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Abstract
Background: Increased physical activity is associated with decreased risk of several types of cancer, but
underlying mechanisms are poorly understood. Angiogenesis, in which new blood vessels are formed, is
common to adipose tissue formation/remodeling and tumor vascularization.
Methods: We examined effects of a 12-month 45 minutes/day, 5 days/week moderate-intensity aerobic
exercise intervention on four serum markers of angiogenesis in 173 sedentary, overweight, postmenopausal
women, 50 to 75 years, randomized to intervention versus stretching control. Circulating levels of positive
regulators of angiogenesis [VEGF, osteopontin (OPN), plasminogen activator inhibitor-1 (PAI-1)], and the
negative regulator pigment epithelium-derived factor (PEDF), were measured by immunoassay at baseline
and 12 months. Changes were compared using generalized estimating equations, adjusting for baseline levels
of analytes and body mass index (BMI).
Results: VEGF, OPN, or PAI-1 levels did not differ by intervention arm. Participants randomized to exercise
significantly reduced PEDF (3.7%) versus controls (þ3.0%; P ¼ 0.009). Reductions in fat mass were
significantly associated with reductions in PAI-1 (Ptrend ¼ 0.03; Ptrend ¼ 0.02) and PEDF (Ptrend ¼ 0.002; Ptrend
¼ 0.01) compared with controls, or to those who gained any fat mass respectively. There was a significant
association between decreases in VO2max, and increased reductions in PEDF (Ptrend ¼ 0.03), compared with
participants who increased their level of fitness.
Conclusions: Fat loss reduces circulating PAI-1 and PEDF. Changes in VO2max are associated with
alterations in PEDF, but these associations are complex.
Impact: Unexpected reductions in PEDF with decreasing fat mass, and with decreasing VO2max, warrant
further study, including examining the effects of different types and intensities of exercise; and role of dietary
weight-loss with and without exercise. Cancer Epidemiol Biomarkers Prev; 23(4); 648–57. 2014 AACR.

Introduction
A strong and consistent body of epidemiologic evidence supports an association between increased levels
of physical activity and reduced risk for several cancers,
including breast, colon, endometrium, lung, and others (1,
2). The available epidemiologic data suggest that individuals engaging in aerobic physical activity for approximately 3 to 4 hours/week at moderate or greater levels of
intensity, have on average a 30% reduction in colon cancer
risk, a 20% to 40% lower risk of breast cancer, and approximate reductions in risk of lung, endometrial, and ovarian
cancers of 20%, 30%, and 20%, respectively, compared
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with those who are sedentary (3). However, mechanisms
linking risk reductions in cancer to physical activity have
not been fully elucidated.
Studies suggest that exercise can exert its cancer-preventive effects at many stages during the process of
carcinogenesis, by modifying carcinogen activation;
increasing a variety of anti-oxidant enzymes; enhancing
DNA repair systems; altering cell proliferation, apoptosis,
and differentiation; and decreasing inflammation (4).
Alterations in angiogenic pathways are another way
whereby exercise can modulate its antitumorigenic
effects; however, few studies have examined the effect of
exercise on expression of these factors.
Angiogenesis and revascularization are common to
both tumor growth and to tissue remodeling during
adipose tissue expansion to support increased adipocyte
numbers (5, 6). However, there is still relatively little
known about how altered levels of these proteins from
the stromal and adipose microenvironment in the obese
state contribute to the early events in the progression to
malignancy. Barriers to understanding the effect of obesity and physical activity on human cancer development
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include lack of appropriate model systems to assess complex stromal and tissue remodeling events during the
premalignant stages of cancer formation in humans. Elucidation of changes in the expression of certain biomarkers, such as angiogenic factors in response to exercise, in
healthy overweight, sedentary individuals may indicate a
profile of these factors associated with a protumorigenic
environment.
In tumors, an avascular phase corresponds to a small
occult lesion of 1 to 2 mm in diameter, growth limited by a
lack of oxygen and nutrients (7, 8), which remains dormant by reaching a steady state between proliferation and
apoptosis. The "angiogenic switch" is a critical process
whereby a tumor is transformed from the dormant state to
large, vascular tumor with metastatic potential, and is
triggered by angiogenic factors. Inhibiting angiogenesis
may, therefore, be of potential value in preventing progression from a dormant small, avascular tumor, to invasive cancer. Adult adipose tissue is one of the largest, most
plastic, and highly vascularized tissues in the body (9, 10).
Adipogenesis requires tissue expansion, remodeling, and
increased vascularization, and angiogenic factors are
upregulated in the obese state to support these processes.
Adipogenesis and vascularization are spatially and temporally linked (9): inhibition of angiogenesis can regulate
fat mass (11), and can inhibit diet-induced obesity in mice
(12). Adipose tissues are highly vascularized and expansion or shrinkage of adipose tissue mass requires up- or
downregulation of adipogenesis in response to changes in
energy input and expenditure (9).
A variety of angiogenic factors are common to tumorigenesis and adipogenesis, including VEGF, a key mediator of angiogenesis (13); osteopontin (OPN), an adipokine whose plasma levels are increased in obesity (14, 15)
and in patients with type 2 diabetes (16); and plasminogen
activator inhibitor type-1 (PAI-1), a serine protease inhibitor (serpin; ref. 17) which can act as a positive switch for
angiogenesis by promoting endothelial cell migration
toward fibronectin-rich tumor tissue, and whose inhibitors prevent angiogenesis (18, 19). Finally, pigment epithelium-derived factor (PEDF), an adipokine and serpin,
is a multifunctional secreted glycoprotein that displays
broad antitumor activity; is essential for maintaining
avascularity (20, 21) and preventing aberrant neovascularization (22); is a potent negative regulator of angiogenesis (21); and is active against wide range of angiogenic
stimuli, including VEGF, basic fibroblast growth factor,
platelet-derived growth factor-BB, and interleukin (IL)-8
(20).
Some studies have examined the effects of exercise
on these angiogenic factors, but the studies have been
small (23, 24), cross-sectional (25), or limited to men
(26). Here, we investigate the effects of a 1-year randomized controlled trial (RCT) of a moderate-to-vigorous physical activity intervention versus control, on
serum levels of VEGF, PAI-1, OPN, and PEDF in 173
postmenopausal, overweight or obese, previously sedentary women.
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Materials and Methods
This study is ancillary to the Physical Activity for Total
Health study (Clinicaltrials.gov, NCT00668174), an RCT
comparing the effect of a 12-month moderate-intensity
aerobic exercise intervention versus stretching control
program on circulating levels of estrone, measured at
baseline (prerandomization) and 12 months. Secondary
endpoints included comparing intervention effects on
other sex hormones and other cancer biomarkers (27–
29). The study was performed with the approval of the
Fred Hutchinson Cancer Research Center Institutional
Review Board, in accordance with an assurance filed with
and approved by the U.S. Department of Health and
Human Services. Written informed consent was obtained
from each subject.
Study population
The study has been described in detail elsewhere
(27, 30). Briefly, 173 postmenopausal healthy women,
overweight [body mass index (BMI) > 25 kg/m2], defined
as sedentary [<60 minutes/week of moderate- or vigorous-intensity recreational activity and a maximal oxygen
consumption (VO2max) <25.0 mL/kg/min], ages 50 to 75,
and not taking hormonal therapy, were enrolled between
1998 and 2000, and randomly assigned to exercise (n ¼ 87)
intervention or a stretching control group (n ¼ 86; ref. 27).
Randomization was stratified by BMI (<27.5 kg/m2 vs.
>27.5 kg/m2).
Covariates
Demographics, lifestyle behaviors, and anthropometrics were measured at baseline and 12 months, and
BMI was calculated as kg/m2. Body fat was measured by
a dual-energy X-ray absorptiometry (DXA) whole-body
scanner (GE Lunar). Aerobic fitness was assessed using a
modified branching treadmill protocol (31, 32). Heart rate
and oxygen consumption were monitored by a MedGraphics automated cart during the test (MedGraphics).
Exercise intervention
The intervention consisted of at least 45 minutes of
moderate-intensity exercise, 5 days/week for 12
months. The training program gradually increased to
60% to 75% of maximal heart rate for 45 minutes per
session by week 8, where it was maintained for the
duration of the study. We used two measures of exercise
adherence. We assessed baseline and 12-month VO2 max
in all participants, who kept daily activity logs. Briefly,
at the end of the study, intervention participants completed a mean of 176 (SD, 91) minutes/week of aerobic
exercise (78% of the 225 min/week goal); lost an average
of 1.3 kg versus 0.1 kg weight gain in controls (P ¼ 0.01),
and lost 8.5 g/cm2 of intraabdominal body fat versus a
gain (0.1 g/cm2) among controls (P ¼ 0.045; ref. 30). On
average, VO2 max increased from baseline to 12 months
by 12.7% in exercisers, and by 0.8% in controls (P <
0.0001).
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Table 1. Baseline characteristics of study participants

