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Background: Chemotherapy treatment for breast cancer associates with well-
documented cardiovascular detriments. Exercise has shown promise as a
potentially protective intervention against cardiac toxicity. However, there is a
paucity of evidence for the benefits of exercise on the vasculature.

Objectives: This study aimed to determine the effects of chemotherapy on the
vascular endothelium; and if there are protective effects of serological alterations
elicited by an exercise training intervention.

Methods and Results: 15 women participated in a 12-week home-based exercise
intervention consisting of three high-intensity interval sessions per week. Human
coronary artery endothelial cells (HCAEC) were exposed to physiological
concentrations of 5-fluorouracil, epirubicin, cyclophosphamide (FEC) and
docetaxel to determine a dose-response. Twenty-4 hours prior to FEC and
docetaxel exposure, HCAECs were preconditioned with serum collected pre- and
post-training. Annexin V binding and cleaved caspase-3 were assessed using flow
cytometry and wound repair by scratch assays. Chemotherapy exposure increased
HCAEC Annexin V binding, cleaved caspase-3 expression in a dose-dependent
manner; and inhibited wound repair. Compared to pre-training serum,
conditioning HCAECs with post-training serum, reduced Annexin V binding (42%
vs. 30%, p = 0.01) when exposed to FEC. For docetaxel, there were no within-group
differences (pre-vs post-exercise) for Annexin V binding or cleaved caspase-3
expression. There was a protective effect of post-training serum on wound repair
for 5-flurouracil (p = 0.03) only.

Conclusion: FEC-T chemotherapy drugs cause significant damage and dysfunction
of endothelial cells. Preconditioning with serum collected after an exercise training
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intervention, elicited some protection against the usual toxicity of FEC-T, when
compared to control serum.
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1 Introduction

Cardiovascular toxicity of chemotherapy is attributed to ~16% of
deaths in those with breast cancer, overtaking breast cancer itself as the
most prominent cause of death (Patnaik et al., 2011). There is an ever-
growing body of evidence for mechanisms of cancer treatment
toxicity, focusing strongly on the heart (Yeh and Bickford, 2009;
Cardinale et al., 2015; Cameron et al., 2016). However, vasculature
research has received less attention, despite the fact that the
vasculature is the first tissue exposed to the treatment upon
infusion (Beerepoot et al., 2004).

Chemotherapy treatment is associated with increased circulating
endothelial cells (CECs), a biomarker of vascular damage (Beerepoot
et al., 2004). This vascular damage is likely responsible for the
chemotherapy-induced impairment in endothelial function observed in
women with breast cancer, as determined by reductions in flow-mediated
dilation (FMD) (Duquaine et al., 2003). Changes in endothelial function
are significant, considering that lower FMD scores are associated with
CVD presence, including atherosclerosis (Winther et al., 2016) and are
also related to future cardiovascular event risk (Cameron et al., 2016).
Detriments in vascular health are observed prior to development of
cardiac manifestations of chemotherapy toxicity (Ching et al., 2021)
and may provide a valuable method for prognostic evaluation of
overall cardiovascular risk for those undergoing chemotherapy. Hence,
there is a need for the vasculature to be further explored to deliver an
understanding of the extent of its role within cardiovascular toxicity of
chemotherapy. Specifically, it is suggested that the effects of chemotherapy
on vascular endothelial cell health and function are investigated in vitro to
provide insight into the mechanisms behind the vascular detriments
observed in vivo (Duquaine et al., 2003; Beerepoot et al., 2004). Therefore,
the first aim of this study is to investigate the effects of breast cancer
chemotherapy drugs on the endothelium using a human coronary artery
endothelial cell (HCAECs) model.

To improve disease-free survival, quality of life and reduce
healthcare burden, there is a requirement to tackle chemotherapy-
induced cardiovascular toxicity. Intriguingly, exercise has been
investigated as a potential therapeutic (Kirkham and Davis, 2015;
Lee et al., 2019). So far, effects of exercise interventions during
chemotherapy have been promising, demonstrating an attenuation
of the usual increase in blood pressure (BP) observed with
chemotherapy treatment, subsequently relating to risk reductions of
20% for CVD in breast cancer patients (Sturgeon et al., 2014). These
improvements in BP are likely due to, in part, improvements in
endothelial cell health and/or function (Hambrecht et al., 2003;
Bucciarelli et al., 2017), which may be attributed to exercise-
induced alterations in the serological environment, including
improved antioxidant (Corbi et al., 2012), anti-inflammatory
(Palmefors et al., 2014), and metabolic profiles (Slentz et al., 2016),
as well as growth factors (Sapp et al., 2020). Therefore, the second aim
of this study was to investigate if exercise training can attenuate any
negative impact breast cancer chemotherapy treatment has on
endothelial cells in vitro, using an ex vivo serum exposure model.

2 Materials and methods

2.1 Study design and ethical approval

The study had 2 experimental arms. Firstly, an investigation into
the effects of chemotherapy drugs on endothelial cells in vitro was
conducted, using current breast cancer chemotherapy drugs. Human
coronary artery endothelial cells were exposed to these chemotherapy
drugs to determine the effects on cell apoptosis (Annexin V binding to
phosphatidylserine and caspase-3 activation (using flow cytometry), as
well as endothelial repair using a scratch wound healing assay.
Secondly, an investigation into the effects of preconditioning the
endothelial cells with serum obtained from women (without a
cancer diagnosis) before and after an exercise training regime
(Hesketh et al., 2021) on the effects of chemotherapy drugs on
endothelial cell health (using the same outcome measures as in
arm 1). All In vitro experiments were performed in biological
triplicate.

This study was approved by the Liverpool Central NHS Research
Ethics Committee (approval reference no. 17/NW/0042) and
conformed to the Declaration of Helsinki. The study was also
approved by Edinburgh Napier University Research Integrity
Committee and Liverpool JohnMoore’s University Ethics Committee.

2.2 Participants

Participants (n = 15) were referred to the study by their medical
general practitioner or self-referred following advertisement in their
local area. Inclusion criteria were age 18–65 years with presence of
hypertension, anxiety, stress, depression, arthritis, previous heart
attack/surgery (not under current investigation), impaired glucose
tolerance, overweight/obese (BMI >25 kg m2), and/or dyslipidaemia
(total cholesterol >5 mmol L−1). Participants were excluded for
diagnosed cardiovascular and metabolic disease, pregnant or
breast-feeding, and those currently carrying an injury.

At baseline, participants (n = 15) were aged 51 ± 6 years
(35–60 years), with BMI 29.66 ± 4.57 kg m2 (22.92–37.31 kg m2), _V
O2Peak 20.98 ± 4.99 mL kg−1·min−1 (15.2–30.3 mL kg−1·min−1), body fat
38.3 ± 4.7% (30.0%–44.9%), systolic BP 126 ± 15 mmHg
(107–168 mmHg), diastolic BP 71 ± 8 mmHg (57–85 mmHg)
(Table 1); and had an average of 1 ± 1(Range: 1–3) underlying
cardiovascular risk factors including hyperglycaemia, hypertension,
obesity, and hyperlipidaemia.

2.3 Baseline measurements

Participants arrived at Liverpool John Moore’s University
following an overnight fast, having abstained from caffeine, alcohol,
and exercise for 24 h. A sphygmomanometer (Dianamap; GE Pro
300V2, Tampa, Florida) was used to measure blood pressure, using a
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standard procedure. Dual-energy X-ray Absorptiometry (DXA
Hologic QDR Series, Discovery A, Bedford, MA, United States)
was used to measure body fat percentage.

