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Abstract
Aerobic exercise training (AET) is an effective adjunct therapy to attenuate the adverse side-effects of

adjuvant chemotherapy in women with early breast cancer. Whether AET interacts with the antitumor

efficacy of chemotherapy has received scant attention. We carried out a pilot study to explore the effects

of AET in combination with neoadjuvant doxorubicin–cyclophosphamide (ACþAET), relative to AC

alone, on: (i) host physiology [exercise capacity (VO2 peak), brachial artery flow-mediated dilation

(BA-FMD)], (ii) host-related circulating factors [circulating endothelial progenitor cells (CEP) cytokines

and angiogenic factors (CAF)], and (iii) tumor phenotype [tumor blood flow (15O–water PET), tissue

markers (hypoxia and proliferation), and gene expression] in 20 women with operable breast cancer.

AET consisted of three supervised cycle ergometry sessions/week at 60% to 100% of VO2 peak, 30 to 45

min/session, for 12 weeks. There was significant time � group interactions for VO2 peak and BA-FMD,

favoring the ACþAET group (P < 0.001 and P ¼ 0.07, respectively). These changes were accompanied by

significant time � group interactions in CEPs and select CAFs [placenta growth factor, interleukin

(IL)-1b, and IL-2], also favoring the ACþAET group (P < 0.05). 15O–water positron emission tomog-

raphy (PET) imaging revealed a 38% decrease in tumor blood flow in the ACþAET group. There were no

differences in any tumor tissue markers (P > 0.05). Whole-genome microarray tumor analysis revealed

significant differential modulation of 57 pathways (P < 0.01), including many that converge on NF-kB.
Data from this exploratory study provide initial evidence that AET can modulate several host- and

tumor-related pathways during standard chemotherapy. The biologic and clinical implications remain

to be determined. Cancer Prev Res; 6(9); 925–37. �2013 AACR.

Introduction
Randomized trials provide promising evidence that

supervised aerobic exercise training (AET) is an effective
adjunct strategy to prevent and/or attenuate chemotherapy-
associated toxicity in patients with early-stage cancer (1, 2).
Specifically, in the setting of early breast cancer, AET during
concurrent adjuvant chemotherapy is associatedwith favor-
able improvements in measures of exercise capacity, func-
tional quality-of-life, and other selected patient-reported
outcomes (PRO), with few adverse events (3–5). On the
basis of the current evidence base, several international
agencies have published cancer-specific exercise guidelines
for patients with cancer both during and following the

completion of primary therapy (4–8). Although the impor-
tance of AET to improve symptom-control outcomes in
patients receiving cytotoxic therapy is undisputed, a critical
corollary to this line of investigation is whether AET inter-
acts with the anticancer efficacy of chemotherapy (9).

Such an interaction is biologically plausible as AET is a
pleiotropic therapy shown to modulate a wide spectrum
of host (systemic)-related pathways including immune/
inflammation, metabolism, and steroid sex hormones
(10). Modulation of one or more of these pathways could
alter growth factor/ligand availability in peripheral blood as
well as in the tumor microenvironment that, via paracrine
or autocrine signaling, could alter tumor cell signal trans-
duction and phenotype and potentially, response to anti-
cancer therapy (11). For example, breast tumors have an
abnormal vascular system that impairs effective oxygen and
drug transport (12, 13). The resultant hypoxia is associated
with drug resistance (12, 14) and greater likelihood for
metastasis (15, 16). To this end, it is well-established that
AET exerts multiple favorable provascular/angiogenic
effects both in the systemic host vasculature as well as
regionally in heart and skeletal muscle in patients with
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ischemic disease such as peripheral artery disease, myocar-
dial infarction, and heart failure (17–22).

AET-induced favorable vascular adaptations are mediat-
ed, inpart, via increasedbioavailability ofnitric oxide (NO),
a potent regulator of peripheral vasomotor-regulated blood
flow (23–25). Interestingly, NO also activates the release
andmobilization of circulating endothelial progenitor cells
(CEP; ref. 26). In the context of ischemic cardiovascular
disease,mobilized CEPs enhance angiogenesis and vascular
repair, improve endothelial function, and recovery of the
myocardium after ischemia and infarction (27–34). How-
ever, in the setting of hypoxic solid tumors, CEPs have been
shown to be home to primary solid tumors contributing to
angiogenesis (neovascularizarion) and potentially tumor
cell repopulation/regrowth in between chemotherapy
cycles (35, 36). Intriguingly, chronic AET increases the
production, mobilization, and number of circulating CEPs
in noncancer clinical populations (22, 37, 38).

Given the established provascular/angiogenic effects of
AET together with the critical importance of tumor hyp-
oxia in cancer progression and therapeutic response, our
group has carried out several preclinical studies to inves-
tigate the effect of AET on tumor hypoxia/physiology in
clinically relevant mouse models. Intriguingly, we found
that while primary tumor growth rate was comparable
between exercise and control groups, similar to the pro-
vascular effects of AET in models of cardiac and hindlimb
ischemia, tumors from exercised mice had significantly
increased intratumoral perfusion/vascularization (or
physiologic angiogenesis) in orthotopic models of breast
and prostate cancer (11, 39). Overall, our initial observa-
tions indicate that AET promotes a shift toward a more
"normalized" tumor microenvironment. Thus, given that
hypoxia is a major obstacle to the delivery and efficacy of
chemotherapy, the combination of chemotherapy and

AET could be an effective strategy to improve chemosen-
sitivity in solid tumors (Fig. 1).