N
Age (y)
BMI (kg/m2)
Percent body fat (DXA)
VO2max (mL/kgmin)
Education
Some high school or high school
Some college or vocational training
College graduate
Graduate degrees
Ethnicity (%)
Non-Hispanic White
VEGF (pg/mL)
Median (range)
PEDF (mg/mL)
Median (range)
PAI (ng/mL)
Median (range)
OPN (ng/mL)
Median (range)

Blood specimen collection and processing
At baseline and 12 months, participants provided a 12hour fasting 50 mL sample of blood, which was processed
within 1 hour of collection and stored at 80 C. Subjects
were instructed to refrain from alcohol (48 hours) and
vigorous exercise (24 hours) before clinic appointments.
Of 173 participants randomized, baseline and 12-month
serum was available for 169 participants (84 control; 85
intervention), and plasma for 164 (80 controls; 84 exercise). Samples were stored on average for 10 years before
analysis for angiogenic factors. Samples had not been
thawed before analysis.
Assays
VEGF, PEDF (serum), and PAI-1 and OPN (plasma)
were assayed at the Clinical and Epidemiologic Research
Laboratory at the Department of Laboratory Medicine,
Boston Children’s Hospital, Boston, MA, using ELISAs
from R&D Systems. Duplicate pooled blood samples were
included for quality assurance purposes and to assess
inter- and intraassay coefficient of variation. Baseline and
12-month samples from each individual were included in
the same batch, and participants’ samples were randomly
placed across batches. Laboratory personnel were blinded
with regard to subject and quality assurance sample
identity. The inter- and intraassay coefficients of variation
for each assay were as follows: VEGF, 7.5% and 6.6%;
OPN, 9.8% and 6.8%; PAI-1, 6.5% and 4.6%; and PEDF,
10.4% and 4.4%. Other circulating biomarkers were
measured as previously described, including sex steroid
hormones [estradiol, testosterone, sex hormone binding
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Exercisers
Mean  SD

Controls
Mean  SD

85
60.7  6.7
30.5  4.1
47.5  4.8
20.0  3.6
N (%)
10 (11.5)
36 (41.4)
23 (26.4)
18 (20.7)

84
60.6  6.8
30.5  3.7
47.4  4.6
20.5  3.0
N (%)
9 (10.5)
35 (40.7)
25 (29.1)
17 (19.8)

74 (85.1)
390.1  250.4
304.6 (82.5–1,352.7)
11.8 þ 2.3
11.6 (6.7–19.0)
5.9 þ3.8
4.9 (1.5–21.7)
60.8 þ14.3
58.6 (36.7–124.3)

75 (87.2)
499.8  301.0
457.6 (88.6–1,787.7)
11.7  2.9
11.3 (6.6–23.8)
6.3  4.0
5.4 (1.8–24.1)
59.8  15.7
56.2 (33.5–107.6)

globulin (SHBG)], insulin, ghrelin, and insulin-like
growth factor (IGF-1; refs. 33–35).
Statistical analyses
Partial Pearson correlation coefficients were calculated
between baseline biomarker measures, corrected for multiple testing (Bonferroni correction, 0.05/20; significant at
P < 0.0003). A logarithmic transformation was applied to
the outcome variables to improve the normality of the
distribution. Generalized linear models were used to test
for differences in baseline values across study arms.
Descriptive data are presented as geometric means
[95% confidence intervals (CI)]. Mean changes in analytes
from baseline to 12 months, stratified by group, were
computed; intervention effects on these variables were
examined on the basis of the assigned treatment at randomization, regardless of adherence or study retention
(i.e., intent-to-treat). Mean 12-month changes in the intervention arm were compared with controls using the
generalized estimating equations modification of linear
regression to account for intraindividual correlation over
time. The analyses were adjusted by BMI and baseline
levels of the outcome variables.
In preplanned analyses, changes in body composition,
and VO2max between baseline and 12 months were calculated, and used to predict observed change in analytes at
12 months by linear regression. Fat loss was categorized as
gaining any fat, losing less than the median of percentage
change in total body fat, or more than the median of
change in percentage total body fat (kg; corresponding
to </>1.85%). VO2max was categorized as decreasing, or
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Table 2. Pearson correlations between OPN, PAI-1, PEDF, VEGF, and anthropometric and previously
tested serum biomarkers, corrected for multiple testinga
Covariates

OPN (N ¼ 164)
rs

PAI-1 (N ¼ 164)
rs

PEDF (N ¼ 164)
rs

VEGF (N ¼ 164)
rs

OPN
PAI-1
PEDF
VEGF
Age (y)
BMI (kg/m2)
Total bone mineral density (g/cm2)
Total fat mass (g)
Testosterone (pg/mL)
Estrone (pg/mL)
Estradiol (pg/mL)
SHBG (nmol/L)
Free estradiol
Free testosterone
Insulin (mU/mL)
Leptin (ng/mL)
Ghrelin
IGF-1

—
0.04
0.02
0.02
0.15
0.04
0.08
0.02
0.004
0.09
0.16
0.29b
0.20
0.08
0.05
0.03
0.04
0.25

0.04
—
0.46b
0.17
0.10
0.36b
0.23
0.31b
0.23
0.25
0.19
0.34b
0.30b
0.45b
0.61b
0.33b
0.24
0.06

0.02
0.46b
—
0.11
0.12
0.34b
0.15
0.37b
0.02
0.23
0.20
0.31b
0.29b
0.18
0.53b
0.38b
0.23
0.00

0.02
0.17
0.11
—
0.02
0.12
0.07
0.18
0.01
0.16
0.19
0.05
0.19
0.01
0.05
0.10
0.07
0.02

NOTE: Signiﬁcant associations are indicated by superscripts.
a
Bonferroni correction, signiﬁcant at P ¼ 0.0003.
b
P < 0.0001.

increasing less than or more than the median of percentage change in VO2max (</> 13.5%). Fat loss and VO2max
levels in the control group were added as a separate
category. All statistical tests were two sided. Statistical
analyses were performed using SAS software (version 8.2,
SAS Institute Inc.).

