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Background: Quality of life issues is a crucial burden in breast cancer (BC)
survivors with relevant implications in terms of survivorship and health-care
costs. The increasing long-term survival of these patients provides new
challenges, with translational research now focusing on innovative and
tailored approaches to improve their complex management. In this scenario,
several emerging biomarkers have the potential to improve the clinical
rehabilitative management of patients with BC. However, to date, guidelines
supporting biomarker implementation in this area are still lacking. Therefore,
the aim of this systematic review was to summarize the currently available
biomarkers that might be potentially integrated into rehabilitation practice to
promote a precision medicine approach to BC survivorship issues.

Methods: On 9th March 2022, PubMed, Scopus, Web of Science, Cochrane,
and PEDro were systematically searched for randomized controlled trials (RCTs)
assessing rehabilitation interventions in BC patients. Molecular biomarker
modifications induced by physical exercise have been assessed through the
review of the study protocols and published results. The Jadad scale was used
to assess the quality of the studies included.

Results: Out of 2,224 records, 22 studies were included in the present
systematic review. Exercise therapy showed significant results in 15 RCTs, in
terms of metabolic biomarkers, including glycemic and insulin profile, and lipid
profile (p < 0.05). Similarly, 12 studies underlined significant effects in
inflammation and immune response biomarkers, including TNF-a, IL-6, IL-
10, C-reactive protein, leptin, and adiponectin (p < 0.05). On the other hand,
cardiac biomarkers were assessed in three studies without reporting significant
differences after exercise therapy (p = NS). The quality assessment identified
19 RCTs as high-quality studies and three RCTs of low quality.
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Conclusion: Our findings reveal significant biochemical perturbations in key
molecules induced by physical exercise in patients with BC, suggesting room
for the implementation of actionable biomarkers. Future research might clarify
the role of biomarkers on treatment effectiveness monitoring, to optimize
rehabilitative strategies tailored to patient’'s needs.
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breast cancer, biomarkers, rehabilitation, precision medicine, survivorship, quality of
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1 Introduction

Breast cancer (BC) is the most common malignancy in
women and one of the most common causes of cancer-related
death worldwide (Sung et al., 2021). Due to the advances in early
diagnosis and clinical management, the survival rate of these
women is steadily increasing, paralleled by long-term disabling
consequences, both cancer-related and treatment-related
(D’Egidio et al, 2017; Nardin et al, 2020). The optimal
management of BC survivors is a critical issue in the current
literature with a growing number of reports that underlined the
need for effective therapeutic strategies to improve the physical
impairment and health-related quality of life (HR-QoL) of these
women (Invernizzi et al., 2020¢; Zhu et al.,, 2021).

In this scenario, rehabilitation plays a key role in the
management of BC survivors with growing evidence highlighting
its positive effects in improving functional outcomes and
psychosocial well-being of BC patients (Reid-Arndt et al, 2009;
Zaidi et al,, 2017; Kudre et al., 2020; Sleight et al., 2022). Hence,
rehabilitation might improve the symptoms of patients with breast
cancer-related lymphedema (Invernizzi et al., 2019; Michelotti et al.,
2019; de Sire et al., 2021a; Carretti et al., 2022; Mufioz-Alcaraz et al.,
2022; Omar et al, 2022), cancer-related fatigue (Wirtz and
Baumann, 2018; Adams et al, 2019; Invernizzi et al, 2020b;
Marechal et al,, 2020; Licht et al,, 2021), axillary web syndrome
(de Sire et al,, 2020; Ravichandran et al., 2020; Tay et al., 2021),
aromatase inhibitor-induced arthralgia (Harris et al., 2012; Winters-
Stone et al., 2012; Grizzi et al., 2020), and cancer treatment-induced
bone loss (Invernizzi et al., 2020a; de Sire et al., 2021b; Pagnotti et al,,
2021; Singh and Toohey, 2022). In addition to these encouraging
approaches, the rehabilitation management of these disabling
sequelae is still a challenge, and several questions remain
unanswered about the most effective and tailored interventions in
real-world clinical practice (Invernizzi et al., 2020e).

In recent years, clinical biomarkers have been fully integrated
into cancer management. In breast cancer, estrogen receptor
(ER), progesterone receptor (PR), and human epidermal growth
factor receptor 2 (HER?2) are currently considered a milestone in
the
information about prognosis, and predicting response to

clinical decision-making process, providing crucial
cancer treatments (Gamble et al., 2021; Criscitiello et al., 2022).
Although BC management is biomarker-based, the treatment

of BC sequelae is still challenging and no clear indications are
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currently available to precisely individualize exercise interventions
(Invernizzi et al., 2020¢; Ballinger et al., 2021). Moreover, recent
research underlined that the clinical management of survivorship
issues should include a framework of distinct interventions
including physical therapies, rehabilitation counseling, dietary
interventions, and exercise training, in order to expand the new
concept of tailored cancer rehabilitation.

In this
understudied in rehabilitation, might become the cornerstone

context, molecular biomarkers, previously
of a modern approach to cancer-related disability, promoting the
implementation of a multidisciplinary approach to BC
rehabilitation (Esteva et al., 2019; Invernizzi et al.,, 2020d). On
the other hand, several reports emphasized the positive effects of
physical exercise and rehabilitation in increasing anti-
inflammatory cytokines concentrations and promoting the
release of anti-inflammatory regulatory T-cells (Pierce et al,
2009; Mancuso, 2016). This hypothesis has been supported by
preclinical and clinical studies highlighting the key role of
physical exercise in the regulation of chemokine expression,
promoting cytotoxic immune cell activity and downregulating
suppressor immune cells (Upadhyay et al.,, 2018; Liu et al., 20205
Bartlett et al, 2021). Accordingly, it is widely accepted that
chronic inflammation biomarkers (i.e., interleukin 6 (IL-6),
tumor necrosis factor-a (TNF-a), macrophage migration
inhibitory factor (MIF), and C-reactive protein (CRP)) might
have a role in the oncogenesis process, promoting their
oncogenic effects in both genetic and epigenetic alterations
(Trinchieri, 2012; Zitvogel et al., 2017; Barabutis et al., 2018).
In addition, other potential oncogenic mechanisms might be the
target of the exercise-induced positive effects on cancer
the
homeostasis, hormone level regulation,

progression,  including modulation of metabolic
improvement in
immune surveillance, and the reduction of oxidative stress
(Koelwyn et al., 2015).