As a first step toward more definitive clinical studies, the
purpose of this study was to explore the effects of AET
on several relevant host-related factors that could poten-
tially modulate the antitumor properties of chemotherapy.
We also explore whether modulation of host-related
factors altered tumor tissue markers. To address this ques-
tion, we carried out a phase II study to investigate the effects
of AET in combination with neoadjuvant chemotherapy
[doxorubicin–cyclophosphamide (ACþAET)], relative to
AC alone, on: (i) host physiology/cardiovascular function
(exercise capacity and peripheral vascular endothelial func-
tion), (ii) host-related circulating (systemic) factors [CEPs
and other proinflammatory cytokines and angiogenic fac-
tors (CAF)], (iii) tumor phenotype (proliferation and
apoptosis) and physiology [microvessel density (MVD),
hypoxia, and tumor blood flow]; and (iv) tumor gene
expression.

Materials and Methods
Full details about the study sample, recruitment, and

procedures have been reported elsewhere (40). In brief,
20 women with newly diagnosed, histologically confirmed
unresected stage IIB–IIIC breast adenocarcinoma scheduled
for first-line neoadjuvant chemotherapy at Duke Cancer
Institute (DCI; Durham, NC) were studied. Other major
eligibility criteria were: (i) Karnofsky performance status
>70, (ii) no previous history of malignancy, (iii) absence of
significant cardiac disease, (iv) absence of contraindications
to neoadjuvant chemotherapy, (v) no absolute contraindi-
cations to supervised aerobic training based on a CPET, (vi)
willingness to travel to DCI to attend supervised aerobic
training sessions three times a week, and (vii) primary
attending oncologist approval (determination of eligibility
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Figure 1. Conceptual model. Schematic representation of the postulated multistep process of AET-induced upregulation of systemic host factors (e.g., NO
bioavailability, CEPs) alter the tumor microenvironment leading to an acute increase in tumor perfusion (vascularization) which, when combined with
chemotherapy, may lead to improved drug delivery with the net effect of reduced tumor perfusion (enhanced tumor cell kill) with accompanying favorable
alterations in tumor gene expression with a shift toward a less aggressive phenotype.
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was at the discretion of the attending oncologist). The
distinct advantage of the neoadjuvant setting is that it
permits assessment of tumor-related outcomes, in conjunc-
tion with plasma and imaging correlative science biomar-
kers, that is not possible in the adjuvant (postsurgery)
setting.
Following successful completion of all baseline assess-

ments, participants were randomly allocated to (n ¼ 10/
group): (i) four cycles of neoadjuvant doxorubicin (60 mg/
m2) in combination with cyclophosphamide (600 mg/m2;
AC) every 3 weeks (i.e., 12 weeks in duration) or (ii)
ACþAET (Fig. 2). All study procedures were reviewed and
approved by the Duke University Medical Center (DUMC;
Durham, NC) Institutional Review Board. All subjects
signed a written consent before the initiation of any
study-related procedures. Trial registration number is
NCT00405678.

Supervised aerobic exercise training
The AET intervention was developed using a nonlinear

periodized approach applying the principles of training,
permitting the design of patient-specific individualized
exercise prescriptions. In terms of the general exercise pre-
scription, AET consisted of three (frequency) supervised
aerobic cycle ergometry (modality) sessions per week, 20
to 45 min/session (duration), at 55% to 100% of VO2 peak

(intensity), on nonconsecutive days for 12 weeks (length).
AET intensity was based on the workload (W) correspond-
ing to a specific percentage of VO2 peak (e.g., 55% and 65%)
elicited during the prerandomization CPET and was
designed to improve VO2 peak (Fig. 3). AET sessions were
sequenced in such a fashion that exercise-induced physio-
logic stress is continually altered in terms of intensity and
duration in conjunction with appropriate rest and recovery
sessions to optimize adaptation in the outcome of interest.
AET intensity and safety was monitored continuously via
heart rate and oxyhemoglobin saturation (SpO2), whereas

blood pressure was monitored at the beginning, middle,
and end of each session. Participants randomized to neoad-
juvant chemotherapy (usual care) were instructed to main-
tain their usual exercise levels andnot to initiate a structured
AET program during the study period.

Study endpoint assessments and timing
Exercise capacity, endothelial function, and tumor blood

flow assessments were determined at baseline (before ini-
tiation of chemotherapy) and postintervention, after an 8-
hour, water only fast at both timepoints, and aminimumof
48 hours following the completion of the last chemother-
apy and aerobic training session (ACþAET group only) at
the postintervention time point. The follow-up tumor
blood flow assessment was conducted at week 9 (i.e., third
cycle of AC). Serial blood collection was conducted at five
time points during the study in both groups (i.e., baseline,
3, 6, 9, and 12 weeks). Blood collection was standardized
across all patients in terms of day of collection and before
chemotherapy administration in all patients. Two separate
8 mL EDTA blood samples were obtained. For CEP enu-
meration, sampleswere sent to a single laboratory atDUMC
for traditional fluorescence activated cell sorting (FACS)
analysis within 12 hours of blood extraction, as previously
described (41). The other EDTA sample was processed
within 12 hours for storage in a �85�C freezer. Analysis of
all plasma cytokine and angiogenic factors was conducted
in one batch. Tumor biopsy samples were obtained at week
9 (i.e., third cycle of AC) in both groups.