Results
At baseline, intervention and control groups were similar with regard to demographic characteristics, body
composition, mean daily caloric intake, fitness levels, and
hormone concentrations (Table 1). Participants, on average, were 61 years old, obese, highly educated, and with a
low level of fitness.
After correction for multiple testing, there were no
significant associations observed between VEGF and any
of the other covariates examined. OPN correlated significantly only with SHBG (r ¼ 0.29; P < 0.0001; Table 2).
PAI-1 significantly and strongly correlated with insulin
(r ¼ 0.61; P < 0.0001), and with PEDF, BMI, total fat mass,
leptin, free testosterone, and free estradiol, and negatively with SHBG. PEDF showed similar associations:
strongly correlated with insulin (r ¼ 0.53; P < 0.0001),
and with BMI, fat mass, leptin, free estradiol, and negatively with SHBG, unlike PAI-1, which did not correlate
with free testosterone.
There were no significant differences between levels of
VEGF, OPN, or PAI-1 between arms, comparing baseline
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with 12-month levels (Table 3). Women randomized to the
exercise intervention had a significantly greater reduction
in PEDF levels at 12 months (3.7%), compared with
women in the control arm (þ3.0%; P ¼ 0.009), adjusted
for BMI and baseline levels of PEDF.
We next examined the influence of changes in fat loss
and VO2max levels on these analytes. Fat loss had no effect
on VEGF levels (Table 4). Decreasing levels of fat mass
were significantly associated with decreasing levels of
PEDF with a change of 7.5% in the group that lost the
most fat, 2.0% in those who lost the least, compared with
a gain of 2.8% in controls (Ptrend ¼ 0.002), or compared
with an increase of 1.4% in the group randomized to
exercise who gained any fat (Ptrend ¼ 0.013). PAI-1 showed
a similar pattern, with the greatest decrease (14.5%) in
the group that lost the most fat compared with the control
group (Ptrend ¼ 0.03) or to those in the exercise group who
gained any fat (Ptrend ¼ 0.02).
Next, we compared levels between controls, participants who decreased their VO2max, and those who
increased less or more than the median of the increase in
VO2max (Table 5). Changes in levels of VEGF, OPN, and
PAI-1 were not associated with changes in VO2max comparing those who increased their VO2max to either controls, or to those who decreased their VO2max. However,
participants who increased their VO2max had significantly
smaller decreases in PEDF (<median, 2.4%; >median
increase, 3.4%) when compared with participants who
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P value: GEE (generalized estimating equations) model, testing the difference in change from baseline to 12 months between control group and exercise group, adjusted for BMI and
baseline biomarker level.
a

0.86
0.009
0.18
0.47
4.2 (1.3)
0.4 (3.7)
0.2 (4.4)
1.8 (3.0)
320.8 (281–366)
11.2 (10.7–11.7)
4.8 (4.3–5.4)
57.5 (54.8–60.3)
83
83
81
81
325 (286–370)
11.6 (11.1–12.1)
5.1 (4.5–5.7)
59.3 (56.5–62.2)
85
85
84
84
0.7 (0.2)
0.3 (3.0)
0.2 (2.9)
0.7 (1.2)
419 (369–475)
11.8 (11.2–12.4)
5.6 (4.9–6.3)
57.2 (54.4–60.2)
82
82
80
80
418.3 (367–479)
11.4 (10.9–12.0)
5.4 (4.8–6.1)
57.9 (54.8–61.2)
84
84
80
80
VEGF (pg/mL)
PEDF (mg/mL)
PAI-1 (ng/mL)
OPN (ng/mL)

Pa
Change (%)
Mean (95% CI)
Mean (95% CI)
Mean (95% CI)
N

Baseline

N

12 Month

Change (%)

N

Mean (95% CI)

N

12-Month
Baseline

Exercise intervention
Stretching control

Table 3. Geometric mean (95% CI) of angiogenesis biomarkers at baseline and 12 month, stratiﬁed by intervention arm, adjusted for BMI and
baseline biomarker levels

Duggan et al.
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decreased their VO2max (6.2%; Ptrend ¼ 0.03), but not
when compared with controls.

Discussion
This study compared the effects of an exercise intervention on biomarkers of angiogenesis in a sample of healthy
overweight/obese postmenopausal women. We found that
a 12-month moderate exercise intervention significantly
reduced levels of PEDF, a serpin with antitumorigenic and
antiangiogenic effects (21, 36). Increasing levels of fat loss
were significantly associated with increasing reductions in
levels of PEDF. Interestingly, participants who decreased
their VO2max (i.e., became less fit) had larger reductions in
PEDF levels, compared with participants who increased
their VO2max levels. This suggests the possibility that PEDF
may be differentially regulated via adipokine-related pathways, compared with those related to changes in aerobic
capacity. Although the exercise intervention was not
significantly associated with changes in PAI-1 levels,
increased reductions in fat mass were significantly associated with reductions in PAI-1. There were no significant
effects of the intervention, or changes in fat-mass or
VO2max, on either VEGF or OPN.
Given that PEDF is a negative regulator of angiogenesis,
"shrinkage" of fat mass in theory would require upregulation of antiangiogenic factors in response to reduced
requirements for neovascularization (9). However, PEDF
is positively associated with obesity (37), is increased in
diabetic patients compared with controls (38), and percentage changes in serum levels of PEDF in a 1-year
observational study were positively correlated with those
of BMI (39). Further studies confirmed the association of
PEDF with the metabolic syndrome, including positive
significant associations with insulin (40), and HOMA-IR,
a measure of insulin resistance (41). A study in 36 severely
obese adults found that bariatric surgery resulted in significant reductions in PEDF, and that relative change in
PEDF levels between baseline and 18 months postsurgery
was significantly associated with change in weight, BMI,
fat mass, visceral fat diameter, insulin, and HOMA-IR (42).
Weight loss (on average 5 kg/m2) in 33 obese/overweight
men led to significantly decreased PEDF concentrations
from 34.8  19.3 to 22.5  14.2 mg/mL (P < 0.0001; ref. 43).
Of interest, a recent study classified PEDF as a contractionregulated myokine that can be secreted by primary human
myotubes (44), although myotubes secrete PEDF at significantly lower concentrations compared with preadipocytes
and adipocytes (45). The study also reported a significant
reduction in PEDF serum levels from 8 healthy young men
who underwent a 60-minute bout of cycling at VO2max of
70% (44). We did observe a reduction in PEDF concentrations among those participants who increased their levels
of fitness: this may be explained by replacement of adipose
tissue by muscle mass and a concomitant decrease in
overall levels of PEDF. In an exploratory study using a
combined proteomic and metabolomic approach, PEDF
was identified as an exercise-dependent predictor of fat
mass difference in 5 lean and 5 obese healthy young male
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Table 4. Geometric mean (95% CI) of angiogenesis biomarkers at baseline and 12 month, stratiﬁed by
change in percent body fat and adjusted for age
Baseline

12-Months

Difference

Fat changes

N

Mean (95% CI)

N

Mean (95% CI)

Change (%)

Pa

Pb

VEGF (pg/mL)