Albeit rehabilitation is currently considered an effective non-
pharmacological treatment to improve HR-QoL of BC women
(Harris et al., 2012; Invernizzi et al., 2020b; Invernizzi et al.,
2020c¢), evidence supporting precise monitoring of biological
effects of rehabilitation interventions is lacking. Moreover, to
the best of our knowledge, no previous systematic reviews
summarized the currently available molecular biomarkers to
the effects of different

interventions in BC survivors.

assess biological rehabilitative
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The aim of this systematic review of randomized controlled
trials (RCTs) was to provide a broad overview of potential
that

researchers to perform a more precise monitoring of

molecular biomarkers might guide clinicians and

biological effects of rehabilitation for BC women.

2 Methods
2.1 Registration

This systematic review of RCTs has been planned and
performed following the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) statement (Page et al.,, 2021).
On 9th March 2022, a preliminary search of the PROSPERO register
(https://www.crd.york.ac.uk/prospero) has been performed to assess
systematic reviews or meta-analyses on the same topic without
finding similar reviews already registered.

Therefore, the study protocol has been submitted to
PROSPERO and accepted on 25 April 2022 (registration
number CRD42022319908, available at https://www.crd.york.
ac.uk/prospero/display_record.php?RecordID=319908).

2.2 Search strategy

Five databases on medical sciences and physical and
rehabilitation medicine were systematically searched on 10th
March 2022, without publication date restrictions. The databases
are PubMed/Medline, Scopus, Cochrane Central Register of
Controlled Trials (CENTRAL), Physiotherapy Evidence
Database (PEDro), and Web of Science (WoS).
investigators independently searched the databases. The search

Two

strategy is reported in detail in Supplementary Table SI.

2.3 Selection criteria

We considered as eligible the studies satisfying the following
PICO model (Huang et al.,, 2006) criteria:

(1) P) Participants: adult women (aged 18 years and older)
surgically treated for non-metastatic breast cancer.

Intervention: rehabilitation treatment as exclusive

2

intervention administered during or after cancer

treatments. Rehabilitation treatment administered before
cancer treatment has not been considered.
(3) C) Comparator: any comparator including pharmacological,
non-pharmacological, or no treatment.
(4) O) Outcome: molecular biomarkers modifications assessed
with blood samples or tissue biopsy. More in detail, it has
been considered that molecular biomarkers assessing
effects in terms of

rehabilitation bioenergetic
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metabolism, immune system modulation, inflammation,
and cardiovascular system.

Moreover, we considered for eligibility only the RCTs
The
exclusion criteria are as follows: 1) studies involving animals;

published in international peer-reviewed journals.
2) language other than English; 3) pregnancy or clinical

instability; 4) conference abstracts, masters, or doctorate theses.

2.4 Study screening and eligibility
assessment

After duplication removal, two investigators independently
reviewed the title and abstracts of retrieved articles to choose
relevant articles. Any discordance was resolved by collegial
discussion. If consensus was not achieved, a third reviewer
was asked. All the reports that met the inclusion and
exclusion criteria were screened in full text.

The full-text articles were screened by the same investigators
and the records that met the eligibility criteria were included in
the data extraction. Any disagreements between the two
investigators were discussed with a third reviewer to reach a
consensus.

2.5 Data extraction and synthesis

All data were assessed and extracted independently from full-
text documents into Excel by two authors. Any disagreement
between the two reviewers was solved by collegial discussion
among the authors. In case of disagreement, a third author was
asked.

The following data are extracted: 1) title, 2) authors, 3)
publication year, 4) nationality, 5) participants’ characteristics
(number, mean age and age range, and BMI), 6) tumor
(type of
rehabilitative treatment, number of sessions, intensity, and

characteristics, 7) interventions’ characteristics
duration of intervention), 8) comparator, 9) outcomes, and
10) main findings.

All the data extracted are summarized in tables. Subgroup
analysis will be performed based on rehabilitative intervention

administered and based on biomarkers assessed.

2.6 Quality assessment and risk of bias

The quality of the studies included was assessed
independently by two of the authors, in accordance with the
Jadad scale (Jadad et al., 1996). In case of discordances, it was
solved by discussion between the authors or by asking a third
reviewer. The items assessed are as follows: 1) random sequence

generation, 2) appropriate randomization, 3) blinding of
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FIGURE 1
PRISMA 2020 flow chart.

participants or personnel, 4) blinding of outcome assessors, and
5) withdrawals and dropouts. A Jadad score between 3 and
5 points was considered high quality.

The Cochrane risk-of-bias tool for randomized trials
(RoBv.2) (Sterne et al.,, 2019) was used for risk of bias assessment.
The domains assessed by RoBv.2 are: 1) random sequence
generation, 2) allocation concealment, 3) blinding of participants
and personnel, 4) blinding of outcome assessment, 5) incomplete
outcome data, 6) selective outcome reporting, and 7) other bias.
According to these items, bias was classified as low, high, or unclear.

3 Results
3.1 Study characteristics

Through our search strategy, 2,225 records were identified
from the five databases, while two studies have been identified

Frontiers in Molecular Biosciences

from other sources. Figure 1 shows the PRISMA 2020 flow
diagram of the search process in detail. After duplication
removal, 1,910 studies were assessed for eligibility and
screened for the title and abstract. After the exclusion of
1,838 records, 72 full-text records were assessed for eligibility.
Forty-eight articles were excluded for inconsistency with the
eligibility criteria (13 were not RCT, two were protocol studies,
four did not include BC patients, two did not assess a
homogeneous sample of BC patients, two did not specify the
cancer stage, 11 included other interventions, four did not
perform any rehabilitative treatment, nine did not evaluate
biomarkers, and one performed pre-operative treatment). The
studies assessed in full text and the reasons for exclusions are
presented in detail in Figure 1 and Supplementary Table S2. As a
result, 24 studies were included in the present work (Fairey et al.,
2003; Schmitz et al., 2005; Ligibel et al., 2008; Irwin et al., 2009;
Dolan et al., 2010; Janelsins et al., 2011; Sprod et al., 2012; Guinan
et al.,, 2013; Jones et al., 2013; Lahart et al., 2016; Kim et al., 2017;
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Dieli-Conwright et al., 2018a; Dieli-Conwright et al., 2018b; de
Paulo et al, 2018; Kirkham et al., 2018; Mijwel et al., 2018;
Alizadeh et al., 2019; Hartman et al., 2019; Lee et al., 2019; Lee
et al., 2020a; Chang et al., 2020; Pagola et al., 2020; Ansund et al.,
2021; Hiensch et al., 2021).