2.4 Serum collection

Serum tubes (BD Bioscience, United States) were used to collect
14 mL of blood from the antecubital vein. After 30 min, blood samples
were centrifuged for 10-min at 900 x g. Subsequently, the serum was
aliquoted into Eppendorf tubes and stored at −80°C for future in vitro
experimental work. Total storage time was 10 weeks. Directly before ex
vivo exposure of serum to the endothelial cells, serum was pooled,
creating one pre- and one post-exercise intervention serum sample.

2.5 Maximal cardiovascular fitness testing

Peak oxygen consumption ( _V O2peak) was determined using an
electromagnetically braked cycle ergometer (Lode Corival, Lode BV,
Netherlands). Briefly, participants cycled at 25 W for 3 min, with
workload increasing in 35 W increments every 3 min until volitional
exhaustion. Breath-by-breath gas analysis determined _VO2peak using
the Moxus modular oxygen uptake system (AEI technologies,
Pittsburgh, United States). _V O2peak was defined as the highest _V
O2 achieved over a 15 s recording period.

2.6 Exercise training intervention

The home-based exercise intervention consisted of progressive
high-intensity interval sessions, consisting of body-weight exercises,
performed 3-times/week for 12 weeks. Participants were advised to
follow their usual diet throughout the exercise training intervention.
No dietary records were collected. Exercise intervals consisted of two
different 30-s bodyweight exercises (chosen from the provided
exercise pack, according to self-preference) with no rest in between,
followed by 1 min of rest. For week 1 and 2, participants were
instructed to perform 4 intervals, with the number of intervals
increasing by 1 interval every 2 weeks up to a maximum of
9 interval by week 11 and 12. Throughout all exercise sessions,
participants were instructed to wear the provided heart rate (HR)
monitor (Polar H10, Polar Electro Oy, Kempele, Finland) and advised
to achieve ≥80% of predicted maximum HR (determined by 220-age).
To determine adherence and compliance to the intervention, HR data

was automatically uploaded to a cloud storage system accessible to the
research team. Compliance was defined as the completion of the
prescribed number of intervals as well as achieving a HR ≥ 80%
HRmax during the session (Hesketh et al., 2021). Adherence was
defined as the percentage of weekly prescribed sessions completed,
using 3 sessions per week as the maximum (100% adherence). The
mean weekly adherence (%) was then calculated (Hesketh et al., 2021).
Full methods of how adherence was determined are described
elsewhere (Hesketh et al., 2021).

2.7 Post-intervention measurements

Post-intervention measurements were undertaken at least 72 h
after the final training session and were performed with identical
procedures, methods, and timings to baseline measurements.

2.8 Endothelial cell culture

Human coronary artery endothelial cells (HCAEC; Sigma-
Aldrich, United Kingdom) were cultured in T-75 flasks upon
thawing and cultured with MesoEndo Cell Growth Medium
(MEGM, product code: 212–500, Sigma-Aldrich, United Kingdom),
containing 10% fetal bovine serum and 1% penicillin, 1%
streptomycin, 0.1% hydrocortisone, 5% L-Glutamine, 0.2%
Endothelial Cell Growth Supplement, 0.1% Ascorbic Acid, 0.1%
endothelial growth factor, 0.1% Gentamicin sulfate-Amphotericin-
1000, 0.1% heparin. Cells were grown until passage 4, when HCAECs
were seeded in 24-well plates with MEGM. HCAECs were grown in
MEGM for 24-h before initiation of the in vitro experiments.

2.9 Endothelial cell chemotherapy exposure

After 24-h, HCAECs were exposed to physiological concentrations
of 5-fluorouracil (5-FU), epirubicin hydrochloride,
cyclophosphamide, and docetaxel (all Abcam, United Kingdom).
The specific concentrations used were based on serum
concentrations found in patients after exposure to each of these
drugs (5-FU: 1.5 µM (Reigner et al., 2003); epirubicin: 0.006 µM
(Danesi et al., 2002); cyclophosphamide: 38 µM (Adams et al.,
2014); and docetaxel: 6 µM (Hurria et al., 2006). HCAECs were
exposed to FEC combined drugs, with separate exposure to
docetaxel, to mimic the common FEC-T administration method

TABLE 1 Participant characteristics before and after 12-week exercise intervention.

Characteristic Pre (n = 15) Post (n = 15) p-value

Body Mass Index (kg·m2) 30.78 ± 4.81 30.72 ± 4.74 0.774

_V O2peak (ml·kg·min−1) 20.98 ± 4.99 23.02 ± 5.79 0.053

Body fat (%) 37.99 ± 5.41 37.79 ± 4.96 0.708

Systolic BP (mmHg) 131 ± 15 126 ± 10 0.194

Diastolic BP (mmHg) 73 ± 8 73 ± 9 0.832

Mean Arterial Pressure (mmHg) 92 ± 10 90 ± 9 0.259

Values shown are mean ± SD.
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prescribed in human early-breast cancer care (Roché et al., 2006). For
dose-response experiments, HCAECs were additionally exposed to a
dosage 50% below and 50% above the physiological concentrations.
For the FEC combined conditions, the incremental dosages of FEC
concentrations will be referred to as follows: FEC1 = 5-fluorouracil:
1 µM, epirubicin: 0.003 µM, cyclophosphamide: 19 µM; FEC2 = 5-
fluorouracil: 1.5 µM, epirubicin: 0.006 µM, cyclophosphamide: 38 µM;
FEC3 = 5-fluorouracil: 2 µM, epirubicin: 0.009 µM,
cyclophosphamide: 57 µM. Control samples were exposed to
DMSO only, using the same concentrations used in the
chemotherapy conditions.

Drugs were washed off at time-points corresponding to the
literature findings when serum levels of each drug were diminished
in cancer patients. At these time points (5-FU: 3- hours (Reigner et al.,
2003); epirubicin: 1- hour (Danesi et al., 2002); cyclophosphamide: 12-
h (Adams et al., 2014); docetaxel: 24-h (Hurria et al., 2006); FEC: 4-h),
all media was removed from each well, cells washed with PBS and
500 µL fresh MEGM (Sigma-Aldrich, United Kingdom) added to the
wells before re-incubating at 37°C in 5% CO2 until the appropriate
individual analysis time-points.

Flow cytometry analysis time-points were chosen based on the
most potent effects of the drugs previously reported in the literature, as
determined by levels of cell death when incubated with human breast
cancer cells [5-FU: 3 h; epirubicin: 4 h; cyclophosphamide: 3 h (Chow
and Loo, 2003), and docetaxel: 48 h (Morse et al., 2005)].

2.10 Sample preparation for analysis of drug
effects

At the respective time-points, media was removed, cells were
washed with 200 µL NaCl, and 100 µL trypsin-EDTA (Gibco,
Thermofisher Scientific, United States) solution was used for cell
detachment. Cells were transferred to a 96 v-bottom plate and
centrifuged at 300 x g for 3 min at 21°C. Supernatant was
discarded and cells resuspended in 100 µL PBS (Invitrogen,
Thermofisher, United States) for analysis by flow cytometry.