Control
Gained any fat
Lost <1.85%e
Lost 1.85%

84
21
30
31

419 (367–479)
391 (318—481)
338 (267—427)
267 (215—332)

161
42
60
62

421 (384–460)
380 (327—442)
347 (295—408)
265 (228—308)

1.1 (0.3)
11.1 (2.8)
9.2 (2.7)
2.3 (0.8)

PEDF (mg/mL)

Control
Gained any fat
Lost <1.85%c
Lost 1.85%

84
21
30
31

11.4 (10.9–12.0)
12.1 (11.2–13.1)
11.5 (10.7–12.3)
11.2 (10.5–12.1)

161
42
60
62

11.7 (11.3–12.2)
12.3 (11.5–13.1)
11.3 (10.8–11.8)
10.4 (9.9–10.9)

0.3 (2.8)
0.2 (1.4)
0.2 (2.0)
0.8 (7.5)

PAI-1 (ng/mL)

Control
Gained any fat
Lost <1.85%c
Lost 1.85%

80
22
29
30

5.4 (4.8–6.1)
5.1 (4.0–6.5)
5.4 (4.5–6.6)
4.7 (3.9–5.8)

157
44
58
60

5.6 (5.1–6.1)
5.7 (4.8–6.8)
5.1 (4.5–5.8)
4.0 (3.6–4.5)

0.2 (3.3)
0.6 (11.6)
0.3 (5.9)
0.7 (14.5)

OPN (ng/mL)

Control
Gained any fat
Lost <1.85%c
Lost 1.85%

80
22
29
30

57.9 (54.8–61.2)
63.1 (56.7–70.3)
59.0 (54.8–63.4)
57.4 (53.1–62.2)

157
44
58
60

57.1 (55.1–59.2)
56.2 (52.4–60.2)
59.4 (56.7–62.3)
56.7 (53.4–60.2)

0.8 (1.4)
6.9 (11.0)
0.4 (0.7)
0.7 (1.3)

Ref.
0.48
0.24
0.95
(Pc ¼ 0.63)
Ref.
0.75
0.14
0.002
(Pc ¼ 0.002)
Ref.
0.39
0.32
0.03
(Pc ¼ 0.03)
Ref.
0.02
0.54
0.98
(Pc ¼ 0.78)

—
Ref.
0.11
0.61
(Pd ¼ 0.74)
—
Ref.
0.32
0.013
(Pd ¼ 0.013)
—
Ref.
0.13
0.019
(Pc ¼ 0.02)
—
Ref.
0.011
0.03
(Pd ¼ 0.05)

a

Testing difference in change from baseline to 12 months in biomarkers compared with controls.
Testing difference in change from baseline to 12 months in biomarkers compared with "gained any percent body fat," excluding
controls.
c
Testing for a trend in change from baseline to 12 months in biomarkers from controls through "lost most percent body fat."
d
Testing for a trend in change from baseline to 12 months in biomarkers from "gained some body fat" through "lost most percent body
fat."
e
1.85% corresponds to median levels of percentage of fat lost.
b

volunteers who underwent a 1-hour acute exercise bout
(46). Our findings that decreases in VO2max were associated
with reductions in PEDF levels are unexpected. It is possible that exercise and fat loss have different mechanisms of
action on skeletal muscle- versus adipose tissue–secreted
PEDF. It seems that PEDF has unexpected patterns of
expression: elevated in the obese state, and lowered in
patients with cancer and suggests the possibility of resistance to this factor as is seen with insulin and leptin.
Estrogen is an important upstream regulator of PEDF in
vitro: treatment of an ovarian cancer cell line with 17
b-estradiol inhibited expression of PEDF transcription and
translation, and was reversed by an estrogen receptor (ER)
antagonist, indicating that the regulation was ER mediated
(47). In our study, we found significant associations
between PEDF levels and free estradiol, and negative
associations with SHBG.
The association between reductions in fat mass and
decreasing levels of PAI-1 is expected. PAI-1 is produced
by adipocytes, endothelial cells, and stromal cells in
adipose tissue (48–51), and is involved in adipocyte dif-
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ferentiation and insulin signaling (52). Obese individuals
have higher levels of PAI-1 (53). PAI-1 levels correlate
with BMI irrespective of gender and age (54), and with
BMI, and waist–hip ratio in nondiabetic healthy postmenopausal women (55). Elevated levels of PAI-1 are associated with individuals with metabolic syndrome and type
II diabetes (56), and predicts type II diabetes independently of other known risk factors for diabetes (57).
Despite its role as an endogenous protease inhibitor,
PAI-1 seems to promote tumor growth, invasion, metastasis, and angiogenesis, rather than inhibiting these processes, by interacting with vitronectin, integrins, and
other components of the plasminogen activation system
and by affecting the extracellular matrix (17, 58, 59). It has
been hypothesized that, as a consequence of metabolic
syndrome, the upregulation of PAI-1 expression predisposes breast cancer to more aggressive stages, partially by
affecting angiogenesis (18, 59, 60). In vitro studies demonstrated that PAI-1 acts as a positive switch for angiogenesis by promoting endothelial cell migration toward
fibronectin-rich tumor tissue, and that PAI-1 inhibitors
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Table 5. Geometric mean (95% CI) of levels of VEGF, PEDF, PAI-1, and OPN at baseline and 12 months,
stratiﬁed by change in VO2max
Baseline

VEGF (pg/mL)

PEDF (mg/mL)

PAI-1 (ng/mL)

OPN (ng/mL)

12-Months

Difference

VO2max changes

N

Mean (95% CI)

N

Mean (95% CI)

Change (%)

Pa

Pb

Control
Decreased VO2max
Increased VO2max
by <13.4%
Increased VO2max
by 13.4%
Control
Decreased VO2max
Increased VO2max
by <13.4%
Increased VO2max
by 13.4%
Control
Decreased VO2max
Increased VO2max
by <13.4%
Increased VO2max
by 13.4%
Control
Decreased VO2max
Increased VO2max
by <13.4%
Increased VO2max
by 13.4%

84
22
31

419 (367–479)
410 (318–529)
311 (252–383)

161
22
62

421 (384–460.3)
384 (312–470.7)
310 (264–362.9)

1.1 (0.3)
26.7 (6.5)
1.1 (0.4)

Ref.
0.46
0.83

—
Ref.
0.68

32

289 (235–355)

64

285 (249–327.3)

3.7 (1.3)

84
22
31

11.4 (10.9–12.0)
12.8 (12.0–13.6)
11.6 (10.7–12.6)

161
22
62

11.7 (11.3–12.2)
12.0 (11.0–13.1)
11.3 (10.7–12.0)

0.3 (2.8)
0.8 (6.2)
0.3 (2.4)

0.94
(Pc ¼ 0.99)
Ref.
0.046
0.14

0.54
(Pd ¼ 0.63)
—
Ref.
0.43

32

10.8 (10.3–11.4)

64

10.4 (10.0–10.9)

0.4 (3.4)

80
22
31

5.4 (4.8–6.1)
5.6 (4.5–6.9)
5.3 (4.3–6.6)

157
22
62

5.6 (5.1–6.1)
5.6 (4.3–7.2)
5.1 (4.5–5.8)

0.2 (3.3)
0.0 (0.0)
0.3 (5.1)

0.049
(Pc ¼ 0.03)
Ref.
0.87
0.41

0.56
(Pd ¼ 0.71)
—
Ref.
0.73

31

4.5 (3.7–5.3)