3.2 Study characteristics

The RCTs included were published between 2003 (Fairey
et al., 2003) and 2021 (Ansund et al., 2021). The nationalities of
the studies included in this review are as follows: 11 studies
(45.8%) were conducted in the United States (Schmitz et al., 2005;
Ligibel et al., 2008; Irwin et al., 2009; Janelsins et al., 2011; Sprod
etal., 2012; Jones et al., 2013; Dieli-Conwright et al., 2018a; Dieli-
Conwright et al., 2018b; Hartman et al., 2019; Lee et al., 2019; Lee
et al.,, 2020a), three (12.5%) were conducted in Canada (Fairey
et al., 2003; Dolan et al., 2010; Kirkham et al., 2018), one (4.1%)
was conducted in Brazil, five studies (20.8%) were European
(three conducted in Sweden (Ansund et al., 2021; Hiensch et al.,
2021), one in Ireland (Guinan et al, 2013), one in the
United Kingdom (Lahart et al, 2016), and one in Spain
(Pagola et al, 2020)), and three studies (12.5%) were Asian
(two conducted in South Korea (Kim et al, 2017; Chang
et al.,, 2020) and one in Iran (Alizadeh et al,, 2019)). All the
characteristics of the included studies are shown in detail in
Supplementary Table S3.

3.3 Study participants

In the present systematic review, 1,479 subjects were assessed
in the included studies, all females (100%). More in detail, 816 BC
patients were included in the intervention groups, while 654 BC
patients were included in the control groups. The ages of the
subjects ranged from 45.05 + 9.04 years (Guinan et al., 2013) to
66.6 + 9.6 years (de Paulo et al., 2018). The body composition was
assessed by BMI and it ranged from 22.7 + 2.6 kg/m* (Chang
et al., 2020) to 33.5 + 5.5 kg/m* (Lee et al., 2019). However, it
should be noted that one study (Lahart et al., 2016) reported the
number of patients per range of BMI (<25, 25-29.9, and >30 kg/
m?), while two studies (Guinan et al., 2013; Mijwel et al., 2018)
did not report the BMI of the study participants.

The stages of BC patients ranged from 0 (Irwin et al., 2009;
Janelsins et al., 2011; Sprod et al., 2012; Jones et al., 2013) to IIIB
(Fairey et al., 2003; Janelsins et al., 2011; Sprod et al., 2012), while
the cancer treatments received included surgical interventions,
chemotherapy, radiotherapy, and hormonal therapy (Fairey
et al, 2003; Schmitz et al, 2005; Ligibel et al., 2008; Irwin
et al., 2009; Dolan et al., 2010; Janelsins et al., 2011; Sprod
et al, 2012; Guinan et al, 2013; Jones et al, 2013; Lahart
et al., 2016; Kim et al., 2017; Dieli-Conwright et al., 2018a;
Dieli-Conwright et al., 2018b; de Paulo et al., 2018; Kirkham
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et al., 2018; Alizadeh et al., 2019; Hartman et al., 2019; Lee et al.,
2019; Chang et al., 2020; Pagola et al., 2020; Ansund et al., 2021;
Hiensch et al., 2021). Supplementary Table S3 shows further
details on the cancer stage and cancer treatments received in each
study included.

Control groups were composed of BC patients that
underwent active control, usual care, no intervention, or
psychosocial support therapy. In particular, 11 studies (Fairey
etal., 2003; Irwin et al., 2009; Dolan et al., 2010; Sprod et al., 2012;
Jones et al., 2013; Dieli-Conwright et al., 2018a; Dieli-Conwright
et al,, 2018b; Mijwel et al,, 2018; Alizadeh et al., 2019; Lee et al.,
2020a; Hiensch et al, 2021) assessed rehabilitation treatment
compared with usual care, nine studies did not report other
interventions (Schmitz et al., 2005; Ligibel et al., 2008; Guinan
et al., 2013; Lahart et al., 2016; Kim et al., 2017; Kirkham et al.,
2018; Hartman et al,, 2019; Lee et al,, 2019; Chang et al., 2020),
and one study assessed rehabilitation treatment compared with
psychosocial support therapy (Janelsins et al., 2011). Lastly, three
studies assessed an active control including physical exercises
according to 2010 guidelines of the American College of Sports
Medicine (Ansund et al, 2021), stretching and relaxation
program (de Paulo et al., 2018), and physical training with
lower intensity compared to the intervention group (Pagola
et al., 2020).

Control groups and the treatments received are characterized
in detail in Supplementary Table S3.

3.4 Rehabilitation approaches

Out of the 22 studies assessed, high heterogeneity of
rehabilitative treatments was proposed in the studies included.
High-intensity interval training (HIIT) was assessed in five
studies (Mijwel et al., 2018; Alizadeh et al., 2019; Lee et al,
2020a; Ansund et al,, 2021; Hiensch et al., 2021), exploring the
effects of different training protocols. The study from Alizadeh
et al. (2019) assessed a HIIT protocol on a motorized treadmill,
while Lee et al. (2020a) assessed a HIIT protocol on a stationary
bicycle.

Interestingly, Mijwel et al. (2018), Ansund et al. (2021), and
Hiensch et al. (2021) assessed the effects of HIIT combined with
resistance exercise training (RET) or aerobic exercise
training (AET).

In contrast, AET alone was assessed in six studies (Fairey
et al., 2003; Irwin et al., 2009; Guinan et al., 2013; Jones et al.,
2013; Kirkham et al., 2018; Hartman et al., 2019), while RET was
assessed in one study (Schmitz et al., 2005). Interestingly, Dolan
etal. (2010) assessed the effects of RET and AET in two different
arms of treatment, compared to usual care.

On the other hand, combined exercise training (CET) is the
most studied training modality, with eight studies assessing
different CET programs (Ligibel et al., 2008; Kim et al.,, 2017;

Dieli-Conwright et al., 2018a; Dieli-Conwright et al., 2018b; de

frontiersin.org


https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.930361

Invernizzi et al.

Paulo et al., 2018; Lee et al., 2019; Chang et al., 2020; Pagola et al.,
2020). Lastly, Sprod et al. (2012) and Janelsins et al. (2011)
assessed a Tai Chi Chuan exercise intervention. Just one study
did not report exercise modality (Lahart et al., 2016).