2.11 Flow cytometry analysis

To determine effects of chemotherapy and serological
conditioning on HCAEC apoptosis, a panel of monoclonal
antibodies (mAbs) were used. HCAECs were incubated for 30 min
at 4°C with anti-CD31-FITC antibody (BioLegend, United States) and
anti-Annexin V-PerCP-Cy5.5 antibody (BD Biosciences,
United States). For subsequent intracellular staining, endothelial
cells were incubated for 20 min at 4°C with 100 µL BD fixation and
permeabilization solution (BD Biosciences, United States). HCAECs
were then incubated for 30 min at 4°C with anti-cleaved caspase-3-
V450 antibody (BD Biosciences, United States). Lastly, HCAECs were
washed twice with 100 µL perm wash buffer (BD Biosciences,
United States) and resuspended in 200 µL PBS (Invitrogen,
Thermofisher, United States).

After performing calibration and fluorescence compensation with
CS&T beads (BD Biosciences, United States) and compensation beads
(BD CompBeads Set, BD Biosciences, United States), respectively,
samples were analysed using the High Throughput System on a 12-
colour flow cytometer (FACS Celesta, BD Biosciences, United States).

Data were acquired using FACSDiva 6.0 Software (BD Bioscience,
United States), with the sample acquisition stopping gate set to
10,000 events.

2.12 Flow cytometry gating process

Forward scatter and side scatter dot plots were created to
determine the size and morphology of all events, allowing selection
of the population of interest. A plot of forward scatter-area and -height
was produced to electronically gate on singlet cells (exclusion of
doublet cells) and subsequent gating performed on CD31+ cells.
Histograms of cleaved caspase-3-V450, annexin V-PerCP-
Cy5.5 were then created. Representative gating strategies are shown
in Figure 1.

2.13 Wound healing assay

Passage 4 un-pooled HCAECs (Sigma-Aldrich, United Kingdom)
were seeded in 24-well plates with MEGM (Sigma-Aldrich,
United Kingdom) either with or without 5% pooled pre- or post-
exercise intervention serum and incubated at 37°C in 5% CO2 for 24-h,
as outlined above. HCAECs were mechanically scraped using a 200 µL
pipette to create a vertical wound in the confluent monolayer, washed
with 200 µL PBS to remove debris, and 500 µL fresh MEGM (Sigma-
Aldrich, United Kingdom) added to each well. HCAECs were then
exposed to relevant concentration of chemotherapy drugs as described
before.

Cells were imaged using Primovert Axiocam ERc5s microscope
(ZEISS, Germany) using ×4 magnification at 0, 3-, 4-, 6-, 12-, 24- and
48-h and analysed using ImageJ (1. x, Java, United States). Rate of
wound closure was determined by the area of the wound plotted as a
function of time. Area under the curve (AUC) was calculated using
known equations (Jonkman et al., 2014).

2.14 Serological conditioning of coronary
artery endothelial cells

After 24-h of growth in standard MEGM conditions, the effects of
ex vivo exposure of HCAECs to serum taken before and after exercise
training regime were assessed. HCAECs were cultured with or without
5% pooled pre- or post-exercise intervention serum for 24 h at 37°C in
5% CO2 prior to chemotherapy exposure in vitro. The serum remained
in the media during the chemotherapeutic drug incubation both for
flow cytometry measures of endothelial cell apoptosis and caspase-3
activation, as well as prior to the wound healing assay. A visual
representation of the full experimental protocol is provided in
Figure 2.

2.15 Statistical analysis

Dose-response effects of chemotherapy drugs and the between-
group difference for serum conditioning on endothelial cell measures
were determined using one-way analyses of variance (ANOVA). One-
way ANOVAs were also used to calculate between group differences
displayed as mean fold change. The effects of the exercise intervention
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on participant characteristics were determined using a linear mixed
model. According to Shapiro-Wilks test of normality, all data was
determined to be normally distributed. All analyses were performed
using GraphPad Prism Version 9.0.1 (United States) and statistical
significance was assumed if p < 0.05. All data shown are mean ±
standard deviation (SD) unless otherwise stated.

3 Results

3.1 Participant characteristics

The exercise intervention had no significant effect on BMI, body
fat, systolic BP, diastolic BP, or mean arterial pressure (MAP)
(Table 1) from pre-to post-intervention. However, _V O2Peak

increased from pre: 20.98 ± 4.99 mL kg−1·min−1 to post: 23.02 ±

5.79 (p = 0.53). The average weekly adherence rate was 75 ± 25%
of the prescribed number of sessions over 12-week; and compliance
was 82 ± 23%, as determined by the completion of the prescribed
number of intervals and achieving a HR ≥ 80% HRmax during the
session (Hesketh et al., 2021).

3.2 Dose response effects of FEC-T drugs on
endothelial cell Annexin-V binding and
cleaved Caspase-3 expression

One-way ANOVAs revealed significant dose-response effects of
chemotherapy drug doses on HCAEC Annexin-V binding with
exposure to FEC (Figure 3B: DMSO: 8.37 ± 2.09%, FEC1: 26.13 ±
6.03%, FEC2: 40.23 ± 4.59%, FEC3: 59.17 ± 5.76%, p <
0.0001). Analysis of Mean Fold Change confirmed significant

FIGURE 1
Representative gating strategy of endothelial cells by morphology (A), singlets (B), and CD31 expression as displayed by FITC histogram (C). Histograms
of, Annexin-V (D), Cleaved Caspase-3 (E) expression are displayed as a function of their respective lasers (PerCp-Cy.5, V450, respectively).

FIGURE 2
Schematic representation of the protocol for serum preconditioning of HCAECs at 0-h. For flow cytometry analysis, FEC-T chemotherapy exposure
occurred 24-h after serum preconditioning. HCAECs were re-incubated and washed with PBS and fresh media added at corresponding time points (Tx),
respective to each individual drug condition. HCAECs were then analysed by flow cytometry at corresponding time points (Ty), respective to each individual
drug condition. For the wound healing assay, FEC-T drugs were added immediately after the monolayer was scratched. HCAECs were re-incubated and
washed at corresponding time points (Tz), respective to each individual drug condition. HCAECs were imaged using Primovert Axiocam ERc5s microscope
(ZEISS, Germany) using ×4 magnification at 0-, 3-, 4-, 6-, 12-, 24-, and 48-h.
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elevations in Annexin V binding with increasing concentrations
of FEC (Mean Fold Change FEC1: 1.83 vs. FEC3: 4.08, p < 0.01;
FEC2: 2.89 vs. FEC3: 4.08, p < 0.05). HCAECs expressed
elevated expression of cleaved caspase-3 with exposure to FEC
(Figure 3A: DMSO: 3.90 ± 0.95%, FEC1: 7.43 ± 2.09%, FEC2:
14.40 ± 2.65%, FEC3: 24.47 ± 1.47%, p < 0.0001) which also
occurred in a dose-dependent manner (Mean Fold Change FEC1:
2.19 vs. FEC3: 7.09, p < 0.01).

Docetaxel exposure increased HCAEC Annexin V binding to
phosphatidylserine (Figure 3D: DMSO: 28.97 ± 6.19%, 3 µM:

54.43 ± 6.00%, 6 µM: 67.90 ± 6.84%, 9 µM: 74.87 ± 7.70%, p <
0.0001) with Mean Fold Change analysis revealing that increasing
concentrations resulted in Annexin V binding which was significantly
different compared to the DMSO control only. Cleaved caspase-3
expression was also increased with exposure to docetaxel (Figure 3C:
DMSO: 8.73 ± 3.73%, 3 µM: 8.37 ± 3.27%, 6 µM: 17.23 ± 5.92%, 9 µM:
33.27 ± 6.50%, p < 0.0001), with the highest concentration
eliciting significantly higher expression than the lowest
concentration (Figure 3H: Mean Fold Change 3 µM: 0.97 vs. 9 µM:
4.35, p < 0.05).