62

4.1 (3.7–4.6)

0.3 (7.3)

80
22
31

57.9 (54.8–61.2)
56.9 (50.8–63.7)
62.3 (58.4–66.6)

157
22
62

57.1 (55.1–59.2)
57.8 (52.9–63.1)
58.2 (55.3–61.3)

0.8 (1.4)
0.9 (1.6)
4.1 (6.6)

0.24
(Pc ¼ 0.20)
Ref.
0.45
0.10

0.61
(Pd ¼ 0.58)
—
Ref.
0.10

31

58.1 (53.7–62.9)

62

56.1 (53.0–59.4)

2.0 (3.5)

0.47
(Pc ¼ 0.21)

0.26
(Pd ¼ 0.44)

e

a

Testing differences in change from baseline to 12 months in biomarkers compared with controls.
Testing difference in change from baseline to 12 months in biomarkers compared with the "decreased VO2max group," excluding
controls.
c
Testing for a trend in change from baseline to 12 months in biomarkers from controls through "increased most VO2max group."
d
Testing for a trend in change from baseline to 12 months in biomarkers from "decreased VO2max group" through "increased most
VO2max group."
e
13.4% corresponds to median levels of percentage increase in VO2max.
b

prevent angiogenesis (18, 19). A study in PAI-1–null mice
demonstrated that angiogenesis was reduced approximately 60% compared with wild-type mice, whereas in
mice overexpressing PAI-1, angiogenesis was increased
nearly 3-fold (61). In addition, overexpression of PAI-1 has
been found in many obesity-related types of cancer, and
high levels of PAI-1 are also significantly associated with
poor prognosis in breast and other cancers (62–66). Some
small studies examined the effect of exercise on PAI-1: a
cross-sectional study in 27 postmenopausal women
observed a significantly higher level of PAI-1 in postmenopausal sedentary women, compared with physically
active women (24). An RCT in 188 men comparing a diet,
exercise, combined, and control interventions found no
change in PAI-1 levels postintervention in any group (26).
In contrast, in 1,817 overweight or obese diabetic patients
randomized to the Look AHEAD RCT investigating the
effects of an intensive lifestyle behavioral intervention for
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weight-loss, improvements in fitness were associated
with decreased PAI-1, independent of weight loss (P ¼
0.03; ref. 67).
OPN is involved in mediating angiogenesis and interacts with VEGF (68, 69). OPN plays an important role in
neoplastic transformation, malignant cell attachment and
migration (70), and is associated with increased invasiveness in mammary tumor cell lines (71–74). It is overexpressed in a number of human cancers including breast,
and elevated levels have been associated with increased
metastatic burden and poor prognosis in patients with
breast cancer (74–76). Elevated OPN expression in adipose tissue in obese individuals was paralleled by macrophage infiltration: levels of both were reversed after
weight loss in morbidly obese individuals (77). However,
we did not observe any changes in levels of OPN in the
intervention arm compared with controls, or either by
changes in percentage body fat, or by changes in VO2max.
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It may be that the degree of weight loss was insufficient in
this exercise intervention study to observe significant
changes in OPN levels. To our knowledge, there have
been no other studies of exercise on levels of OPN. One
small cross-sectional study compared 13 endurancetrained athletes and 12 sedentary older adults (ages 60–
78 years; 13 men and 12 women) and found no difference
in OPN plasma levels (25).
VEGF is a key mediator of angiogenesis (13). As
mentioned above, expansion of adipose tissue is linked
to the development of its vasculature, and this process
was almost completely abolished by VEGF inhibitors in
severely obese patients (78). Adipose tissue produces
VEGF in response to IL-6 (79), insulin (80), and TNF-a,
by a p38 mitogen-activated protein kinase (MAPK)–
dependent mechanism (81). Levels of VEGF are significantly higher in obese patients than in lean controls
(82), and leptin synergistically stimulates angiogenesis
with VEGF (83), However, VEGF did not correlate with
leptin in our study. VEGF expression has also been
found to correlate with risk and outcomes in breast
cancer. High levels of VEGF in breast tumors predict
both shorter disease-free survival and overall survival,
and poorer response to adjuvant therapy (84, 85), and
higher serum levels of VEGF are found in primary
breast cancer (86, 87) and metastatic disease (88) compared with women with benign breast disease or normal controls. A 12-week study of 79 obese males and
females randomized to 12-week exercise without diet
restriction (3.5 kg weight loss), a hypocaloric diet
(12.3 kg), and a combination of the two interventions
(12.3 kg) reported that VEGF was nonsignificantly
reduced in all the three arms (89).
To our knowledge, this is the first randomized study
to investigate the effects of physical activity change on
levels of these biomarkers of angiogenesis in postmenopausal overweight/obese women, a group of women
at elevated risk of several cancers. Strengths of this
study include a relatively large sample size, a RCT
design, long duration of the intervention (12 months),
high retention (97.7% of participants gave blood at 12
months), and high adherence to intervention prescrip-

tions. A limitation is the relatively homogeneous sample
of overweight sedentary postmenopausal women,
which may limit the generalizability of this study. As
angiogenesis is a process involved with neoplastic promotion rather than the initial phases of carcinogenesis,
these results from adipose tissue in healthy women may
not reflect changes in the profile of angiogenic markers
during tumor expansion. Finally, we tested only one
exercise program, and, therefore, cannot extend results
to other exercise modalities.
In summary, PEDF was significantly decreased in
response to a moderate-intensity exercise intervention,
which has unclear ramifications for cancer risk, because
PEDF is a negative regulator of angiogenesis. Increased fat
loss was associated with increased reductions in PEDF
and PAI-1, and changes in VO2max seemed to have effects
on PEDF. Examination of the associations between PEDF
and exercise and fat loss, warrants further study, including examining effects of different types and intensities of
exercise, and the role of weight loss via dietary changes
with and without exercise.
Disclosure of Potential Conﬂicts of Interest
No potential conflicts of interest were disclosed.

Authors' Contributions
Conception and design: C. Duggan, A. McTiernan
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): C. Duggan, A. McTiernan
Analysis and interpretation of data (e.g., statistical analysis, biostatistics, computational analysis): C. Duggan, L. Xiao, C.-Y. Wang
Writing, review, and/or revision of the manuscript: C. Duggan, C.-Y.
Wang, A. McTiernan
Study supervision: A. McTiernan

Grant Support
This work was supported by grants from the National Cancer Institute
at the NIH, R01 CA 69334 and 1R03CA152847.
The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.
Received November 6, 2013; revised January 23, 2014; accepted January
26, 2014; published OnlineFirst February 5, 2014.

References
1.

2.
3.
4.

5.
6.