Exercise capacity
Exercise capacity was assessed using a symptom-limited

CPET on an electronically braked cycle ergometer (Ergoline,
Ergoselect 100) with expired gas analysis (ParvoMedics
TrueOne 2400) to determine VO2 peak, as described previ-
ously (42). In brief, preceding exercise, 3 minutes of resting
metabolic data were collected before participants began
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Figure 2. Trial design schema and
timing of study endpoints.

Angiogenic Factors and Aerobic Training in Breast Cancer

www.aacrjournals.org Cancer Prev Res; 6(9) September 2013 927

D
ow

nloaded from
 http://aacrjournals.org/cancerpreventionresearch/article-pdf/6/9/925/2252847/925.pdf by guest on 19 M

ay 2023



cycling at 20 W. Workloads were then increased 5 to 20 W/
min until volitional exhaustion or symptom-limitation.
Workload increments were determined by patient cardio-
pulmonary response to exercise during the first minute of
exercise and were standardized at baseline and postinter-
vention. All CPET data were recorded as the highest 30-
second value elicited during the exercise test. During exer-
cise, heart rate and rhythm and SpO2 were monitored
continuously using a 12-lead electrocardiography (ECG)
and pulse oximetry (BCI; Hand-Held Pulse Oximeter). No
serious adverse events were observed during CPET proce-
dures (40).

Brachial artery flow-mediated dilation (endothelial
function)

Vascular endothelial function was measured by brachial
artery flow-mediated dilation (BA-FMD). All vascular imag-
ing was carried out with the participant in a supine position
with the forearm extended and slightly supinated. BA-FMD
assessments were obtained using high-resolution ultra-
sound and a 7.5 MHz linear array transducer (Accuson,
Sequoia 512), at baseline (following 10 minute of supine
rest), during 5 minutes of forearm occlusion, and contin-
uously on r-wave trigger for 2minutes following cuff release
(hyperemia) as previously described (43). Arterial diameter

and blood flow was measured from the digital recordings.
Diameters were determined from the anterior to posterior
interface between the intimal layers. The percentage change
in brachial artery diameter was calculated by the following
formula (at rest, 60 seconds post-cuff release, and peak):

½ðpeak post� hyperemia diastolic diameter

�baseline diastolic diameterÞ=
baseline diastolic diameter� � 100

Reproducibility of the BA-FMD technique has previously
yielded averagemeandifferences in brachial artery diameter
change for days, testers, and readers of 1.91%, 1.40%, and
0.21 mm, respectively, with intraclass correlation coeffi-
cients of 0.92, 0.94, and 0.90, respectively (44).

Circulating endothelial progenitor cells
Peripheral bloodmononuclear cells were isolated from 7

to 10 mL of blood by differential centrifugation, as previ-
ously described (PMID: 23359346). In brief, after plasma
removal, the buffy coat was transferred to a 50 mL conical
tube and isolated mononuclear cells were washed with
Iscove’s modified Dulbecco’s medium (IMDM) containing
2% fetal calf serum (IMDMþ2%) concentrated in 107 cells/
mL in 80mL IMDMþ2%.Nonspecific antibody bindingwas
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Figure 3. Exercise training intervention. Supervised AET consisted of three (frequency) supervised aerobic cycle ergometry (modality) sessions perweek, 20 to
45min/session (duration), at 55% to 100%of VO2 peak (intensity), on nonconsecutive days for 12weeks (length). AET intensity was based on theworkload (W)
corresponding to a specific percentage of VO2 peak (e.g., 55% and 65%) elicited during the prerandomization CPET and was designed to improve
VO2 peak. Specifically, intensity is depicted by the colored bars as a percentage of VO2 peak: (i) black, 55% to 60%, (ii) blue, 65% to 70%, (3) orange,
70% to 80%, (iv) red, 100%.Gray colored bars represent rest (off) days. Inweeks 1 to 4, black andblue exercise sessionswere approximately 20 to 30minutes
in duration; in weeks 5 to 8, black and blue sessions were approximately 30 to 45 minutes in duration, whereas orange sessions were approximately
20 to 25minutes in duration. At the end of week 6, the CPET is repeated to represcribe AET intensity (green colored bar). Represcription of AET based on the
repeat CPET is to ensure sufficient stimulus to induce further physiologic (cardiovascular) adaptation. Such an approach can also be used to represcribe
AET intensity in the scenario in which patient's may have missed sessions due to illness or treatment toxicity. In weeks 9 to 12, black and blue sessions were
approximately 30 to 45minutes in duration, orange sessions were 25minutes or more, whereas red sessions consisted of interval sessions for 30 seconds at
100%VO2 peak followed by 60 seconds of active recovery at approximately 50%VO2 peak for 10 to 20 intervals. �, Intensity of all sessions in weeks 7 to 12 are
prescribed on the basis of the results of the repeat CPET at the end of week 6.
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inhibited using FcR reagent (Becton Dickinson; 10 mL� 10
minutes), and cells were incubated with CD-133- allophy-
cocyanin (Miltenyi Biotec), VEGFR-2-phycoerythrin (R&D
Systems), and aldehyde dehydrogenase (ALDH) activity for
60 minutes at 4�C. These are well-established cell surface
markers of bone marrow–derived CEPs (45). Dead and
dying cells were excluded using 7-amino-actinomycin D
(7-AAD; Invitrogen) added just before nonautomated FACS
analysis.
Total human peripheral blood was analyzed for the