FIGURE 3
Dose-response effects of combined 5-fluorouracil, epirubicin, cyclophosphamide (FEC; (A,B) and docetaxel (C,D) on human coronary artery endothelial
cells (HCAEC) phosphatidylserine (A,C) and cleaved caspase-3 expression (B,D) across a range of physiological concentrations at 12- (A,B) and 48-h (C,D)
post-exposure. Data shown aremean ± SEM (n= 3). *p < 0.05, **p < 0.01, ***p < 0.001. FEC1 = 5-fluorouracil: 1 µM, epirubicin: 0.003 µM, cyclophosphamide:
19 µM; FEC2 = 5-fluorouracil: 1.5 µM, epirubicin: 0.006 µM, cyclophosphamide: 38 µM; FEC3 = 5-fluorouracil: 2 µM, epirubicin: 0.009 µM,
cyclophosphamide: 57 µM.

FIGURE 4
Representative images of human coronary artery endothelial cells (HCAEC) gap closure over time (0-, 3-, 6-, and 24- hours) with and without FEC drug
exposure (5-fluorouracil: 1.5 µM, epirubicin: 0.006 µM, cyclophosphamide: 38 µM), and drug exposure with pre- or post-exercise intervention serum
conditioning. Images are ×4 magnification. Scale bar is 250 µm.
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3.3 Effects of FEC-T drugs on endothelial
wound healing

Representative images of the wound healing assays are displayed in
Figure 4. The rate of wound closure was significantly reduced with all
FEC-T drugs individually, as indicated by the increase in AUC (5-FU,
p = 0.0012; epirubicin, p = 0.019; cyclophosphamide, p = 0.020;
docetaxel, p = 0.001) and combined FEC exposure (p = 0.048) (Figure 5).

3.4 Results of pre- and post-exercise
intervention serum preconditioning on FEC-
T-induced effects on endothelial cell
Annexin-V binding and cleaved Caspase-3
expression

Annexin V binding decreased in the post-exercise serum
preconditioning HCAECs compared to pre-exercise training serum
when exposed to FEC (Figure 6B). Annexin V binding: pre: 42.23 ±
6.96% vs. post: 29.57 ± 7.09%, p = 0.010. Mean Fold Change pre:
1.07 vs. 0.74, p < 0.05). Cleaved caspase-3 expression was lower for
both serum conditions when compared to the FEC only control (both

p < 0.01), but there was no significant difference between pre- and
post-exercise serum conditions (Figure 6A). Cleaved caspase-3
expression pre: 6.13 ± 0.87% vs. post: 4.43 ± 0.30%, p = 0.06.
Mean Fold Change pre: 0.47 vs. post: 0.32, p = 0.07).

For docetaxel, there were no significant between-group differences
for Annexin V binding with serum conditioning (Figure 6D). Both
serum conditions elicited significantly lower cleaved caspase-3
expression compared to docetaxel without serum conditioning
(Figure 6C). Mean Fold Change pre: 0.51 and post: 0.50; both p <
0.05) but there was no significant difference when comparing pre- and
post-training serum (Figure 6C). Cleaved caspase-3 expression pre:
8.30 ± 2.7 vs. post: 7.33 ± 1.9; p = 0.76).

3.5 Results of pre- and post-exercise
intervention serum preconditioning on FEC-
T-induced effects on endothelial wound
healing

There was a significantly smaller AUC in favour of the post-exercise
training serum condition (Mean Fold Change: 0.789) in comparison to
the pre-exercise training serum conditioning group (Mean Fold Change:

FIGURE 5
Area under the human coronary artery endothelial cells (HCAEC) gap closure curve with exposure to 1.5 µM 5-fluorouracil (A), 0.006 µM epirubicin (B),
38 µM cyclophosphamide (C), FEC combined (D); 5-fluorouracil: 1.5 µM, epirubicin: 0.006 µM, cyclophosphamide: 38 µM, and 6 µM docetaxel (E)
treatments with dimethyl sulfoxide (DMSO), drug without serum, pre-training serum with drug and post-training serum with drug. Data shown are mean ±
SEM (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

FIGURE 6
Comparison of pre- and post-exercise intervention serum preconditioning on the effects of FEC (A,B): 5-fluorouracil: 1.5 µM, epirubicin: 0.006 µM,
cyclophosphamide: 38 µM) and 6 µM docetaxel (C,D) exposure on human coronary artery endothelial cells (HCAEC) phosphatidylserine (A,C) and cleaved
caspase-3 expression (B,D) at 4- and 48-h post-exposure, respectively. Data shown are mean ± SEM (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001.
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0.976, p = 0.034) and the chemotherapy only (no serum) condition (p <
0.05) when exposed to 5-FU. There were no significant differences for
AUC for any other chemotherapy condition when comparing pre-to
post-exercise training serum groups, with both serum conditions eliciting
lower AUC when compared to epirubicin (both p < 0.05),
cyclophosphamide (both p < 0.001), and FEC (both p < 0.001)
conditions without serum conditioning (Figure 5).

4 Discussion

Our main finding demonstrated that breast cancer chemotherapy
drugs exposure resulted in endothelial cell apoptosis and activation of
endothelial cell caspase-3 in a dose-dependent manner. Additionally,
wound healing was impaired for all chemotherapy drugs, individually,
and with combined FEC exposure. Lastly, preconditioning with serum
taken after an exercise training regime resulted in modest reductions
in FEC-induced HCAEC apoptosis, as well as modestly improved
wound healing when exposed to 5-FU, compared to preconditioning
with serum from pre-exercise training. No other differences were
observed for pre vs. post exercise training serum exposure on FEC-
induced changes in wound healing, or docetaxel-induced elevations in
phosphatidylserine or caspase-3 expression.

Both FEC and docetaxel treatment conditions resulted in elevated
HCAEC phosphatidylserine and cleaved caspase-3 expression, indicating
significant vascular toxicity. These findings agree with previous
investigations of the effects of chemotherapy exposure on endothelial
cell models (Eakin et al., 2020; Bosman et al., 2021) and add to knowledge
that endothelial toxicity also occurs in HCAECs exposed to physiological
concentrations of FEC combined and docetaxel (Danesi et al., 2002;
Reigner et al., 2003; Hurria et al., 2006; Adams et al., 2014). Our in vitro
observations are relevant and meaningful for patients undergoing
chemotherapy, as breast cancer populations elicit significant vascular
endothelial damage as shown by 3-fold elevation in CECs after
completion of one single treatment cycle (Beerepoot et al., 2004). The
damage induced by chemotherapy on the vasculature may have
important consequences for CVD development, as without efficient
repair, endothelial damage leads to atherosclerotic plaque development
and subsequent atherosclerotic CVD initiation and progression
(Beerepoot et al., 2004). Development of atherosclerosis has stark
cardiovascular consequences, including hypertension and ischaemia,
with plaque rupture having potential to cause myocardial infarction
and stroke (Cooke and Tsao, 1994; Insull, 2009). Therefore,
chemotherapy-induced endothelial apoptosis likely plays a key role in
the 9% incidence of cardiovascular events caused by thrombosis in those
undergoing anti-cancer treatment (Yeh and Bickford, 2009).