Interestingly, the rehabilitative treatments were supervised in
23 studies. On the other hand, five studies (Ligibel et al., 2008;
Irwin et al.,, 2009; Guinan et al., 2013; Jones et al., 2013; Hiensch
et al,, 2021) assessed also a home-based intervention and one
study (Schmitz et al., 2005) a non-supervised phase. Lastly, the
RCT by Lahart et al. (2016)
rehabilitation only.

assessed home-based

The exercise protocols were assessed after chemotherapy
and/or radiotherapy treatments in the majority of the studies
included (n = 18). Supplementary Table S3 shows in detail the
interventions’ characteristics of the rehabilitation treatments
assessed in the present review.

3.5 Biomarker
modifications—Inflammation biomarkers

Our systematic review included 12 RCTs (Janelsins et al,
2011; Sprod et al., 2012; Guinan et al., 2013; Jones et al., 2013;
Kim et al., 2017; Dieli-Conwright et al., 2018a; Dieli-Conwright
et al., 2018b; de Paulo et al., 2018; Alizadeh et al., 2019; Hartman
et al., 2019; Pagola et al., 2020; Hiensch et al., 2021) assessing
inflammation biomarkers that might have a role in monitoring
the biological effect of rehabilitation. More in detail, the following
biomarkers were assessed in blood samples:

- C-reactive protein (CRP) is one of the most studied
biomarkers in BC patients receiving physical activity
intervention. In particular, seven studies (Dolan et al,
2010; Guinan et al., 2013; Jones et al., 2013; Kim et al.,,
2017; Dieli-Conwright et al., 2018a; Dieli-Conwright et al.,
2018b; Hartman et al., 2019) assessed CRP changes after
rehabilitation; however, only three RCTs (Dolan et al,
2010; Dieli-Conwright et al, 2018a; Dieli-Conwright
et al, 2018b) reported significant changes (p < 0.05)
after treatment. Interestingly, all the studies reporting

of CRP blood level

modifications assessed the effects of a CET protocol.

significant results in terms
Interleukin (IL)-6 was assessed in seven studies (Janelsins
et al,, 2011; Sprod et al., 2012; Jones et al., 2013; Dieli-
Conwright et al., 2018a; Dieli-Conwright et al., 2018b;
Alizadeh et al, 2019; Hiensch et al, 2021), while
significant improvement (p < 0.05) were reported in four
RCTs (Dieli-Conwright et al., 2018a; Dieli-Conwright et al.,
2018b; Alizadeh et al., 2019; Hiensch et al, 2021).
Significant results in IL-6 blood levels were reported
after HIIT (Alizadeh et al., 2019; Hiensch et al., 2021) or
CET interventions (Dieli-Conwright et al., 2018a; Dieli-
Conwright et al., 2018b).
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Leptin was assessed in three studies reporting significant
improvement (p < 0.05) after the exercise intervention
(Kim et al, 2017; Dieli-Conwright et al., 2018a; Dieli-
Conwright et al., 2018b). Interestingly, all the studies
considered assessed CET protocols (Kim et al, 2017;
Dieli-Conwright et al., 2018a; Dieli-Conwright et al.,
2018b).

Tumor necrosis factor (TNF)-a was assessed in three
studies (Jones et al., 2013; Dieli-Conwright et al., 2018a;
Alizadeh et al., 2019), while two studies (Dieli-Conwright
et al., 2018a; Alizadeh et al., 2019) underlined significant
reduction (p < 0.05) after HIIT (Alizadeh et al., 2019) or
after CET interventions (Dieli-Conwright et al., 2018a).
Adiponectin was assessed in three RCTs (Kim et al., 2017;
Dieli-Conwright et al., 2018a; Dieli-Conwright et al.,
2018b), while two studies (Dieli-Conwright et al., 2018a;
Dieli-Conwright et al, 2018b) reported a significant
increase in adiponectin blood levels (p < 0.05) after CET.
IL-8 was assessed in two studies (Dieli-Conwright et al.,
2018a; Dieli-Conwright et al, 2018b), underlining a
significant reduction (p < 0.05) after two different CET
protocols.

IL-10 was assessed in two studies (Alizadeh et al., 2019;
Hiensch et al,, 2021), highlighting significant improvement
(p < 0.05) after HIIT on a treadmill (Alizadeh et al., 2019),
and after AET combined with HIIT (Hiensch et al., 2021).
Interferon (INF)-y was assessed in two studies (Janelsins et al,,
20115 Alizadeh et al., 2019); however, no significant results in
terms of interferon (INF)-y blood levels were reported.
C-X-C motif chemokine (CXCL) 9 was assessed in one
study (Hiensch et al., 2021), which showed a significant
increase (p < 0.05) after HIIT combined with AET or RET.
CD40-L was assessed in one study (Hiensch et al., 2021),
reporting a significant reduction (p < 0.05) after RET
combined with HIIT.

Epidermal growth factor (EGF) was assessed in one study
(Hiensch et al., 2021) underlining significant changes (p <
0.05) after RET combined with HIIT.

CASP-8 was assessed in one study (Hiensch et al., 2021),
which showed a significant reduction (p < 0.05) after RET
combined with HIIT.

Fas antigen ligand (FasL) was assessed in one study
(Hiensch et al, 2021), which showed a significant
increase (p < 0.05) after AET combined with HIIT.
IL-1p was assessed in one study (Alizadeh et al., 2019),
without reporting significant improvement after HIIT on a
treadmill.

IL-2 was assessed in one RCT (Janelsins et al, 2011);
however, no significant differences were reported after a
Tai Chi Chuan exercise protocol.

IL-4 was assessed in one study (Alizadeh et al., 2019), which
showed significant improvement (p < 0.05) after HIIT on a
treadmill.
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FIGURE 2
Figure shows the significant effects of the different training modality in molecular biomarkers modifications.

- IL-6/IL-10 ratio was assessed in one study (Alizadeh et al., - Cortisol was assessed in one study (Sprod et al., 2012);
2019), which showed significant improvement (p < 0.05) however, no significant results were reported after the
after HIIT on a treadmill. exercise intervention.

- Neutrophil-to-lymphocyte ratio was assessed in one study - Heat shock protein (HSP) 70 was assessed in one study
(Pagola et al., 2020), which showed a significant decrease (Alizadeh et al, 2019), which showed significant
after high-intensity training (p < 0.05). improvement (p < 0.05) after HIIT.
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- Decorin (DCN), CCL17, ICOS ligand (ICOSLG), MHC
class I polypeptide-related sequence A/B (MIC A/B),
macrophage colony-stimulating factor (CSF)-1, TNF-
related apoptosis-inducing ligand (TRAIL) were assessed
only in the RCT by Hiensch et al. (2021); however, no
significant results were reported after a HIIT protocol
combined with RET or AET.