IARC Working Group on the Evaluation of Cancer-Preventive Agents.
Weight Control and Physical Activity (IARC Handbooks of Cancer
Prevention, Vol. 6). Lyon: IARC; 2002.
U.S. Department of Health and Human Services. Physical Activity
Guidelines Advisory Committee Report. Washington (DC); 2008.
McTiernan A. Mechanisms linking physical activity with cancer. Nat
Rev Cancer 2008;8:205–11.
Rogers CJ, Colbert LH, Greiner JW, Perkins SN, Hursting SD. Physical
activity and cancer prevention: pathways and targets for intervention.
Sports Med 2008;38:271–96.
Hanahan D, Folkman J. Patterns and emerging mechanisms of the
angiogenic switch during tumorigenesis. Cell 1996;86:353–64.
Gealekman O, Burkart A, Chouinard M, Nicoloro S, Straubhaar J,
Corvera S. Enhanced angiogenesis in obesity and in response
to PPAR{gamma} activators through adipocyte VEGF and

www.aacrjournals.org

ANGPTL4 production. Am J Physiol Endocrinol Metab 2008;295:
E1056–64.
7. Brown LF, Guidi AJ, Schnitt SJ, Van De Water L, Iruela-Arispe ML, Yeo
TK, et al. Vascular stroma formation in carcinoma in situ, invasive
carcinoma, and metastatic carcinoma of the breast. Clin Cancer Res
1999;5:1041–56.
8. Bergers G, Benjamin LE. Tumorigenesis and the angiogenic switch.
Nat Rev Cancer 2003;3:401–10.
9. Cao Y. Angiogenesis modulates adipogenesis and obesity. J Clin
Invest 2007;117:2362–8.
10. Cao Y. Angiogenesis and vascular functions in modulation of obesity,
adipose metabolism, and insulin sensitivity. Cell Metab 2013;18:478–89.
11. 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.

Cancer Epidemiol Biomarkers Prev; 23(4) April 2014

Downloaded from cebp.aacrjournals.org on April 11, 2021. © 2014 American Association for Cancer Research.

655

Published OnlineFirst February 5, 2014; DOI: 10.1158/1055-9965.EPI-13-1155

Duggan et al.

12. Brakenhielm E, Cao R, Gao B, Angelin B, Cannon B, Parini P, et al.
Angiogenesis inhibitor, TNP-470, prevents diet-induced and genetic
obesity in mice. Circ Res 2004;94:1579–88.
13. Nishimura S, Manabe I, Nagasaki M, Hosoya Y, Yamashita H, Fujita H,
et al. Adipogenesis in obesity requires close interplay between differentiating adipocytes, stromal cells, and blood vessels. Diabetes 2007;
56:1517–26.
14. Gomez-Ambrosi J, Catalan V, Ramirez B, Rodriguez A, Colina I, Silva
C, et al. Plasma osteopontin levels and expression in adipose tissue
are increased in obesity. J Clin Endocrinol Metab 2007;92:3719–27.
15. Kiefer FW, Zeyda M, Todoric J, Huber J, Geyeregger R, Weichhart T,
et al. Osteopontin expression in human and murine obesity: extensive
local up-regulation in adipose tissue but minimal systemic alterations.
Endocrinology 2008;149:1350–7.
16. Yamaguchi H, Igarashi M, Hirata A, Tsuchiya H, Sugiyama K, Morita Y,
et al. Progression of diabetic nephropathy enhances the plasma osteopontin level in type 2 diabetic patients. Endocr J 2004;51:499–504.
17. Andreasen PA, Egelund R, Petersen HH. The plasminogen activation
system in tumor growth, invasion, and metastasis. Cell Mol Life Sci
2000;57:25–40.
18. Leik CE, Su EJ, Nambi P, Crandall DL, Lawrence DA. Effect of
pharmacologic plasminogen activator inhibitor-1 inhibition on cell
motility and tumor angiogenesis. J Thromb Haemost 2006;4:2710–5.
19. Isogai C, Laug WE, Shimada H, Declerck PJ, Stins MF, Durden DL,
et al. Plasminogen activator inhibitor-1 promotes angiogenesis by
stimulating endothelial cell migration toward ﬁbronectin. Cancer Res
2001;61:5587–94.
20. Dawson DW, Volpert OV, Gillis P, Crawford SE, Xu H, Benedict W, et al.
Pigment epithelium-derived factor: a potent inhibitor of angiogenesis.
Science 1999;285:245–8.
21. Tombran-Tink J. The neuroprotective and angiogenesis inhibitory
serpin, PEDF: new insights into phylogeny, function, and signaling.
Front Biosci 2005;10:2131–49.
22. Stellmach V, Crawford SE, Zhou W, Bouck N. Prevention of ischemiainduced retinopathy by the natural ocular antiangiogenic agent pigment epithelium-derived factor. Proc Natl Acad Sci U S A 2001;98:
2593–7.
23. Joham AE, Teede HJ, Hutchison SK, Stepto NK, Harrison CL, Strauss
BJ, et al. Pigment epithelium-derived factor, insulin sensitivity, and
adiposity in polycystic ovary syndrome: impact of exercise training.
Obesity 2012;20:2390–6.
24. DeSouza CA, Jones PP, Seals DR. Physical activity status and adverse
age-related differences in coagulation and ﬁbrinolytic factors in women. Arterioscler Thromb Vasc Biol 1998;18:362–8.
25. Wilund KR, Tomayko EJ, Evans EM, Kim K, Ishaque MR, Fernhall B.
Physical activity, coronary artery calcium, and bone mineral density in
elderly men and women: a preliminary investigation. Metabolism
2008;57:584–91.
26. Rokling-Andersen MH, Reseland JE, Veierod MB, Anderssen SA,
Jacobs DR Jr, Urdal P, et al. Effects of long-term exercise and diet
intervention on plasma adipokine concentrations. Am J Clin Nutr
2007;86:1293–301.
27. McTiernan A, Ulrich CM, Yancey D, Slate S, Nakamura H, Oestreicher
N, et al. The Physical Activity for Total Health (PATH) Study: rationale
and design. Med Sci Sports Exerc 1999;31:1307–12.
28. McTiernan A, Tworoger SS, Rajan KB, Yasui Y, Sorenson B, Ulrich CM,
et al. Effect of exercise on serum androgens in postmenopausal
women: a 12-month randomized clinical trial. Cancer Epidemiol Biomarkers Prev 2004;13:1099–105.
29. McTiernan A, Tworoger SS, Ulrich CM, Yasui Y, Irwin ML, Rajan KB,
et al. Effect of exercise on serum estrogens in postmenopausal
women: a 12-month randomized clinical trial. Cancer Res 2004;64:
2923–8.
30. Irwin ML, Yasui Y, Ulrich CM, Bowen D, Rudolph RE, Schwartz RS,
et al. Effect of exercise on total and intra-abdominal body fat in
postmenopausal women: a randomized controlled trial. JAMA 2003;
289:323–30.
31. Schauer JE, Hanson P. Usefulness of a branching treadmill protocol for
evaluation of cardiac functional capacity. Am J Cardiol 1987;60:
1373–7.