Furthermore, the ability of the endothelium to restore areas of
damage is important for protection of the whole cardiovascular system
(Michaelis, 2014; Yao et al., 2015), and hence, endothelial wound repair
was also investigated in this study. The ability of HCAECs to repair a
wound is significantly impaired across all FEC-T chemotherapy
conditions. The process of endothelial repair involves detection of a
gap in the monolayer caused by damage, which stimulates endothelial cell
migration in order to recover the break (Michaelis, 2014). This is essential
to prevent atherosclerosis as an unrepaired gap in the endothelial wall
leaves opportunity for circulating leukocytes and LDL-cholesterol to be
taken up into the tunica intima (Cooke and Tsao, 1994; Insull, 2009). The
impedance of wound repair with exposure to each FEC-T condition
corresponds to other models of chemotherapy and wound healing, with

5 μg mL−1 epirubicin impairing wound healing in HUVECs (Eakin et al.,
2020). It is likely that the impairment in wound healing is partly due to
high levels of endothelial apoptosis (Yao et al., 2015; Martínez-Limón
et al., 2020), as observed in our study also. The chemotherapy-induced
impairment in wound healing observed in the current study is likely to
have consequences for the whole cardiovascular system as insufficient
wound repair increases the risk for plaque development (Cooke and Tsao,
1994; Insull, 2009) and may well contribute to the CVD risk in those
undergoing FEC-T chemotherapy treatment (Cameron et al., 2016).

The second arm of this study involved serological preconditioning of
the same endothelial cell model to determine if exercise training-induced
alterations in the circulating environment can alleviate the effects of
chemotherapy exposure. The current findings show that preconditioning
HCAECs with serum taken from females at risk of cardiovascular disease
after a 12-week home-based exercise intervention elicits a significant level
of protection against FEC-T-induced apoptosis, as shown by a 29%
decrease in phosphatidylserine expression compared to serum
collected before the exercise intervention. This is despite the
intervention having no significant effects on other cardiovascular
parameters, including _V O2Peak, blood pressure and resting heart rate.
This adds to current knowledge that exercise may be beneficial to the
vasculature at a cellular level, but it remains unclear whether changes in
physiological parameters are necessary to facilitate this change. It must be
noted that there was no significant within group effect (pre-vs. post-
exercise training) on apoptotic markers with docetaxel exposure.
Attenuation of endothelial cell apoptosis due to serological alterations
induced by exercise training may provide protection against the usual
detriments of chemotherapy for breast cancer which as previously
discussed, are likely initiated by endothelial damage (Beerepoot et al.,
2004). Further evidence for this comes from investigation of exercise
protection of chemotherapy toxicity on cardiomyocytes (Naaktgeboren
et al., 2021). A meta-analysis found that preconditioning cardiomyocytes
with serum collected after an exercise intervention reduced apoptosis and
oxidative stress associated with doxorubicin exposure (Naaktgeboren
et al., 2021) likely attributed to by elevated HDL-cholesterol (Durham
et al., 2018). As exercise training is a multifaceted therapeutic approach,
there are several avenues which should be explored in order to determine
the mechanisms of cardiovascular protection against chemotherapy.
Other potential mechanism may be a reduction in systemic
inflammation, with exercise-induced reduction in pro-inflammatory
cytokines, specifically TNF-α (Henrique et al., 2018) and reductions in
fasting glucose levels (Slentz et al., 2016) likely inhibiting activation of the
apoptotic pathway (Risso et al., 2001; Joussen et al., 2009). The
composition of the serum was not investigated within this study due
to limitations for the use of the serum, providing an interesting area for
future mechanistic research.

Interestingly, there were some promising findings for serological
protection of endothelial wound repair. For the 5-FU condition,
HCAECs incubated with serum collected post-exercise intervention
significantly improved their ability to repair the mechanically inflicted
wound. This provides promise that an exercise interventionmay stimulate
systemic adaptations which elicit vascular protection allowing for more
efficient repair when exposed to specific chemotherapy conditions. This
study is the first to utilise this serological conditioning approach with
wound healing alongside chemotherapy exposure and hence, findings are
novel. Investigation of the potential mechanisms of protection are out
with the scope of this study. However, a few likely mediators must be
considered. Firstly, there is probable involvement of vascular endothelial
growth factor (VEGF) as this is a pro-angiogenic factor (Grunewald et al.,
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2021) which is upregulated with exercise in cardiovascular populations
(Gustafsson et al., 2001). As well as VEGF, exercise-induced alterations in
circulating cholesterol is another potential contributing factor to the
improvements in endothelial wound repair. Levels of serum HDL-
cholesterol have been found to increase from pre-to post-exercise
training intervention (Palazón-Bru et al., 2021) and has previously
been shown to increase HCAEC migration (Kimura et al., 2003).
Exercise is a multifaceted therapeutic approach with multiple possible
beneficial systemic changes which may protect against vascular toxicity of
chemotherapy, including metabolic (Durham et al., 2019), hormonal
(Stojadinovic et al., 2012), anti- and pro-inflammatory factors (Palmefors
et al., 2014). The specific interactions between serum components and 5-
FU remain elusive and were not investigated in the current study.
However, the differing effects across the experimental conditions, and
the interactions with exercise serum, are likely to be explained by the
differing mechanisms of action between each individual FEC-T drug.
Future research should take a holistic approach when investigating
exercise-induced serological alterations and potential therapeutic
targets for attenuation of cardiovascular toxicity in breast cancer
patients undergoing these chemotherapy regimens.

4.1 Conclusion and limitations

FEC-T chemotherapy exposure induced endothelial cell apoptosis
and impaired endothelial wound repair. A 12-week home-based HIIT
intervention in ‘at risk’ women resulted in systemic changes which
were able to precondition endothelial cells to a state of protection
against combined FEC, as shown by reduced apoptotic markers, and
an improved ability to recover from mechanical injury when exposed
to 5-FU. Reduced endothelial damage and improvement in reparative
capacity may well have clinical implications for reducing CVD risk in
those exposed to chemotherapy.

Despite some promising results, significant findings did not occur
for every outcome measure within every drug condition and therefore,
must be considered with the perspective that cardiovascular toxicity is
multi-faceted, complex, and interactive. Although hopeful that findings
will be relevant to in human studies and that comparisons can be drawn,
findings are in fact exclusively in vitro and must be considered with
modesty. It must also be noted that the participants in this study were
non-cancer patients and therefore, there is scope to repeat this study in
patients with cancer undergoing an exercise intervention during
chemotherapy treatment. Furthermore, a pragmatic approach should
be taken to determine the specific components of the serum responsible
for the protective effects of exercise training as this provides an avenue
for potential discovery of future therapeutic targets to reduce toxicity
burden of chemotherapy. The next steps are to perform proteomic
analysis of the serum by mass spectrometry to identify key circulating
systemic factors potentially contributing to the observed exercise-
induced protection. Identified proteins can subsequently be
experimentally knocked out to determine causality. This approach
will identify key systemic markers which can potentially be
pharmaceutically manipulated to reduce chemotherapy toxicity,
which is vital for patients who are unable to exercise during their
treatment to still obtain the benefits of exercise oncology research.
Another limitation which must be noted is the non-physiological flow
condition under which in vitro experiments were performed. Shear
stress is a key factor for regulation and adaptations in endothelial
function and health (Gielen et al., 2011). As shear stress has not been

mimicked in this cell culture model, it is not possible to provide a
conclusion on the potential additional benefits of shear stress. Therefore,
future studies should utilise flow conditions as applied elsewhere in the
literature (Hattori et al., 2014) to mimic exercise-induced increases in
blood flow across the endothelium. Finally, the experimental model
utilised in this study has endless potential to explore other malignancies
outside breast cancer treatment, and a similar model has been used to
explore effects of acute exercise on colon cancer cell growth (Orange
et al., 2020). As well as investigating other cancer and treatment types,
the model can be used to determine effects of chemotherapy and serum
conditioning on other physiological cell types often affected by cancer
treatments. Future research in exercise oncology should use the
serological conditioning model as a base to explore protection of
different exercise interventions against side-effects of several anti-
cancer therapies, investigating toxicity within different cell types, as
well as investigating protection against tumour progression.