One study (Dieli-Conwright et al, 2018b) assessed the
following inflammation biomarkers in adipose tissue biopsy:

- M1 pro-inflammatory (macrophage subtype), M2 anti-
inflammatory (macrophage subtype), and adiponectin
(cytokine secretions in adipose tissue) showed significant
changes (p < 0.05) after a CET protocol (Dieli-Conwright
et al., 2018b).

- IL-12 p40 and IL-12 p70 (cytokine secretions in adipose
tissue) did not report significant changes (Dieli-Conwright
et al., 2018b).

inflammation biomarkers that

Figure 2 underlines

significantly change after rehabilitation intervention.

3.6 Biomarker modifications—Metabolism
biomarkers

Out of 24 studies, 16 studies (Fairey et al., 2003; Schmitz et al.,
2005; Ligibel et al., 2008; Irwin et al., 2009; Janelsins et al., 2011;
Sprod et al,, 2012; Guinan et al., 2013; Lahart et al., 2016; Kim
et al., 2017; Dieli-Conwright et al., 2018a; Dieli-Conwright et al.,
2018b; de Paulo et al., 2018; Mijwel et al., 2018; Hartman et al.,
2019; Lee et al., 2019; Chang et al., 2020) assessed the effects of
rehabilitation
biomarkers were assessed in blood samples:

in metabolism biomarkers. The following

- Fasting insulin was the most studied metabolism
biomarker, and it was assessed in 12 RCTs (Fairey et al,
2003; Schmitz et al., 2005; Ligibel et al., 2008; Irwin et al.,
2009; Janelsins et al., 2011; Sprod et al., 2012; Guinan et al.,
2013; Lahart et al,, 2016; Kim et al., 2017; Dieli-Conwright
et al.,, 2018a; Dieli-Conwright et al., 2018b; Chang et al.,
2020). Interestingly, five studies (Ligibel et al., 2008; Kim
et al,, 2017; Dieli-Conwright et al., 2018a; Dieli-Conwright
et al., 2018b; Chang et al, 2020) reported a significant
decrease (p < 0.05) in fasting insulin blood levels after
different CET interventions.

- Fasting glucose blood levels were assessed in 10 studies
(Fairey et al., 2003; Schmitz et al., 2005; Ligibel et al., 2008;
Sprod et al., 2012; Guinan et al., 2013; Lahart et al., 2016;
Dieli-Conwright et al., 2018a; Dieli-Conwright et al., 2018b;
de Paulo et al.,, 2018; Chang et al., 2020). On the other hand,

only two RCTs (Dieli-Conwright et al., 2018a; Dieli-
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Conwright et al., 2018b) reported a significant decrease
(p < 0.05) after the exercise intervention, consisting of two
different CET protocols.

Insulin resistance was assessed in nine RCTs (Fairey et al.,
2003; Schmitz et al., 2005; Ligibel et al., 2008; Guinan et al.,
2013; Lahart et al, 2016; Dieli-Conwright et al., 2018a;
Dieli-Conwright et al., 2018b; Hartman et al., 2019; Chang
et al,, 2020) through the homeostatic model assessment
index—insulin resistance (HOMA-IR, HOMA1-IR, and
HOMAZ2-IR); four studies (Ligibel et al, 2008; Dieli-
Conwright et al., 2018a; Dieli-Conwright et al., 2018b;
Chang et al, 2020) found a significant improvement
(p < 0.05) after CET intervention;

Glycosylated hemoglobin (HbAlc) was assessed in two
studies (Guinan et al, 2013; Dieli-Conwright et al.,
2018b), while significant results (p < 0.05) were found in
the RCT's by Dieli-Conwright et al. (2018b) after CET.
Total cholesterol was assessed in six studies (Guinan et al.,
2013; Lahart et al.,, 2016; Dieli-Conwright et al., 2018a;
Dieli-Conwright et al., 2018b; de Paulo et al., 2018; Chang
etal, 2020), reporting significant changes (p < 0.05) in four
RCTs after CET (Dieli-Conwright et al., 2018a; Dieli-
Conwright et al., 2018b; Chang et al., 2020) or AET
(Lahart et al., 2016) protocols.

High density lipoprotein (HDL) was assessed in six studies
(Guinan et al., 2013; Lahart et al., 2016; Dieli-Conwright
et al,, 2018a; Dieli-Conwright et al., 2018b; de Paulo et al.,
2018; Lee et al., 2019), while three RCTs (Dieli-Conwright
et al., 2018a; Dieli-Conwright et al., 2018b; Lee et al., 2019)
underlined increases (p < 0.05) after CET protocols.

Low density lipoprotein (LDL) was assessed in six studies
(Guinan et al., 2013; Lahart et al., 2016; Dieli-Conwright
et al., 2018b; de Paulo et al,, 2018; Lee et al., 2019; Chang
etal., 2020), with a significant decrease (p < 0.05) after three
CET protocols (Dieli-Conwright et al., 2018b; Lee et al,
2019; Chang et al., 2020) or one AET protocol (Lahart et al.,
2016).

Triglycerides were assessed in six studies (Guinan et al.,
2013; Lahart et al.,, 2016; Dieli-Conwright et al., 2018a;
Dieli-Conwright et al., 2018b; de Paulo et al.,, 2018; Chang
et al., 2020), only two RCTs (Dieli-Conwright et al., 2018a;
Dieli-Conwright et al, 2018b) reported a significant
decrease (p < 0.05) after the intervention consisting of CET.
Total cholesterol/HDL ratio was assessed in one study
(Guinan et al., 2013), without reporting significant results.
Insulin growth factor (IGF)-I was assessed in five studies
(Schmitz et al., 2005; Irwin et al., 2009; Janelsins et al., 2011;
Sprod et al.,, 2012; Dieli-Conwright et al., 2018a), showing
significant results (p < 0.05) in two studies. More in detail,
one RCT reported a significant reduction (p < 0.05) in IGF-
I after CET (Dieli-Conwright et al., 2018a), while one RCT
reported a significant reduction (p < 0.05) after AET (Irwin
et al., 2009).
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- IGF-II was assessed in two studies (Fairey et al, 2003;
Schmitz et al., 2005); however, just one study (Schmitz
et al., 2005) reported a significant reduction (p < 0.05) in
IGF-II blood levels after RET.