relative content of cells with low orthogonal light scatter
and high ALDH activity content [side scatter low (SSClo)
ALDH-bright (ALDHbr) cells]. Briefly, 4 � 106 cells were
aliquoted for analysis into an Aldecount tube containing
2 mL of Aldecount buffer (Aldagen Inc.). Immediately
after addition of the cells, 500 mL was transferred to a tube
containing diethylaminobenzaldehyde, a potent inhibi-
tor of ALDH activity (10 mmol/L). After 30 minutes at
37�C, the cells were centrifuged, placed on ice, and flow
cytometry was conducted (46). Flow cytometry was con-
ducted using an LSR CANTO flow cytometer (BD Bios-
ciences) and analyzed using FlowJo software (TreeStar).
All cellular analyses were conducted within 2 hours of
sample acquisition.

Serum cytokines and angiogenic factors
A total of 19 CAFs were assessed using multispot ELISA-

based assays conducted in triplicate on the MSD Sector
Imager 2400 (Mesoscale Discovery, Inc.) using either the
Human MMP 3-Plex Kit (Mesoscale #N45034A-1), Proin-
flammatory 9-Plex Kit (Mesoscale #N05007A-1), Bone Pan-
el II Kit (Mesoscale #N75147A-1), or the Human Growth
Factor I Kit (Mesoscale #N45029B-1) as per the manufac-
turer’s instructions. Serial patient samples were assessed
simultaneously on the same plate to minimize interassay
variability.

Tumor blood flow/perfusion (15O–water PET)
Subjects were scanned on an advance positron emission

tomography (PET) scanner or Discovery STE (See and Treat
Elite) PET/CT (GE Healthcare Technologies). Subjects were
injected with 1980 � 9 MBq [15O] water and scanned
dynamically. Images were obtained from data covering
30 to 90 seconds postinjection. Data were corrected for
attenuation, scatter, and dead time random events and
reconstructed with filtered back projection. Regions of
interest (ROI) were placed within the breast tumors in the
PET images, aided by the known tumor locations from
existing imaging studies and from the computed tomogra-
phy (CT) of PET/CT,when available. An index of bloodflow
was calculated as the average value in the tumorROIdivided
by the average value in the contralateral background ROI.

Hematoxylin and eosin
Pathologic confirmation of breast cancer was conducted

on paraffin-embedded tissue sections of 5 mm thickness
stainedwith hematoxylin and eosin (H&E) and reviewed by
a pathologist (R.C. Dash) blinded to group assignment.

Immunohistochemistry
Histologically confirmed breast cancer sections

(obtained at week 9) were treated with 5% hydrogen per-
oxide in methanol, blocked with 10% normal bovine
serum, and stained using specific antibodies. Specifically,
to evaluate tumor microvessel/vasculature (endothelial
cells), sections were incubated for 1 hour with rat anti-
mouse CD-31 antibody (Dako; M0823) at a dilution of
1:30. The secondary antibody was biotinylated horse anti-
mouse immunoglobulin G (IgG) from Vector (BA2020),
used at 1:200 for 30 minutes. The detection was facilitated
by the ready-to-use (RTU) ABC Elite Staining Kit from
Vector (PK7100) for 30 minutes with 3,30-diaminobenzi-
dine (DAB) used as the chromogen fromDako (K3468) for
5 minutes (producing a brown color where antibody bind-
ing occurs). For all remaining antibodies, the secondary
antibody was biotinylated goat anti-rabbit from Vector (BA
1000) and used at a dilution of 1:200 for 30 minutes. The
chromogen kit used was the same for all antibodies. The
hypoxia marker hypoxia-inducible factor-1a (HIF-1a) was
assessed using a rabbit polyclonal antibody (Novus;
NB100-479) at a dilution of 1:400 for 45 minutes. GRP78,
a major endoplasmic reticulum chaperone that is induced
in response to cellular stress, was assessed using rabbit
monoclonal antibody (Epitomics; 3158-1) at 1:1,000 for
30 minutes.

To evaluate tumor cell proliferation, sections were fixed
with 4%paraformaldehyde, permeabilizedwith0.5% sapo-
nin, and incubated overnight with rabbit monoclonal anti-
body against Ki-67 (LabVision; RM-9106-S) at a dilution of
1:300. Finally, to evaluate apoptosis, slides were stained
with anticleaved caspase-3 antibody (Cell Signaling Tech-
nology, Inc.), diluted at 1:200. All washes and antibody
dilutionswere conductedwith 0.5% saponin inPBS. For the
purpose of image presentation, pictures were taken using a
Leica DMI6000CS inverted confocal microscope and Leica
LAS AF 2.0 software. All images were captured at �5 mag-
nification in 16-bit monochrome signal depth.

The nuclear counterstain permitted ROI contour lines to
be constructed, permitting necrotic regions to be excluded
on the basis of the absence of tumor cell nuclei. MVD was
calculated for each section by overlaying a fixed grid on the
CD-31 image (Adobe Photoshop CS2; Adobe Systems,
Inc.). Individual CD-31–positive vessels were manually
counted in every other visible field to determine a mean
value for the section. All other immunostainswere analyzed
using ImageJ software (NIH, Bethesda, MD; http://rsb.info.
nih.gov/ij/).