Data availability statement

The raw data supporting the conclusion of this article will be made
available by the authors, without undue reservation.

Ethics statement

This study was approved by the Liverpool Central NHS Research
Ethics Committee (approval reference no. 17/NW/0042) and
conformed to the Declaration of Helsinki. The study was also
approved by Edinburgh Napier University Research Integrity
Committee and Liverpool John Moore’s University Ethics
Committee. The patients/participants provided their written
informed consent to participate in this study.

Author contributions

MM and MR conceived and designed the research; SH and MM
performed cell culture, MM performed the in vitro experiments; KH,
MC, and JS implemented the exercise intervention and collected the
patient samples, MM andMR analysed data; MM, andMR interpreted
results of the experiments; MR prepared figures. MM, GF-J, and MR
drafted manuscript; all authors edited and revised the manuscript; all
authors approved the final version of the manuscript.

Funding

This study was funded by the Peter KK Lee PhD Studentship at
Edinburgh Napier University. The exercise intervention was funded
by Buckinghamshire Healthcare NHS Trust, awarded to MC,
Liverpool John Moores University.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Frontiers in Physiology frontiersin.org09

Mclaughlin et al. 10.3389/fphys.2023.1079983

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1079983


Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Adams, L. M., Johnson, B., and Murray, S. (2014). A pharmacokinetic,
pharmacodynamic, and safety study of intravenous cyclophosphamide with an oral
casopitant antiemetic regimen in cancer patients. Clin. Pharmacol. Drug Dev. 3,
93–100. doi:10.1002/cpdd.57

Beerepoot, L. V., Mehra, N., Vermaat, J. S. P., Zonnenberg, B. A., Gebbink, M. F. G. B.,
and Voest, E. E. (2004). Increased levels of viable circulating endothelial cells are an
indicator of progressive disease in cancer patients. Ann. Oncol. 15, 139–145. doi:10.1093/
annonc/mdh017

Bosman, M., Favere, K., Neutel, C. H. G., Jacobs, G., de Meyer, G. R. Y., Martinet, W., et al.
(2021). Doxorubicin induces arterial stiffness: A comprehensive in vivo and ex vivo evaluation of
vascular toxicity in mice. Toxicol. Lett. 346, 23–33. doi:10.1016/j.toxlet.2021.04.015

Bucciarelli, V., Bianco, F., Di Blasio, A., Morano, T., Izzicupo, P., Napolitano, G., et al.
(2017). P650The role of physical exercise on endothelial dysfunction and metabolic
improvement in women after breast-cancer surgery: A pilot study. Eur. Heart J. 38.
doi:10.1093/eurheartj/ehx501.P650

Cameron, A. C., Touyz, R. M., and Lang, N. N. (2016). Vascular complications of cancer
chemotherapy. Can. J. Cardiol. 32, 852–862. doi:10.1016/j.cjca.2015.12.023

Cardinale, D., Colombo, A., Bacchiani, G., Tedeschi, I., Meroni, C. A., Veglia, F., et al.
(2015). Early detection of anthracycline cardiotoxicity and improvement with heart failure
therapy. Circulation 131, 1981–1988. doi:10.1161/CIRCULATIONAHA.114.013777

Ching, C., Gustafson, D., Thavendiranathan, P., and Fish, J. E. (2021). Cancer therapy-
related cardiac dysfunction: Is endothelial dysfunction at the heart of the matter? Clin. Sci.
135, 1487–1503. doi:10.1042/CS20210059

Chow, L. W. C., and Loo, W. T. Y. (2003). The differential effects of cyclophosphamide,
epirubicin and 5-fluorouracil on apoptotic marker (CPP-32), pro-apoptotic protein
(p21 WAF−1) and anti-apoptotic protein (bcl-2) in breast cancer cells. Breast Cancer
Res. Treat. 80, 239–244. doi:10.1023/A:1024995202135

Cooke, J. P., and Tsao, P. S. (1994). Is NO an endogenous antiatherogenic molecule?
Arterioscler. Thromb. 14, 653–655. doi:10.1161/01.ATV.14.5.653

Corbi, G., Conti, V., Russomanno, G., Rengo, G., Vitulli, P., Ciccarelli, A. L., et al. (2012).
Is physical activity able to modify oxidative damage in cardiovascular aging? Oxid. Med.
Cell Longev. 2012, 728547. doi:10.1155/2012/728547

Danesi, R., Innocenti, F., Fogli, S., Gennari, A., Baldini, E., di Paolo, A., et al. (2002).
Pharmacokinetics and pharmacodynamics of combination chemotherapy with paclitaxel
and epirubicin in breast cancer patients. Br. J. Clin. Pharmacol. 53, 508–518. doi:10.1046/j.
1365-2125.2002.01579.x

Duquaine, D., Hirsch, G. A., Chakrabarti, A., Han, Z., Kehrer, C., Brook, R., et al. (2003).
Rapid-onset endothelial dysfunction with adriamycin: Evidence for a dysfunctional nitric
oxide synthase. Vasc. Med. 8, 101–107. doi:10.1191/1358863x03vm476oa

Durham, K. K., Chathely, K. M., and Trigatti, B. L. (2018). High-density lipoprotein
protects cardiomyocytes against necrosis induced by oxygen and glucose deprivation
through SR-B1, PI3K, and AKT1 and 2. Biochem. J. 475, 1253–1265. doi:10.1042/
BCJ20170703

Durham, K. K., Kluck, G., Mak, K. C., Deng, Y. D., and Trigatti, B. L. (2019). Treatment
with apolipoprotein A1 protects mice against doxorubicin-induced cardiotoxicity in a
scavenger receptor class B, type I-dependent manner. Am. J. Physiology-Heart Circulatory
Physiology 316, H1447–H1457. doi:10.1152/ajpheart.00432.2018

Eakin, A. J., Mc Erlain, T., Burke, A., Eaton, A., Tipping, N., Allocca, G., et al. (2020).
Circulating levels of epirubicin cause endothelial senescence while compromising
metabolic activity and vascular function. Front. Cell Dev. Biol. 8, 799. doi:10.3389/fcell.
2020.00799

Gielen, S., Sandri, M., Erbs, S., and Adams, V. (2011). Exercise-induced modulation of
endothelial nitric oxide production. Curr. Pharm. Biotechnol. 12, 1375–1384. doi:10.2174/
138920111798281063

