, we showed the follow-
ing: (i) a “small muscle mass” (upper-limb) aerobic exer-
cise session induces a moderate and transient increase in
the levels of circulating VEGF and its receptors and
stimulates the MMP system in both individuals with
SCI and AB; and (ii) the magnitude of the changes in
the levels of angiogenic factors in response to upper-
limb aerobic exercise appears to be similar in SCI and
AB individuals (as suggested by the non-significant
group × time interaction).
Angiogenic biomolecules are essential components of

exercise-induced angiogenesis in AB individuals. This
study showed that the circulating levels of angiogenic
factors in response to exercise also increased signifi-
cantly in individuals with SCI; this implies that these
factors are involved in exercise-induced vascular remo-
deling and angiogenesis in these individuals as
well.21–25 This study is the first to investigate the
responses of angiogenic molecules to exercise in individ-
uals with SCI; thus, comparisons with previous studies
using this population are not possible. However,
earlier work in humans with intact spinal cords supports
our findings in AB. These studies consistently report

Figure 2 Values are presented as mean± SD. Plasma
concentrations (ng/ml) for endostatin (A) andMMP-2 (B) at rest,
immediately after exercise, and at 1.5 and 3.0 hours after arm-
exercise. Non-significant effect of “group” and “group × time”
interaction; significant effect of “time” (P< 0.001); *P< 0.05 vs.
resting values.
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increases in VEGF, KDR and Flt-1, and MMP mRNA
and/or protein in muscle tissue after a single bout of
exercise.11,26,27 On the other hand, the results of
studies looking at the effect of exercise on circulating
levels of VEGF and its receptors are controversial,
reporting either increases,16,18,28–32 decreases,18,30,33 or
no change.17,34 Similarly, the results of previous
studies looking at the acute effects of exercise on circu-
lating MMPs report either stimulation of the MMP
system or no effect.17,35–37 Previous studies are more
consistent in terms of endostatin, demonstrating signifi-
cant increases following either aerobic or resistance exer-
cise.17,33,36 The reasons for these different results are
unclear but may be attributed to the different exercise
regimens, the timing of sample collection, or the site
of sample collection in relation to the exercised limb.
The main difference between the current and previous
studies is that we used an arm-exercise and sampled
from the vein, draining the primary muscle being exer-
cised. The increase in plasma angiogenic factors after
acute exercise observed in this study are consistent
with the view that angiogenic compounds leave the
muscle interstitium and enter the circulation.26,27,31,38

The most important finding of this study is that an
upper-limb aerobic exercise session (at moderate inten-
sity for 30 minutes) can trigger a coordinated angiogenic
response of the VEGF system and increase the levels of
circulating MMPs and endostatin in SCI. Stimulation of
the VEGF system is of particular interest for patients
with impaired peripheral vascular function. The rise in
circulating VEGF levels may increase the number of cir-
culating EPC7 by mobilizing EPC from the bone
marrow. This increase in the amount of circulating
EPC may in turn promote vasculogenesis within
ischemic organs and improve regional blood flow,
increase capillary density, and reduce muscle loss in
the ischemic limbs.39 Furthermore, the induction of
endostatin following arm-cranking exercise underscores
the beneficial effects of this type of activity for individ-
uals with SCI in preventing atherosclerosis40 and in
regulating vascular tone.

There is evidence that exercise-induced increases in
angiogenic factors are not limited to the muscle being
exercised; rather, it is a systemic response. Animal and
human studies have documented a rise in both circulat-
ing and tissue VEGF and MMP-2 levels in both exer-
cised and non-exercised limbs.28,32,41 Furthermore,
changes in the microvasculature of the untrained limb,
such as an increase in capillary density and growth
and an improved collateral circulation32,41,42 have been
reported after training. In fact, Shen et al.41 reported
that exercising a normal muscle may facilitate

angiogenesis in untrained muscles with pathological
ischemia. A possible explanation of the phenomenon
of “remote angiogenesis” is that microvascular adap-
tations may result from the systemic rise in shear stress
or the levels of circulating humoral substances, which
in turn may elicit angiogenic response and/or vascular
changes in the contralateral non-exercised muscles
and/or un-perfused tissues.23,32,41–44 In support of
these findings, Shen et al.41 reported that increased
angiogenesis and capillarization in the non-exercising
muscles is correlated with the upregulation of VEGF,
while Ji et al.43 proposed that VEGF release may
favor angiogenic growth in unperfused tissues. The
above, along with our own findings, may be of impor-
tance for individuals with SCI, who demonstrate vascu-
lar maladaptations in their lower limbs and routinely
perform arm-cracking exercise as part of their exercise
program.

The origins and mechanisms underlying the increase
in circulating angiogenic factors after arm-cranking
exercise may only be speculated upon. Hypoxia,45 mech-
anical forces and muscle stretching,38,46 blood flow and
shear stress,38,46 and increased sympathetic stimu-
lation1,5 may all be involved in upregulating the pro-
duction of angiogenic factors. Furthermore, several
cytokines (such as interleukins and growth
hormone)2,47 and a systemic rise in leukocytes12,13 may
also contribute to the increased plasma levels of
VEGF, and its receptors, MMP-2, and endostatin. On
the basis of previous work, these multiple signals are
generated during arm-exercise in individuals with SCI
with thoracic lesions14,15,48–51; thus, the increase in
plasma angiogenic molecules in individuals with SCI
observed in this study is well supported. Comparative
studies between SCI and AB individuals show that
some signals are exaggerated during exercise in individ-
uals with SCI (i.e. catecholamines, sympathetic activity,
and peak anterograde shear rate),14,48 whereas others
are depressed (i.e. mean shear rate)48 and some remain
unchanged (i.e. interleukins-6 and blood flow to the
exercising muscles).49,50

This study has some potential limitations. First, our
findings are limited to individuals with complete thor-
acic lesions. It is possible that individuals with SCI
with higher-level (above T6) or incomplete lesions may
show different exercise responses of angiogenic biomole-
cules due to blunted sympathetic nervous system (SNS)
activity (tetraplegics)14 or a lesser degree of autonomic
dysfunction (incomplete injuries). Second, a fairly
small sample size was used and a relatively large var-
iance in the data was observed. However, the variance
is within the low-to-mid range of that previously
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reported for the angiogenic parameters examined in this
study.52–55 Third, wemeasured circulating angiogenic par-
ameters. The assessment of these molecules in the tissues
would provide additional insight into the effects of arm
exercise on angiogenesis in the upper and lower limbs.
Finally, although our study provides evidence that arm-
exercise triggers a circulating angiogenic response in indi-
viduals with SCI, whether this will cause vascular adap-
tations in the legs of SCI remains to be tested.
In conclusion, an upper-limb exercise session com-

prising of moderate arm-cranking for 30 minutes is suf-
ficient to increase the circulating levels of angiogenic
growth factors in individuals with SCI. The response,
however, of these angiogenic molecules to upper-limb
aerobic exercise in SCI appears relatively similar to
that in AB (as suggested by the lack of group × time
interaction). Yet, trivial/small (non-significant) effect
sizes were observed when we compared the concen-
trations of angiogenic molecules between the two
groups. The findings of this study are of importance to
individuals with SCI, and to those who restrict their
activity to upper-limb exercise or have impaired lower
limb function. Additional research (i.e. training inter-
ventions) is needed to examine whether the rise in the
levels of circulating angiogenic biomolecules after arm
exercise in individuals with SCI may promote favorable
microvascular adaptations in their lower paralyzed
limbs.
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