RNA amplification, labeling, and arrays
RNA was first converted to cDNA through a reverse

transcription reaction with biotinylated primers. Next, bio-
tinylated cDNA was annealed to assay oligonucleotides
(oligos), and bound to streptadivin-conjugated paramag-
netic particles (SA-PMP). After the oligo hybridization, mis-
hybridized and nonhybridized oligos were washed away,
with subsequent extension and ligation of hybridized oli-
gos. These products form a synthetic template that was
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transferred to a PCR containing a fluorescently labeled
primer. The labeled PCR product strand was isolated and
the fluorescent products were hybridized to a whole-
genome expression BeadChip. The BeadChip was washed
and imaged on the iScan System or BeadArray Reader.

Microarray data preprocessing and analysis
Expression estimates were assessed using the Illumina

Whole-Genome DASL Gene Expression Assay. Illumina
BeadChips were obtained from the following preprocessing
algorithm applied to all samples. Taking the raw bead
averages from the array, data were processed by: (i)
cubic-spline normalization, (ii) background subtraction,
(iii) negative values were linearly truncated to be less than
2, and log2 transformed, and (iv) undetected transcripts
were removed from the dataset, resulting in expression
estimates for 20,793 features annotated to a total of
14,382 genes. Global patterns of gene expression were
evaluated (with the top 10% of genes by coefficient of
variation) by principal component analysis (PCA) and
hierarchical clustering algorithms using the average linkage
of the Pearson correlation coefficient.

Statistical analysis
Baselinemedical and demographic characteristics of each

group are summarizedusing descriptive statistics (mean/SD
and frequencies) and compared. All between group differ-
enceswithP<0.10were included as covariates in the change
score analyses (only tumormet this criteria; the distribution
of all other baseline characteristics were similar between
study arms; P > 0.20). ANOVA was used for comparisons
that involve normally distributed data. Nonparametric tests
such as the Kruskal–Wallis test was used for continuous,
non-normal data. Exact x2 tests were used to compare
groups with respect to categorical variables.

The repeatedmeasures datawere fitted using linearmixed
effects models and corrected for skewness where appropri-
ate. For each outcome, the optimal variance–covariance
structure for repeated measures among (1) compound
symmetry, (ii) independent, and (iii) auto regressive cor-
relation was selected. Optimal was defined as the variance–
covariance structure that minimized Akaike Information
Criteria (AIC) in the full model. Starting from a full model
of treatment interaction with quadratic effect of time,
reduced models were considered until a statistically signif-
icant effect was discernible (likelihood ratio test, P < 0.05).
Time, group, and interaction effects were tested in the fitted
models. All repeated measures analyses were conducted
under the intention-to-treat (ITT) principle. The ITT anal-
ysis included all randomized participants in their randomly
assigned group. Given the exploratory nature of this
study, statistical analyses were not adjusted for multiple
comparisons.

Differences in gene expression between study groups
were evaluated using a Student t test. Pathway-level associa-
tions were made to gene sets derived from annotations to
the Illumina platform for Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG); inferences

were conducted using the robust resampling-based process,
SAFE (47). Nominal thresholds are used in reporting P
values to account for multiple testing. Specifically, the
Benjamini–Hochberg step-up procedure was used to esti-
mate the false discovery rate (FDR) from each gene- and
pathway-level analysis. In brief, the Benjamini–Hochberg
method controls the FDR in multiple hypotheses testing to
correct for multiple comparisons.

Results
Details about response rates, profiles of the participants,

and exercise adherence rates have been reported previously
(40). Participant recruitment took place between March
2007 and June 2010. The groups were balanced at baseline
(Table 1). One patient was lost to follow-up due to the
development of deep vein thrombus and pulmonary embo-
lism following randomization. Overall, adherence in the
ACþAET group was 82% (296 attended/360 prescribed;
range, 0%–100%). Overall, compliance to the planned
exercise prescription was 66% (194 complied sessions/

Table 1. Patient characteristics

Characteristic AC (n ¼ 10)
AC þ AET
(n ¼ 10)

Age, y 46 � 11 51 � 6
Weight, kg 78 � 25 78 � 13
BMI, kg/m2 28 � 9 29 � 5

Primary tumor size, no. of women (%)
T1, �2 cm 3 (30) —

T2, 2–5 cm 6 (60) 5 (50)
T3, >5 cm 1 (10) 5 (50)

Nodal status, no. of women (%)
N0 4 (40) 5 (50)
N1 5 (50) 4 (40)
N2 1 (10) 1 (10)

Tumor histology, no. of women (%)
Ductal 9 (90) 8 (80)
Lobular 1 (10) 2 (20)
Positive estrogen receptor or
progesterone receptor
status, no. of women (%)

4 (40) 5 (50)

HER2/neu status, no. of women (%)
Positive 1 (10) 3 (30)
Negative 9 (90) 7 (70)

Concomitant comorbid disease, no. of women (%)
Hypertension 4 (40) 1 (10)
Hyperlipidemia 3 (30) 1 (10)
Other (e.g., osteoarthritis,
type II diabetes, etc.)

2 (20) 4 (40)

NOTE: Data presented as mean � SD. All comparisons,
P > 0.10 (tumor size, P ¼ 0.06).
Abbreviation: BMI, body mass index.
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296 attended). As a result, 34% of planned exercise sessions
required dosemodification. Major reasons for exercise dose
modifications were nausea, tiredness/fatigue, and not feel-
ing well. No serious adverse events were observed during
AET sessions (40).