Grunewald, M., Kumar, S., Sharife, H., Volinsky, E., Gileles-Hillel, A., Licht, T., et al.
(2021). Counteracting age-related VEGF signaling insufficiency promotes healthy aging
and extends life span. Science 373, eabc8479. doi:10.1126/science.abc8479

Gustafsson, T., Bodin, K., Sylvén, C., Gordon, A., Tyni-Lenné, R., and Jansson, E. (2001).
Increased expression of VEGF following exercise training in patients with heart failure.
Eur. J. Clin. Invest. 31, 362–366. doi:10.1046/j.1365-2362.2001.00816.x

Hambrecht, R., Adams, V., Erbs, S., Linke, A., Kra€nkel, N., Shu, Y., et al. (2003). Regular
physical activity improves endothelial function in patients with coronary artery disease by
increasing phosphorylation of endothelial nitric oxide synthase. Circulation 107,
3152–3158. doi:10.1161/01.CIR.0000074229.93804.5C

Hattori, K., Munehira, Y., Kobayashi, H., Satoh, T., Sugiura, S., and Kanamori, T. (2014).
Microfluidic perfusion culture chip providing different strengths of shear stress for

analysis of vascular endothelial function. J. Biosci. Bioeng. 118, 327–332. doi:10.1016/j.
jbiosc.2014.02.006

Henrique, J. S., França, E. F., Cardoso, F., dos, S., Serra, F. T., de Almeida, A. A., et al.
(2018). Cortical and hippocampal expression of inflammatory and intracellular signaling
proteins in aged rats submitted to aerobic and resistance physical training. Exp. Gerontol.
110, 284–290. doi:10.1016/j.exger.2018.06.025

Hesketh, K., Jones, H., Kinnafick, F., Shepherd, S. O., Wagenmakers, A. J. M., Strauss,
J. A., et al. (2021). Home-based HIIT and traditional MICT prescriptions improve
cardiorespiratory fitness to a similar extent within an exercise referral scheme for at-
risk individuals. Front. Physiol. 12, 2015. doi:10.3389/fphys.2021.750283

Hurria, A., Fleming, M. T., Baker, S. D., Kelly, Wm. K., Cutchall, K., Panageas, K., et al.
(2006). Pharmacokinetics and toxicity of weekly docetaxel in older patients. Clin. Cancer
Res. 12, 6100–6105. doi:10.1158/1078-0432.CCR-06-0200

Insull, W. (2009). The pathology of atherosclerosis: Plaque development and plaque
responses to medical treatment. Am. J. Med. 122, S3–S14. doi:10.1016/j.amjmed.2008.
10.013

Jonkman, J. E. N., Cathcart, J. A., Xu, F., Bartolini, M. E., Amon, J. E., Stevens, K. M.,
et al. (2014). An introduction to the wound healing assay using live-cell microscopy. Cell
Adh Migr. 8, 440–451. doi:10.4161/cam.36224

Joussen, A. M., Doehmen, S., Le, M. L., Koizumi, K., Radetzky, S., Krohne, T. U., et al.
(2009). TNF-alpha mediated apoptosis plays an important role in the development of early
diabetic retinopathy and long-term histopathological alterations.Mol. Vis. 15, 1418–1428.

Kimura, T., Sato, K., Malchinkhuu, E., Tomura, H., Tamama, K., Kuwabara, A., et al.
(2003). High-Density lipoprotein stimulates endothelial cell migration and survival
through sphingosine 1-phosphate and its receptors. Arterioscler. Thromb. Vasc. Biol.
23, 1283–1288. doi:10.1161/01.ATV.0000079011.67194.5A

Kirkham, A. A., and Davis, M. K. (2015). Exercise prevention of cardiovascular disease
in breast cancer survivors. J. Oncol. 2015, 917606–917613. doi:10.1155/2015/917606

Lee, K., Kang, I., Mack, W. J., Mortimer, J., Sattler, F., Salem, G., et al. (2019). Effects of
high-intensity interval training on vascular endothelial function and vascular wall
thickness in breast cancer patients receiving anthracycline-based chemotherapy: A
randomized pilot study. Breast Cancer Res. Treat. 177, 477–485. doi:10.1007/s10549-
019-05332-7

Martínez-Limón, A., Joaquin, M., Caballero, M., Posas, F., and de Nadal, E. (2020). The
p38 pathway: From biology to cancer therapy. Int. J. Mol. Sci. 21, 1913. doi:10.3390/
ijms21061913

Michaelis, U. R. (2014). Mechanisms of endothelial cell migration. Cell. Mol. Life Sci. 71,
4131–4148. doi:10.1007/s00018-014-1678-0

Morse, D. L., Gray, H., Payne, C. M., and Gillies, R. J. (2005). Docetaxel induces cell
death through mitotic catastrophe in human breast cancer cells. Mol. Cancer Ther. 4,
1495–1504. doi:10.1158/1535-7163.MCT-05-0130

Naaktgeboren, W. R., Binyam, D., Stuiver, M. M., Aaronson, N. K., Teske, A. J., van
Harten, W. H., et al. (2021). Efficacy of physical exercise to offset anthracycline-induced
cardiotoxicity: A systematic review and meta-analysis of clinical and preclinical studies.
J. Am. Heart Assoc. 10, e021580. doi:10.1161/JAHA.121.021580

Orange, S. T., Jordan, A. R., and Saxton, J. M. (2020). The serological responses to acute
exercise in humans reduce cancer cell growth in vitro: A systematic review and meta-
analysis. Physiol. Rep. 8, e14635. doi:10.14814/phy2.14635

Palazón-Bru, A., Hernández-Lozano, D., and Gil-Guillén, V. F. (2021). Which physical
exercise interventions increase HDL-cholesterol levels? A systematic review of meta-
analyses of randomized controlled trials. Sports Med. 51, 243–253. doi:10.1007/s40279-
020-01364-y

Palmefors, H., DuttaRoy, S., Rundqvist, B., and Börjesson, M. (2014). The effect of
physical activity or exercise on key biomarkers in atherosclerosis – a systematic review.
Atherosclerosis 235, 150–161. doi:10.1016/j.atherosclerosis.2014.04.026

Patnaik, J. L., Byers, T., DiGuiseppi, C., Dabelea, D., and Denberg, T. D. (2011).
Cardiovascular disease competes with breast cancer as the leading cause of death for older
females diagnosed with breast cancer: A retrospective cohort study. Breast Cancer Res. 13,
R64. doi:10.1186/bcr2901

Reigner, B.,Watanabe, T., Schüller, J., Lucraft, H., Sasaki, Y., Bridgewater, J., et al. (2003).
Pharmacokinetics of capecitabine (Xeloda) in Japanese and Caucasian patients with breast
cancer. Cancer Chemother. Pharmacol. 52, 193–201. doi:10.1007/s00280-003-0642-8

Risso, A., Mercuri, F., Quagliaro, L., Damante, G., Ceriello, A., and Ceriello, A. (2001).
Intermittent high glucose enhances apoptosis in human umbilical vein endothelial cells in
culture. Am. J. Physiology-Endocrinology Metabolism 281, E924–E930. doi:10.1152/
ajpendo.2001.281.5.E924