Insulin growth factor binding protein (IGFBP)-1 was

assessed in four studies (Fairey et al, 2003; Schmitz

et al., 2005; Janelsins et al., 2011; Sprod et al.,, 2012);

however, all the studies assessed failed to demonstrate

significant effects of physical exercise on IGFBP-1.

IGFBP-2 was assessed in one study (Schmitz et al., 2005),

without reporting significant effects.

- IGFBP-3 was assessed in six studies (Fairey et al., 2003;
Schmitz et al., 2005; Irwin et al., 2009; Janelsins et al., 2011;
Sprod et al, 2012; Dieli-Conwright et al, 2018a).
Interestingly, three RCTs found a significant increase
(p < 0.05) after CET (Dieli-Conwright et al., 2018a),
AET (Fairey et al, 2003), or RET (Schmitz et al., 2005)
protocols. In contrast, one study (Irwin et al, 2009)
reported a significant decrease (p < 0.05) after AET
intervention.

- IGF-I/IGFBP-3 molar ratio was assessed in one study
(Fairey et al.,, 2003), which showed a significant decrease
(p < 0.05) after AET intervention.

- Sex hormone-binding globulin (SHBG) was assessed in

one study (Dieli-Conwright et al, 2018a), reporting a

significant increase (p < 0.05) after CET intervention.

Estradiol was assessed in one RCT (Dieli-Conwright et al.,

2018a), which showed significant changes (p < 0.05) after

CET intervention.

Free testosterone was assessed in one study (Dieli-

Conwright et al, 2018a), underlining significant

differences between groups after CET (p < 0.05).

One study (Mijwel et al, 2018) assessed the following

metabolism biomarkers in tissue biopsy:

- CS activity showed a significant decrease in CG (p <
0.05). Moreover, significant differences between
groups were reported in both the AET-HIIT group
(p =0.005) and RET-HIIT group (p = 0.027) compared
to CG.

Oxphos complex showed significant changes in the AT-
HIIT group in terms of complex IV (p = 0.04). Moreover,
significant differences were reported between the AT-HIIT
group and CG in complex I (p = 0.003), complex II (p =
0.007), and complex IV (p = 0.004), while significant
differences were found between AT-HIIT and RT-HIIT
in complex I (p = 0.011), complex II (p = 0.005), and
complex IV (p = 0.002).

MHC isoforms showed a significant decrease in MHC
isoform type I in CG (p = 0.006). There were significant
differences in MHC isoform type I between RT-HIIT and
CG (p = 0.016).
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- PINK1 showed significant within-group differences in CG
(p = 0.031). Moreover, there were significant differences in
PINK1 between AT-HIIT and CG (p = 0.012).

- SOD2 showed significant changes in CG (p = 0.005). No
significant changes were reported in both AET-HIIT and
RET-HIIT groups.

Metabolic biomarkers showing significant changes after
rehabilitation intervention are summarized in Figure 2.

3.7 Biomarker modification—Cardiac
biomarkers

Few studies assessed cardiac biomarkers in BC patients
undergoing chemotherapy. More in detail, four RCTs (Dolan
et al., 2010; Kirkham et al., 2018; Lee et al., 2020a; Ansund et al.,
2021) assessed the following biomarkers in blood samples:

- Cardiac troponin T (cTnT) was assessed in two studies
(Kirkham et al.,, 2018; Ansund et al., 2021); however, no
significant differences were reported in terms of ¢InT in
patients undergoing a rehabilitation intervention.

- N-terminal prohormone of the brain natriuretic peptide
(Nt-pro-BNP) was assessed in two RCTs (Kirkham et al.,
2018; Ansund et al, 2021). Interestingly, significant
differences between the groups (p < 0.05) were reported
at 1-year follow-up when the mean level of Nt-pro-BNP
was significantly higher in the control group than that in
the intervention groups (p = 0.036) (Ansund et al., 2021).

- Hemoglobin (Hb) was assessed in two studies (Dolan et al,
2010; Kirkham et al., 2018) without reporting significant
differences between groups after the exercise intervention.

- Matrix metalloproteinases (MMP) 1 was assessed in one
study (Lee et al., 2020a). No significant differences were
reported in both within-group analysis and between-group
analysis.

- MMP-2 was assessed in one study (Lee et al, 2020a).
Significant changes were reported in both the
intervention group (p = 0.007) and control group (p =
0.003), without reporting significant differences between
groups.

- MMP-7 was assessed in one study (Lee et al,, 2020a). No
significant changes were reported in both groups.
Moreover, no significant differences were found between
groups.

- MMP-9 was assessed in one RCT (Lee et al, 2020a).
Significant differences were reported in the intervention
group after a HIIT protocol (p = 0.01). However, no
significant differences between groups were found.

- MMP-10 was assessed in one study (Lee et al., 2020a). No
significant differences were reported in both within-group
analysis and between-group analysis.
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TABLE 1 Quality assessment of the studies included in the present systematic review.

Article

Alizadeh et al.
(2019)

Ansund et al.
(2021)

Chang et al. (2020)

de Paulo et al.
(2018)

Dieli-Conwright
et al., 2018

Dieli-Conwright
et al., 2018 bis

Dolan et al. (2010)
Fairey et al. (2003)

Guinan et al.
(2013)

Hartman et al.
(2019)

Hiensch et al.
(2021)

Irwin et al. (2009)

Janelsins et al.
(2011)

Jones et al. (2013)
Kim et al. (2017)

Kirkham et al.,
2017

Lahart et al. (2016)
Lee et al. (2019)
Lee et al. (2020b)
Ligibel et al. (2008)
Mijwel et al. (2018)
Pagola et al. (2020)

Schmitz et al.
(2005)

Sprod et al. (2012)

Domain

Random sequence
generation

1

Appropriate
randomization

Blinding of
participant or
personnel

o © ©o o o o o©

Blinding of
outcome assessor

10.3389/fmolb.2022.930361

Withdrawal and
dropout

Score

S N N R C

Points are awarded as follows: study described as randomized, 1 point; appropriate randomization, 1 point; subjects blinded to intervention, 1 point; evaluator blinded to intervention,
1 point; description of withdrawals and dropouts, 1 point.