Changes in exercise capacity and endothelial function
VO2 peak increased from 19.5 � 7.6 to 22.1 � 7.0

mL	kg�1min�1 (P ¼ 0.04) in the ACþAET group, whereas
it decreased from17.5� 4.8 to 16.0� 4.0mL	kg�1min�1 (P
¼ 0.04) in the AC group, resulting in a between group
difference of more than 4.1 mL	kg�1min�1 that favored the
ACþAET group (P < 0.01), as reported previously (40).
Endothelial-dependent BA-FMD, expressed as percentage
change in brachial artery diameter, increased in both groups
but to a greater extent in the AC þ AET group [5.7 � 1.8 to
6.4 � 1.3 (P ¼ 0.07)] compared with the AC group [5.2 �
1.7 to 5.7 � 2.7 (P ¼ 0.27). The between group difference
was not significant (P ¼ 0.26).

Changes in circulating endothelial progenitor cells
Significant temporal time � group interaction effects

were observed for the CEP surface markers of VEGFR-2 and
CD-133þ-VEGFR-2þ. Specifically, for both markers, there
was a serial significant linear increase from baseline to week

12 in the ACþAET group compared with a serial significant
linear decrease in the AC group (P < 0.05; Fig. 4A and B).
Finally, serial linear increases were observed for ALDH in
both groups, although this effect was attenuated in the
ACþAET group from weeks 6 to 12 (P > 0.05; Fig. 4C).

Changes in plasma cytokines and angiogenic factors
Of the 19 CAFs, significant temporal time � group

interaction effects were observed for three CAFs. Specifical-
ly, a serial linear increase from baseline to week 12 was
observed in the ACþAET group compared with serial linear
decrease in the AC group for the proangiogenic factor
placenta growth factor (PLGF; P ¼ 0.04; Fig. 4D). For
interleukin (IL)-1b, a cytokine produced by activated
macrophages and an important mediator of the inflamma-
tory response, a monotonic (nonlinear) response was
observed with IL-1b declining in both groups from baseline
to week 12. Specifically, in the ACþAET group, a serial
decline was observed from weeks 0 to 6 followed by a
plateau in weeks 9 to 12; in the AC group, there was an
initial increase in IL-1b in weeks 0 to 6, followed by a steady
decline in weeks 9 to 12 (P < 0.01; Fig. 4E). Finally, a serial
linear decrease frombaseline toweek12wasobserved in the
ACþAET group compared with serial linear increase in the
AC group for IL-2, a soluble cytokine and mediator of
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immunity (P¼ 0.02; Fig. 4F). Of note, serial linear increases
were observed for IL-8, a proangiogenic chemokine, in both
groups although levels were consistently higher in the
ACþAET group (P < 0.05 for both time and group effects;
data not shown). There were no differences for any other
CAFs (data not shown).

Changes in tumor blood flow/perfusion
15O-labeled water PET scans were conducted at baseline

and week 9 to assess tumor blood flow, using a ratio of PET
activity in the tumor to activity in normal breast tissue.
Unfortunately, due to technical reasons (e.g., machine
malfunction, scheduling, etc.) pre–post PET scanswere only
available for 5 patients in the ACþAET and 2 patients in AC
group (data not reported). The tumor to normal tissue ratio
showed a decrease in the ACþAET group (mean reduction
38%; data not shown).

Effects on intratumoral neoplastic phenotype
Tumorbiopsy sampleswere obtained atweek9 (i.e., third

cycle of AC) in both groups. Because of pathologic complete
response rates to AC therapy as well as degraded tissue,
samples were only available on 5 patients per group. His-
tologic analysis of primary tumor tissue specimens indicat-
ed no differences in CD-31, HIF-1, GRP78 or proliferation
and apoptosis (P > 0.05; data not shown).

Effects on tumor gene expression
Whole-genomemicroarray tumor analysis revealed three

downregulated (PAK4, FYB, and TNFRSF10D) and four
upregulated (KREMEN1, LOC402057, SERPINA3, and
NDUFS8) transcripts in the ACþAET group compared with
the AC group (P < 0.05; FDR at <20%; Table 2). Interest-
ingly, PAK4, FYB, and TNFRSF10D transcripts function in
NF-kB signaling, inflammation, and cell migration, where-
as KREMEN1, LOC402057, SERPINA3, and NDUFS8 have
critical roles in maintaining oxidative phosphorylation,
ribosome biogenesis, and inhibiting pathway signaling
supporting inflammation and Wnt/b-catenin activity. Sub-
sequent pathway analysis revealed significant differential

modulation of 57 pathways (all P < 0.01), including many
that converge on NF-kB (Fig. 5).

Discussion
The purpose of this pilot study was to explore the effects

of AET on several relevant host-related factors that could
potentially modulate the antitumor properties of chemo-
therapy, as well as explore whether modulation of host-
related factors altered tumor tissue markers in patients with
breast cancer receiving neoadjuvant chemotherapy. These
initial pilot results suggest that AET during concurrent
chemotherapy causes provascular (physiologic) adapta-
tions in host physiology and circulating factors that occur
in conjunction with alteration in tumor gene expression,
compared with chemotherapy alone. Findings of this
exploratory study suggest that the effects of AET during
adjuvant therapy may extend beyond improving symp-
tom-control endpoints to also modulate host-related path-
ways that could, in theory, alter tumor phenotype and/or
therapeutic response. Nevertheless, it is important to state
that our data are by no means definitive and the clinical or
biologic importance of our findings remains to be deter-
mined. Also, caution is required while interpreting our
findings given the highly exploratory nature of this pilot
study and small sample size.