Frontiers in Physiology frontiersin.org10

Mclaughlin et al. 10.3389/fphys.2023.1079983

https://doi.org/10.1002/cpdd.57
https://doi.org/10.1093/annonc/mdh017
https://doi.org/10.1093/annonc/mdh017
https://doi.org/10.1016/j.toxlet.2021.04.015
https://doi.org/10.1093/eurheartj/ehx501.P650
https://doi.org/10.1016/j.cjca.2015.12.023
https://doi.org/10.1161/CIRCULATIONAHA.114.013777
https://doi.org/10.1042/CS20210059
https://doi.org/10.1023/A:1024995202135
https://doi.org/10.1161/01.ATV.14.5.653
https://doi.org/10.1155/2012/728547
https://doi.org/10.1046/j.1365-2125.2002.01579.x
https://doi.org/10.1046/j.1365-2125.2002.01579.x
https://doi.org/10.1191/1358863x03vm476oa
https://doi.org/10.1042/BCJ20170703
https://doi.org/10.1042/BCJ20170703
https://doi.org/10.1152/ajpheart.00432.2018
https://doi.org/10.3389/fcell.2020.00799
https://doi.org/10.3389/fcell.2020.00799
https://doi.org/10.2174/138920111798281063
https://doi.org/10.2174/138920111798281063
https://doi.org/10.1126/science.abc8479
https://doi.org/10.1046/j.1365-2362.2001.00816.x
https://doi.org/10.1161/01.CIR.0000074229.93804.5C
https://doi.org/10.1016/j.jbiosc.2014.02.006
https://doi.org/10.1016/j.jbiosc.2014.02.006
https://doi.org/10.1016/j.exger.2018.06.025
https://doi.org/10.3389/fphys.2021.750283
https://doi.org/10.1158/1078-0432.CCR-06-0200
https://doi.org/10.1016/j.amjmed.2008.10.013
https://doi.org/10.1016/j.amjmed.2008.10.013
https://doi.org/10.4161/cam.36224
https://doi.org/10.1161/01.ATV.0000079011.67194.5A
https://doi.org/10.1155/2015/917606
https://doi.org/10.1007/s10549-019-05332-7
https://doi.org/10.1007/s10549-019-05332-7
https://doi.org/10.3390/ijms21061913
https://doi.org/10.3390/ijms21061913
https://doi.org/10.1007/s00018-014-1678-0
https://doi.org/10.1158/1535-7163.MCT-05-0130
https://doi.org/10.1161/JAHA.121.021580
https://doi.org/10.14814/phy2.14635
https://doi.org/10.1007/s40279-020-01364-y
https://doi.org/10.1007/s40279-020-01364-y
https://doi.org/10.1016/j.atherosclerosis.2014.04.026
https://doi.org/10.1186/bcr2901
https://doi.org/10.1007/s00280-003-0642-8
https://doi.org/10.1152/ajpendo.2001.281.5.E924
https://doi.org/10.1152/ajpendo.2001.281.5.E924
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1079983


Roché, H., Fumoleau, P., Spielmann, M., Canon, J.-L., Delozier, T., Serin, D., et al.
(2006). Sequential adjuvant epirubicin-based and docetaxel chemotherapy for node-
positive breast cancer patients: The FNCLCC PACS 01 trial. J. Clin. Oncol. 24,
5664–5671. doi:10.1200/JCO.2006.07.3916

Sapp, R.M., Landers-Ramos, R. Q., Shill, D. D., Springer, C. B., andHagberg, J.M. (2020). Sex-
specific alterations in blood-borne factors in physically inactive individuals are detrimental to
endothelial cell functions. J. Appl. Physiol. 129, 664–674. doi:10.1152/japplphysiol.00292.2020

Slentz, C. A., Bateman, L. A., Willis, L. H., Granville, E. O., Piner, L. W., Samsa, G. P.,
et al. (2016). Effects of exercise training alone vs a combined exercise and nutritional
lifestyle intervention on glucose homeostasis in prediabetic individuals: A randomised
controlled trial. Diabetologia 59, 2088–2098. doi:10.1007/s00125-016-4051-z

Stojadinovic, O., Gordon, K. A., Lebrun, E., and Tomic-Canic, M. (2012). Stress-induced
hormones cortisol and epinephrine impair wound epithelization. Adv. Wound Care (New
Rochelle) 1, 29–35. doi:10.1089/wound.2011.0320

Sturgeon, K. M., Ky, B., Libonati, J. R., and Schmitz, K. H. (2014). The effects of exercise
on cardiovascular outcomes before, during, and after treatment for breast cancer. Breast
Cancer Res. Treat. 143, 219–226. doi:10.1007/s10549-013-2808-3

Winther, S., Schmidt, S. E., Holm, N. R., Toft, E., Struijk, J. J., Bøtker, H. E., et al. (2016).
Diagnosing coronary artery disease by sound analysis from coronary stenosis induced
turbulent blood flow: Diagnostic performance in patients with stable angina pectoris. Int.
J. Cardiovasc Imaging 32, 235–245. doi:10.1007/s10554-015-0753-4

Yao, J., Weng, Y., Yan, S., Hou, M., Wang, H., Shi, Q., et al. (2015). NOV inhibits
proliferation while promoting apoptosis and migration in osteosarcoma cell lines through
p38/MAPK and JNK/MAPK pathways. Oncol. Rep. 34, 2011–2021. doi:10.3892/or.2015.
4153

Yeh, E. T. H., and Bickford, C. L. (2009). Cardiovascular complications of cancer
therapy: Incidence, pathogenesis, diagnosis, and management. J. Am. Coll. Cardiol. 53,
2231–2247. doi:10.1016/j.jacc.2009.02.050

Frontiers in Physiology frontiersin.org11

Mclaughlin et al. 10.3389/fphys.2023.1079983

https://doi.org/10.1200/JCO.2006.07.3916
https://doi.org/10.1152/japplphysiol.00292.2020
https://doi.org/10.1007/s00125-016-4051-z
https://doi.org/10.1089/wound.2011.0320
https://doi.org/10.1007/s10549-013-2808-3
https://doi.org/10.1007/s10554-015-0753-4
https://doi.org/10.3892/or.2015.4153
https://doi.org/10.3892/or.2015.4153
https://doi.org/10.1016/j.jacc.2009.02.050
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1079983

	Ex Vivo treatment of coronary artery endothelial cells with serum post-exercise training offers limited protection against  ...
	1 Introduction
	2 Materials and methods
	2.1 Study design and ethical approval
	2.2 Participants
	2.3 Baseline measurements
	2.4 Serum collection
	2.5 Maximal cardiovascular fitness testing
	2.6 Exercise training intervention
	2.7 Post-intervention measurements
	2.8 Endothelial cell culture
	2.9 Endothelial cell chemotherapy exposure
	2.10 Sample preparation for analysis of drug effects
	2.11 Flow cytometry analysis
	2.12 Flow cytometry gating process
	2.13 Wound healing assay
	2.14 Serological conditioning of coronary artery endothelial cells
	2.15 Statistical analysis

	3 Results
	3.1 Participant characteristics
	3.2 Dose response effects of FEC-T drugs on endothelial cell Annexin-V binding and cleaved Caspase-3 expression
	3.3 Effects of FEC-T drugs on endothelial wound healing
	3.4 Results of pre- and post-exercise intervention serum preconditioning on FEC-T-induced effects on endothelial cell Annex ...
	3.5 Results of pre- and post-exercise intervention serum preconditioning on FEC-T-induced effects on endothelial wound healing

	4 Discussion
	4.1 Conclusion and limitations

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