- Tissue inhibitor of matrix metalloproteinases (TIMP) 1 was

assessed in one study (Lee et al, 2020a). There were no

significant differences after a HIIT treatment in both groups.
- TIMP-2 was assessed in one RCT (Lee et al., 2020a). No
significant changes were reported in both groups.
Moreover, no significant differences were found between

groups.

Significant modifications in cardiac biomarkers after

rehabilitation intervention are shown in Figure 2.
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3.8.1 Quality assessment and risk of bias
According to the Jadad scale (Jadad et al., 1996), studies with
a score from 3 to 5 were considered of high quality, while a lower

3.8 Quality assessment and risk of bias

score was considered of low quality. Twenty-one (87.5%) of the

RCTs included (Fairey et al., 2003; Schmitz et al., 2005; Ligibel et al.,
2008; Irwin et al.,, 2009; Janelsins et al., 2011; Sprod et al., 2012;

Guinan et al., 2013; Jones et al., 2013; Lahart et al., 2016; Kim et al.,

2017; Dieli-Conwright et al., 2018a; Dieli-Conwright et al., 2018b;

10
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Kirkham et al., 2018; Mijwel et al., 2018; Alizadeh et al., 2019; Lee
et al,, 2019; Lee et al., 2020b; Chang et al., 2020; Pagola et al., 2020;
Ansund et al, 2021; Hiensch et al,, 2021) resulted in high-quality
studies. Lower quality was found in three (12.5%) of the studies
(Dolan et al., 2010; de Paulo et al., 2018; Hartman et al.,, 2019). It
should be noted that due to the intrinsic nature of the rehabilitative
intervention, it is impossible to blind operators and participants,
which resulted in all studies (n = 24, 100%) (Fairey et al., 2003;
Schmitz et al., 2005; Ligibel et al., 2008; Irwin et al., 2009; Dolan et al.,
2010; Janelsins et al., 2011; Sprod et al., 2012; Guinan et al., 2013;
Jones et al, 2013; Lahart et al, 2016; Kim et al, 2017; Dieli-
Conwright et al,, 2018a; Dieli-Conwright et al., 2018b; de Paulo
et al,, 2018; Kirkham et al., 2018; Mijwel et al.,, 2018; Alizadeh et al.,
2019; Hartman et al., 2019; Lee et al., 2019; Lee et al., 2020b; Chang
et al,, 2020; Pagola et al., 2020; Ansund et al., 2021; Hiensch et al.,
2021) scoring 0 to the related item; thus, if we adjust the score
according to this limitation, all studies might be considered of high
quality. Table 1 shows, in detail, the score of each sub-item of the
Jadad scale for the RCTs included.

The risk of bias was assessed by RoBv.2 (Sterne et al., 2019). The
process showed that all studies (n = 24, 100%) (Fairey et al., 2003;
Schmitz et al., 2005; Ligibel et al., 2008; Irwin et al., 2009; Dolan et al.,
2010; Janelsins et al., 2011; Sprod et al., 2012; Guinan et al., 2013;
Jones et al, 2013; Lahart et al, 2016; Kim et al, 2017; Dieli-
Conwright et al, 2018a; Dieli-Conwright et al., 2018b; de Paulo
et al., 2018; Kirkham et al., 2018; Mijwel et al., 2018; Alizadeh et al.,
2019; Hartman et al,, 2019; Lee et al,, 2019; Lee et al., 2020b; Chang
et al., 2020; Pagola et al., 2020; Ansund et al., 2021; Hiensch et al.,
2021) ensured low risk of bias for the randomization process,
missing outcome data, measurement of the outcome, and
selection of the reported result. The major concerns were
regarding possible deviations from the intended interventions;
this was mainly due to the lack of an appropriate analysis
estimating the effect of assignment to intervention. In particular,
12 studies (50%) (Dolan et al., 2010; Janelsins et al., 2011; Kim et al.,
2017; Dieli-Conwright et al., 2018a; Dieli-Conwright et al., 2018b;
Kirkham et al., 2018; Mijwel et al., 2018; Alizadeh et al., 2019; Lee
et al., 2020b; Chang et al., 2020; Pagola et al., 2020; Hiensch et al.,
2021) showed some concerns in the second domain because it was
not mentioned in the implementation of the intention-to-treat
analysis; this evaluation leads to an overall presence of concerns
regarding the risk of bias of the studies. One study (4.2%) (Ansund
etal, 2021) showed the high risk of bias due to the utilization of per-
protocol analysis, which might increase the risk of bias, resulting in
an overall high concern score. Further details are shown in Figure 3.

4 Discussion

Rehabilitation is an important treatment approach for the
long-term management of BC survivors, with growing evidence
supporting its effectiveness in improving physical function,
psychosocial well-being, and HR-QoL in these women
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(Invernizzi et al, 2020c). Although exercise-induced benefits
in cancer patients are widely documented, to date, evidence
the biological
therapeutic effects of physical exercise is lacking. On the other

about molecular biomarkers to monitor
hand, recent research emphasized the need to integrate
innovative approaches supported by specific biomarkers in
cancer treatments (Invernizzi et al., 2020d; Fusco et al., 2020),
and rehabilitation in BC survivors should not be overlooked.

In light of these considerations, this systematic review of
RCTs provided a broad overview of currently available
biomarkers that might be influenced by physical exercise,
characterizing the exercise modalities and summarizing the
evidence supporting biomarker implementation in the clinical
setting in order to guide physicians in a precise prescription of
individualized rehabilitation plans.

Interestingly, our data showed that physical exercise
significantly ~decreased pro-inflammatory biomarkers in
12 studies (Janelsins et al., 2011; Sprod et al.,, 2012; Guinan
et al,, 2013; Jones et al., 2013; Kim et al., 2017; Dieli-Conwright
et al,, 2018a; Dieli-Conwright et al., 2018b; de Paulo et al., 2018;
Alizadeh et al., 2019; Hartman et al., 2019; Pagola et al., 2020;
Hiensch et al., 2021). In contrast, several reports failed to
underline the significant effects of specific inflammation
biomarkers (Fairey et al., 2003; Schmitz et al., 2005; Ligibel
et al., 2008; Irwin et al., 2009; Dolan et al., 2010; Lahart et al.,
2016; Kirkham et al,, 2018; Lee et al., 2019; Chang et al., 2020;
Ansund et al., 2021). These conflicting data suggested that the
positive effects in terms of exercise-induced immune regulation
might be strictly related to exercise characteristics.