In cardiovascular medicine, it is well established that AET
exerts a multitude of favorable (physiologic) vascular (i.e.,
endothelial function) adaptations; these adaptations have
been observed in several clinical populations including
patients with overt coronary artery disease (17, 18), type
II diabetes (19, 20), and chronic heart failure (21). These
effects are postulated to contribute, in part, to the plethora
of AET-associated cardiovascular health benefits (48). AET-
induced increased NO biosynthesis is a major mediator of
the favorable cardiovascular adaptations (48, 49). Specifi-
cally, in response to AET-induced repeated exposure of the
vasculature to shear stress, VEGF is secreted into the systemic
circulation leading to biosynthesis of NO through VEGFR-2
AKT-dependent endothelial NO synthase (eNOS) phos-
phorylation (50). In tumor biology research, both NO and

Table 2. The top over-represented transcripts in tumor between AC and ACþEX groups at 12 weeksa

Transcripts SAM ranking Unigene or genome database name

Downregulated
FYB 1 FYN-binding protein
PAK4 2 p21 protein (Cdc42/Rac)–activated kinase 4
TNFRSF10D 3 TNF receptor superfamily, member 10d, decoy with truncated death domain

Upregulated
KREMEN1 1 Kringle-containing transmembrane protein 1
LOC402057 2 FROM EA: similar to 40S ribosomal protein S17 (LOC402057), mRNA.
SERPINA3 3 Serpin peptidase inhibitor, clade A (a-1 antiproteinase, antitrypsin), member 3
NDUFS8 4 NADH dehydrogenase (ubiquinone) Fe–S protein 8, 23kDa (NADH-coenzyme Q reductase)

aDownregulated pathways are those where gene-expression is lower in the ACþAET group compared with AC, whereas upregulated
transcripts are those where gene-expression is higher in the ACþAET group compared with AC.
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eNOS have received considerable attention across a wide
variety of cancer-related events including tumor apoptosis,
cell cycle, initiation/progression, and metastasis (51, 52).
Not surprisingly, given that it is a potent regulator of
regional blood flow, NO has been investigated in tumor
angiogenesis as well as modulation of chemosensitivity
(53). On this basis, investigators have examined the efficacy
of strategies that may augment NO-bioavailability, as well
as other proangiogenic factors, to improve therapeutic
sensitization including diethylamine NO (54), hyperbaric
oxygen (55–57), hyperthermia (58–61), and human
recombinant erythropoietin (62–66) with mixed results.
Further research on the modulating effects of AET-induced
increases in systemic NO bioavailability and therapeutic
sensitization is warranted.
To examine systemic regulators of NO biosynthesis, we

investigated the dynamic (serial) change in circulating
CAFs. Although VEGF is a potent activator of eNOS in
endothelial cells, no changes in circulating VEGF levels
were detected across time in either group (data not shown).
Moreover, no differences were observed for granulocyte
macrophage colony-stimulating factor (GM-CSF), another
known inducer of NO (data not shown). Dynamic changes
were, however, observed in three circulating CAFs (i.e.,
PLGF, IL-1b, and IL-2); in general, these factors decreased
in the AET group compared with serial increases in the AC
group.Host-derivedCAFs can contribute to a "tumorigenic"
host milieu that facilitates all steps in themetastatic cascade
as well as altering the response to antitumor therapy (67,
68). In addition, treatmentwith certain anticancer therapies
causedistinct changes in circulatingCAFs (e.g., VEGF, PLGF,
and sVEGFR-2) that can promote a "protumorgenic" host

environment (67, 69, 70). Strategies that can therefore
"neutralize" host and/or therapy-induced release of CAFs
may be a promising approach to improve clinical outcomes
in patients with solid tumors (67). Findings of this study,
together with prior work (11, 71, 72), provide initial evi-
dence that chronic (repeated) AET may modulate circulat-
ing concentrations of select CAFs. Whether AET also alters
CAF concentrations in the tumor microenvironment to
directly influence tumor angiogenesis or tumor cell behav-
ior has not been investigated.

NO also activates the release and mobilization of CEPs
and other bone marrow–derived cells (BMDC) via matrix
metalloproteinase-9 (MMP-9)–dependent mechanisms
(26). Consistent with prior work in cardiac populations
(22, 37, 38), we observed that AET significantly increased
the number of CEPs, identified on the basis of validated cell
surface expression markers (i.e., CD-133 and VEGFR-2).
Interestingly, while AET was associated with robust effects
on theCEP cell surfacemarkers CD-133 andVEGFR-2, there
were no effects for the surface marker ALDH. A potential
explanation for these discrepant findings is that ALDH has
been postulated to be a marker for all progenitor cell types
(73), and thus may not be specific to cells of an endothelial
lineage (i.e., CD-133 and VEGFR-2) which, in turn, suggests
that the effects of AET may be specific to progenitors of this
lineage.