656

Cancer Epidemiol Biomarkers Prev; 23(4) April 2014

32. Pate RR, Blair SN, Durstine JL, Eddy DL, Hanson P, Painter P, et al.
Guidelines for Exercise Testing and Prescription. 4th ed. Philadelphia,
PA: Lea & Febiger; 1991.
33. Chubak J, Tworoger SS, Yasui Y, Ulrich CM, Stanczyk FZ, McTiernan
A. Associations between reproductive and menstrual factors and
postmenopausal androgen concentrations. J Womens Health 2005;
14:704–12.
34. Littman AJ, Vitiello MV, Foster-Schubert K, Ulrich CM, Tworoger SS,
Potter JD, et al. Sleep, ghrelin, leptin and changes in body weight
during a 1-year moderate-intensity physical activity intervention. Int J
Obes 2007;31:466–75.
35. Frank LL, Sorensen BE, Yasui Y, Tworoger SS, Schwartz RS, Ulrich
CM, et al. Effects of exercise on metabolic risk variables in overweight
postmenopausal women: a randomized clinical trial. Obes Res 2005;
13:615–25.
36. Becerra SP, Notario V. The effects of PEDF on cancer biology:
mechanisms of action and therapeutic potential. Nat Rev Cancer
2013;13:258–71.
37. Wang P, Smit E, Brouwers MC, Goossens GH, van der Kallen CJ, van
Greevenbroek MM, et al. Plasma pigment epithelium-derived factor is
positively associated with obesity in Caucasian subjects, in particular
with the visceral fat depot. Eur J Endocrinol 2008;159:713–71.
38. Jenkins A, Zhang SX, Gosmanova A, Aston C, Dashti A, Baker MZ,
et al. Increased serum pigment epithelium derived factor levels in Type
2 diabetes patients. Diabetes Res Clin Pract 2008;82:e5–7.
39. Nakamura K, Yamagishi S, Adachi H, Kurita-Nakamura Y, Matsui T,
Inoue H. Serum levels of pigment epithelium-derived factor (PEDF) are
positively associated with visceral adiposity in Japanese patients with
type 2 diabetes. Diabetes Metab Res Rev 2009;25:52–6.
40. Yamagishi S, Adachi H, Abe A, Yashiro T, Enomoto M, Furuki K, et al.
Elevated serum levels of pigment epithelium-derived factor in the
metabolic syndrome. J Clin Endocrinol Metab 2006;91:2447–50.
41. Nakamura K, Yamagishi SI, Adachi H, Matsui T, Kurita Y, Imaizumi T.
Serum levels of pigment epithelium-derived factor (PEDF) are an
independent determinant of insulin resistance in patients with essential
hypertension. Int J Cardiol 2010;143:96–8.
42. Tschoner A, Sturm W, Ress C, Engl J, Kaser S, Laimer M, et al. Effect of
weight loss on serum pigment epithelium-derived factor levels. Eur J
Clin Invest 2011;41:937–42.
43. Sabater M, Moreno-Navarrete JM, Ortega FJ, Pardo G, Salvador J,
Ricart W, et al. Circulating pigment epithelium-derived factor levels are
associated with insulin resistance and decrease after weight loss.
J Clin Endocrinol Metab 2010;95:4720–8.
44. Raschke S, Eckardt K, Bjorklund Holven K, Jensen J, Eckel J. Identiﬁcation and validation of novel contraction-regulated myokines
released from primary human skeletal muscle cells. PLoS ONE 2013;
8:e62008.
45. Famulla S, Lamers D, Hartwig S, Passlack W, Horrighs A, Cramer A,
et al. Pigment epithelium-derived factor (PEDF) is one of the most
abundant proteins secreted by human adipocytes and induces insulin
resistance and inﬂammatory signaling in muscle and fat cells. Int J
Obes 2011;35:762–72.
46. Oberbach A, Bluher M, Wirth H, Till H, Kovacs P, Kullnick Y, et al.
Combined proteomic and metabolomic proﬁling of serum reveals
association of the complement system with obesity and identiﬁes
novel markers of body fat mass changes. J Proteome Res 2011;10:
4769–88.
47. Cheung LW, Au SC, Cheung AN, Ngan HY, Tombran-Tink J, Auersperg
N, et al. Pigment epithelium-derived factor is estrogen sensitive and
inhibits the growth of human ovarian cancer and ovarian surface
epithelial cells. Endocrinology 2006;147:4179–91.
48. Juhan-Vague I, Vague P. Hypoﬁbrinolysis and insulin-resistance. Diabete Metab 1991;17:96–100.
49. Shimomura I, Funahashi T, Takahashi M, Maeda K, Kotani K, Nakamura T, et al. Enhanced expression of PAI-1 in visceral fat: possible
contributor to vascular disease in obesity. Nat Med 1996;2:800–3.
50. Wajchenberg BL. Subcutaneous and visceral adipose tissue: their
relation to the metabolic syndrome. Endocr Rev 2000;21:697.
51. Bastelica D, Morange P, Berthet B, Borghi H, Lacroix O, Grino M, et al.
Stromal cells are the main plasminogen activator inhibitor-1-producing

Cancer Epidemiology, Biomarkers & Prevention

Downloaded from cebp.aacrjournals.org on April 11, 2021. © 2014 American Association for Cancer Research.

Published OnlineFirst February 5, 2014; DOI: 10.1158/1055-9965.EPI-13-1155

Effect of Exercise on Serum Markers of Angiogenesis

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

cells in human fat: evidence of differences between visceral and
subcutaneous deposits. Arterioscler Thromb Vasc Biol 2002;22:
173–8.
Liang X, Kanjanabuch T, Mao SL, Hao CM, Tang YW, Declerck PJ, et al.
Plasminogen activator inhibitor-1 modulates adipocyte differentiation.
Am J Physiol Endocrinol Metab 2006;290:E103–13.
De Pergola G, De Mitrio V, Giorgino F, Sciarafﬁa M, Minenna A, Di Bari
L, et al. Increase in both pro-thrombotic and anti-thrombotic factors in
obese premenopausal women: relationship with body fat distribution.
Int J Obes Relat Metab Disord 1997;21:527–35.
Vague P, Juhan-Vague I, Aillaud MF, Badier C, Viard R, Alessi MC, et al.
Correlation between blood ﬁbrinolytic activity, plasminogen activator
inhibitor level, plasma insulin level, and relative body weight in normal
and obese subjects. Metabolism 1986;35:250–3.
Peverill RE, Teede HJ, Malan E, Kotsopoulos D, Smolich JJ,
McGrath BP. Relationship of waist and hip circumference with
coagulation and ﬁbrinolysis in postmenopausal women. Clin Sci
2007;113:383–91.
Juhan-Vague I, Roul C, Alessi MC, Ardissone JP, Heim M, Vague P.
Increased plasminogen activator inhibitor activity in non insulin dependent diabetic patients–relationship with plasma insulin. Thromb Haemost 1989;61:370–3.
Festa A, D'Agostino R Jr, Tracy RP, Haffner SM. Elevated levels of
acute-phase proteins and plasminogen activator inhibitor-1 predict
the development of type 2 diabetes: the insulin resistance atherosclerosis study. Diabetes 2002;51:1131–7.
Dass K, Ahmad A, Azmi AS, Sarkar SH, Sarkar FH. Evolving role of uPA/
uPAR system in human cancers. Cancer Treat Rev 2008;34:122–36.
Rakic JM, Maillard C, Jost M, Bajou K, Masson V, Devy L, et al. Role of
plasminogen activator-plasmin system in tumor angiogenesis. Cell
Mol Life Sci 2003;60:463–73.
Beaulieu LM, Whitley BR, Wiesner TF, Rehault SM, Palmieri D, Elkahloun AG, et al. Breast cancer and metabolic syndrome linked
through the plasminogen activator inhibitor-1 cycle. Bioessays 2007;
29:1029–38.
McMahon GA, Petitclerc E, Stefansson S, Smith E, Wong MK, Westrick
RJ, et al. Plasminogen activator inhibitor-1 regulates tumor growth and
angiogenesis. J Biol Chem 2001;276:33964–8.
Annecke K, Schmitt M, Euler U, Zerm M, Paepke D, Paepke S, et al.
uPA and PAI-1 in breast cancer: review of their clinical utility and
current validation in the prospective NNBC-3 trial. Adv Clin Chem
2008;45:31–45.
Duffy MJ, Duggan C. The urokinase plasminogen activator system: a
rich source of tumour markers for the individualised management of
patients with cancer. Clin Biochem 2004;37:541–8.
Look MP, van Putten WL, Duffy MJ, Harbeck N, Christensen IJ,
Thomssen C, et al. Pooled analysis of prognostic impact of urokinase-type plasminogen activator and its inhibitor PAI-1 in 8377 breast
cancer patients. J Natl Cancer Inst 2002;94:116–28.
Steiner E, Pollow K, Hasenclever D, Schormann W, Hermes M,
Schmidt M, et al. Role of urokinase-type plasminogen activator (uPA)
and plasminogen activator inhibitor type 1 (PAI-1) for prognosis in
endometrial cancer. Gynecol Oncol 2008;108:569–76.
Sakakibara T, Hibi K, Koike M, Fujiwara M, Kodera Y, Ito K, et al.
Plasminogen activator inhibitor-1 as a potential marker for the malignancy of colorectal cancer. Br J Cancer 2005;93:799–803.
Belalcazar LM, Ballantyne CM, Lang W, Haffner SM, Rushing J,
Schwenke DC, et al. Metabolic factors, adipose tissue, and plasminogen activator inhibitor-1 levels in type 2 diabetes: ﬁndings from
the look AHEAD study. Arterioscler Thromb Vasc Biol 2011;31:
1689–95.
Senger DR, Ledbetter SR, Claffey KP, Papadopoulos-Sergiou A,
Peruzzi CA, Detmar M. Stimulation of endothelial cell migration by
vascular permeability factor/vascular endothelial growth factor
through cooperative mechanisms involving the alphavbeta3 integrin, osteopontin, and thrombin. Am J Pathol 1996;149:293–305.
Chakraborty G, Jain S, Kundu GC. Osteopontin promotes vascular
endothelial growth factor-dependent breast tumor growth and angiogenesis via autocrine and paracrine mechanisms. Cancer Res 2008;
68:152–61.