In response to a number of gene signals, CEPs enter the
peripheral circulation, migrate to sites of angiogenesis, and
incorporate into growing vessels (26). In the setting of
cardiovascular disease, AET-induced increases in CEPs
enhancephysiologic angiogenesis and augment endothelial
function leading to enhanced recovery in models of
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myocardial ischemia (74). Interestingly, our initial pre-
clinical work indicates that exercise (voluntary wheel run-
ning) may exert similar effects in solid tumors. Specifically,
we observed that exercise causes enhanced intratumoral
perfusion/vascularization leading to decreased hypoxia
(i.e., a more "normalized" tumor microenvironment) in
mouse models of breast and prostate cancer (11, 39). We
speculate that exercise-induced increases in CEPs may con-
tribute to this phenomenon, although no study to date
has investigated this question. AET-induced enhanced NO-
biosynthesis and mobilization of CEPs may also have
implications for the therapeutic index of certain anticancer
strategies. Intratumoral hypoxia is a major contributor to
therapeutic resistance across a number of antitumor strat-
egies, including chemotherapy (75, 76). As such, AET-
induced reductions in intratumoral hypoxia, possibly via
modulation of systemic (host-related) CAFs, may decrease
therapeutic resistance by augmenting tumor blood per-
fusion, leading to increased chemo- or radiosensitization.
In support of this notion, our group recently observed that
the combination of exercise (voluntary wheel running)
and chemotherapy (cyclophosphamide) was associated
with significantly prolonged tumor growth delay compared
with chemotherapy alone in a mouse model of murine
breast cancer (77).

Although we speculate that AET-induced increases in
CEPs may enhance therapeutic efficacy the opposite, in
theory, could also be plausible. CEPs, critical regulators of
tumor angiogenesis and the establishment of "pre-meta-
static" niches (78), contribute to the repopulation of tumor
cells to collectively facilitate invasion andmetastasis as well
as compromise therapeutic efficacy (79). As such, selective
inhibition of CEPs has been proposed as a potential ther-
apeutic strategy against solid tumors (67). Thus, findings of
the present study showing AET-induced serial increases in
CEPs is clearly in direct contrast to this therapeutic goal and
instead suggest that AET could facilitate the acquisition of
an invasive tumor phenotype or acceleration of metastasis.
Such equipoise highlights the urgent need for future studies
to carefully dissect the complex and multifaceted effects of
AETon thehost–tumor interaction and response to therapy.

Our study was neither designed nor adequately powered
to investigate whether the addition of AET to conventional
neoadjuvant chemotherapy improved clinical response
compared with chemotherapy only. With a view toward
future studies, we did, however, explore whether AET mod-
ulated several correlative biomarkers of tumor response to
chemotherapy including tumor blood flow (with PET) as
well as markers of the tumor neoplastic phenotype. Specif-
ically, tumor blood flow decreased, on average, 38% from
baseline to week 9 in the ACþAET group. However, due to
repeated technical difficulties (e.g., machine malfunction,
scheduling) pre–post imaging were only available for a
minority of patients in both groups. Similarly, due to
AC-induced pathologic complete response rates and
degraded tissue a small number of tumor biopsies were
also obtained. Not surprisingly, there were no between-
group differences on any markers of the tumor phenotype

relating to MVD (CD-31), hypoxia (HIF-1a), or autophagy
(GRP78) as well as proliferation or apoptosis. Consequent-
ly, the effects of AET on tumor blood flow/physiology and
markers of the neoplastic phenotype remains inconclusive
requiring further study.

Finally, we used whole-genome tumor microarray to
explore other pathways that may be modulated by AET.
Interestingly, transcripts functioning in NF-kB signaling
and inflammation were downregulated in the AETþAC
group compared with AC alone. Subsequent pathway anal-
ysis revealed significant modulation of 57 pathways includ-
ing many that also signal through NF-kB. NF-kB is a central
mediator of tumor inflammation, angiogenesis, and inva-
sion and is constitutively overexpressed in a variety of solid
tumors. Of relevance, in a recent "window of opportunity"
phase II trial, Heymach and colleagues (80) found that
compared with a usual diet, low-fat diet reduced circulating
levels of specificCAFs, all ofwhich are regulated byNF-kB in
men with localized prostate cancer. NF-kB plays a critical
role in regulating host-response to perturbations in energy
balance, particularly high-fat diet, as well as the effects of
AET on the inflammatory response (81, 82).

In conclusion, the application of AET to prevent and/or
off-set disease and/or treatment-related toxicities to opti-
mize symptom control and recovery is becoming increas-
ingly accepted in the oncology setting. More recently, there
has also been growing interest to elucidate the systemic and
molecular mechanistic properties of AET to modulate
tumor progression/metastasis as well as therapeutic
response. Preoperativewindowof opportunity studies, with
or without concurrent anticancer therapy, provide an ideal
setting to conduct "proof-of-concept" trials investigating
the effects of AET on tumor biology in conjunction with
blood-based and imaging correlative biomarkers to inform
"smart" definitive phase II/III trials. However, in the neoad-
juvant setting, effects of AET on study endpoints of interest
may be difficult to interpret and/or show beyond those
induced by cytotoxic therapy.

To this end, findings from the present study provide the
first evidence that supervised AET interventions are feasible
in the neoadjuvant breast cancer setting. Furthermore,
while the biologic and clinical implications remain to be
determined, this work also provides initial evidence that
AET canmodulate several host- and tumor-relatedpathways
(beyond standard chemotherapy) that may, in turn, have
implications for cancer-related events and therapeutic
response. Overall, we hope that results of this pilot study
will inform and stimulate the development of future studies
in this area of research.
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