www.aacrjournals.org

70. Tuck AB, Hota C, Chambers AF. Osteopontin(OPN)-induced increase
in human mammary epithelial cell invasiveness is urokinase (uPA)dependent. Breast Cancer Res Treat 2001;70:197–204.
71. Cook AC, Chambers AF, Turley EA, Tuck AB. Osteopontin induction of
hyaluronan synthase 2 expression promotes breast cancer malignancy. J Biol Chem 2006;281:24381–9.
72. Mirza M, Shaughnessy E, Hurley JK, Vanpatten KA, Pestano GA, He B,
et al. Osteopontin-c is a selective marker of breast cancer. Int J Cancer
2008;122:889–97.
73. Suzuki M, Mose E, Galloy C, Tarin D. Osteopontin gene expression
determines spontaneous metastatic performance of orthotopic human
breast cancer xenografts. Am J Pathol 2007;171:682–92.
74. McAllister SS, Gifford AM, Greiner AL, Kelleher SP, Saelzler MP, Ince
TA, et al. Systemic endocrine instigation of indolent tumor growth
requires osteopontin. Cell 2008;133:994–1005.
75. Tuck AB, Chambers AF, Allan AL. Osteopontin overexpression in
breast cancer: knowledge gained and possible implications for clinical
management. J Cell Biochem 2007;102:859–68.
76. El-Tanani M, Platt-Higgins A, Rudland PS, Campbell FC. Ets gene
PEA3 cooperates with beta-catenin-Lef-1 and c-Jun in regulation of
osteopontin transcription. J Biol Chem 2004;279:20794–806.
77. Bertola A, Deveaux V, Bonnafous S, Rousseau D, Anty R, Wakkach A,
et al. Elevated expression of osteopontin may be related to adipose
tissue macrophage accumulation and liver steatosis in morbid obesity.
Diabetes 2009;58:125–33.
78. 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.
79. Rega G, Kaun C, Demyanets S, Pfaffenberger S, Rychli K, Hohensinner
PJ, et al. Vascular endothelial growth factor is induced by the inﬂammatory cytokines interleukin-6 and oncostatin m in human adipose
tissue in vitro and in murine adipose tissue in vivo. Arterioscler Thromb
Vasc Biol 2007;27:1587–95.
80. 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.
81. Wang M, Crisostomo PR, Herring C, Meldrum KK, Meldrum DR.
Human progenitor cells from bone marrow or adipose tissue produce
VEGF, HGF, and IGF-I in response to TNF by a p38 MAPK-dependent
mechanism. Am J Physiol Regul Integr Comp Physiol 2006;291:
R880–4.
82. Garcia de la Torre N, Rubio MA, Bordiu 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.
83. Cao R, Brakenhielm E, Wahlestedt C, Thyberg J, 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.
84. Foekens JA, Peters HA, Grebenchtchikov N, Look MP, Meijer-van
Gelder ME, Geurts-Moespot A, et al. High tumor levels of vascular
endothelial growth factor predict poor response to systemic therapy in
advanced breast cancer. Cancer Res 2001;61:5407–14.
85. Linderholm B, Tavelin B, Grankvist K, Henriksson R. Vascular endothelial growth factor is of high prognostic value in node-negative breast
carcinoma. J Clin Oncol 1998;16:3121–8.
86. Byrne GJ, McDowell G, Agarawal R, Sinha G, Kumar S, Bundred NJ.
Serum vascular endothelial growth factor in breast cancer. Anticancer
Res 2007;27:3481–7.
€ H, Ma
€enpa
€a
€ H, Joensuu H. Serum
87. Salven P, Perhoniemi V, Tykka
VEGF levels in women with a benign breast tumor or breast cancer.
Breast Cancer Res Treat 1999;53:161–6.
88. Adams J, Carder PJ, Downey S, Forbes MA, MacLennan K, Allgar V,
et al. Vascular endothelial growth factor (VEGF) in breast cancer:
comparison of plasma, serum, and tissue VEGF and microvessel
density and effects of tamoxifen. Cancer Res 2000;60:2898–905.
89. Cullberg KB, Christiansen T, Paulsen SK, Bruun JM, Pedersen SB,
Richelsen B. Effect of weight loss and exercise on angiogenic factors in
the circulation and in adipose tissue in obese subjects. Obesity
2013;21:454–60.

Cancer Epidemiol Biomarkers Prev; 23(4) April 2014

Downloaded from cebp.aacrjournals.org on April 11, 2021. © 2014 American Association for Cancer Research.

657

Published OnlineFirst February 5, 2014; DOI: 10.1158/1055-9965.EPI-13-1155

Effect of a 12-Month Exercise Intervention on Serum Biomarkers of
Angiogenesis in Postmenopausal Women: A Randomized
Controlled Trial
Catherine Duggan, Liren Xiao, Ching-Yun Wang, et al.
Cancer Epidemiol Biomarkers Prev 2014;23:648-657. Published OnlineFirst February 5, 2014.

Updated version

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
doi:10.1158/1055-9965.EPI-13-1155

This article cites 86 articles, 27 of which you can access for free at:
http://cebp.aacrjournals.org/content/23/4/648.full#ref-list-1
This article has been cited by 2 HighWire-hosted articles. Access the articles at:
http://cebp.aacrjournals.org/content/23/4/648.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department
at pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://cebp.aacrjournals.org/content/23/4/648.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from cebp.aacrjournals.org on April 11, 2021. © 2014 American Association for Cancer Research.