In accordance with our data, the previous systematic review
by Abbasi et al. (2022) reported a significant reduction in CRP
levels following the physical exercise in BC survivors; however,
the authors failed to find significant changes in other relevant
inflammation biomarkers, including TNF-a, IL-6, IL-8, IL-10,
INF-y, and IL-1P. However, the authors performed a quantitative
data
modalities. Moreover, the authors did not exclude patients
with with

implications in terms of inflammatory states, exercise load

synthesis without characterizing different exercise

advanced or metastatic cancers, significant
tolerability, and physical exercise response (Abbasi et al., 2022).

Interestingly, our findings underlined significant effects in
the studies assessing CET (Dolan et al., 2010; Kim et al., 2017;
Dieli-Conwright et al., 2018a; Dieli-Conwright et al., 2018b) or
HIIT protocols (Alizadeh et al.,, 2019; Hiensch et al., 2021). To the
best of our knowledge, this is the first systematic review
underlining biomarker modifications induced by different
exercise modalities in BC survivors, in contrast with the
current trend that considered physical exercises as unicum.
On the other hand, our data showed several differences
between different physical exercise programs, suggesting the
need to better characterize exercise modalities in order to set
up the most effective exercise programs for cancer patients.
Moreover, it should be noted that chronic inflammation has
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Figure 3. Risk of bias summary of the included studies.
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Risk of bias of the included studies according to the RoB2.
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been previously related to the oncogenesis process through both
genetic and epigenetic mechanisms (Trinchieri, 2012; Zitvogel
et al, 2017; Barabutis et al, 2018). Several inflammatory
mediators have been proposed to have a crucial role in
cellular growth and survival, or might directly or indirectly
activate oncogenic transcription factors, (including NF-kB and
STATS3), or oncogenes (including Ras and Myc) (Karin, 20065
Ancrile et al., 2007; Yu et al., 2007; Mantovani et al., 2008;
Grivennikov et al., 2009).

In this scenario, our data underlined significant effects of
physical exercise on specific inflammatory biomarkers,
highlighting that specific exercise modalities might have an
impact on both inflammation and immune response. These
data are intriguing in the context of the clinical management
of BC patients since the widely noted role of inflammation in
the complex process underpinning oncogenesis and cancer
growth promotion (Mahadevan and Zanetti, 2011; Koelwyn
et al., 2015). In addition, strong evidence supported the role
of physical exercise in increasing the overall survival of BC
patients, probably due to its effects on oxidative stress and
inflammation (Saarto et al., 2012; Winters-Stone et al., 2013;
Wennerberg et al., 2020; Delrieu et al., 2021; Vehmanen et al.,
20215 Longobucco et al., 2022). Therefore, these biomarker
modifications might be the basis for a more precise exercise
prescription aiming at reducing systemic inflammation in BC
survivors in order to reduce tumor growth or risk of
recurrence.

In recent years, an increasing amount of literature has
recently underlined that metabolism dysregulation and
bioenergetic cell capacity might have a role in all steps of
the oncogenesis process, including malignant transformation,
tumor progression, and response to cancer treatment
(Goodwin et al., 2002; Pasanisi et al.,, 2006; Gunter et al.,
2009; Wallace, 2012; Nelson et al., 2016; Vyas et al., 2016;
Kang et al., 2017; Porporato et al., 2018). Moreover, several
studies highlighted that high fasting insulin levels have been
associated with distant BC recurrence and mortality
(Goodwin et al., 2002; Pasanisi et al., 2006; Gunter et al.,
2009). Interestingly, our data underlined that physical exercise
intervention might significantly improve metabolism
biomarkers, leading to benefits in glycemic and insulin
profiles, lipid profile, and other anabolic biomarkers.

Our results are in accordance with the systematic review by
Kang et al. (2017) published in 2017, reporting that physical
exercise might reduce fasting insulin levels in breast cancer
the

significant effects in terms of other relevant metabolism

survivors. However, authors failed to demonstrate
biomarkers (Kang et al, 2017). However, in the past few
years, recent studies included in our review reported potential
effects of physical exercise on several biomarkers involved in the
oncogenesis process (Dieli-Conwright et al, 2018a; Dieli-
Conwright et al., 2018b; de Paulo et al., 2018; Hartman et al,,

2019; Lee et al, 2019; Chang et al., 2020). In this scenario,
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interventions altering these complex pathways involved in
bioenergetic capacity, anabolic processes, and cell homeostasis
might be promising targets for the future development of novel
anticancer therapies (Porporato et al, 2018). Thus, future
research might clarify the biological effects of physical exercise
in altering specific metabolic functions, focusing on the
multilevel with
environmental stressors that might crucially affect exercise’s

reciprocal  and interactions other

biological effects.
Unfortunately, the data reported in our systematic review

highlighted little evidence in the exercise-induced
bioregulation of cardiac biomarkers. Nevertheless, several
studies reported that cTnT might increase as a

physiological acute response to exercise (Shin and Cheong,
2019; Cirer-Sastre et al., 2021). Indeed, it has been proposed
that the acute release of cTnT might be related to a transient
and reversible change in membrane permeability of the
myocytes rather than irreversible damage due to myocytes’
necrosis (Middleton et al., 2008). On the other hand, the
studies considered did not report differences between groups
after the exercise intervention suggesting exercise during
cardiotoxic chemotherapy is not associated with increased
risks of myocardial damage. Surprisingly, Ansund et al. (2021)
reported potential long terms benefits in terms of Nt-pro-BNP
in breast cancer patients receiving RET combined with HIIT
compared to usual care, suggesting a protective -effect.
However, there is a large gap of knowledge in the current
literature, and further studies with longer follow ups are
warranted to clarify the role of exercise training and the
optimal modality for mitigating the cardiotoxic effects of
chemotherapy.

Taken together, our data underlined several biomarkers
involved in bioenergetic metabolism, immune system
modulation, and inflammation that might be affected by
physical exercise. In the era of precision medicine, an
innovative rehabilitation approach based on biomarker
modification might be considered in order to maximize
outcomes and to focus resources on specific rehabilitative
exercise interventions.

We are aware that this systematic review is not free from
study limitations. In particular, considering the heterogeneity of
the interventions and outcomes assessed, a meta-analysis has not
been performed, in accordance with the Cochrane Handbook for
Systematic Review of Intervention (Ver, 6.1, 2020) (Higgins JPT).
Moreover, the quality assessment might be affected by the lack of
blinding of participants or personnel due to the specific
characteristics of exercise rehabilitation that cannot be
blinded. However, this intrinsic limitation has been shown by
the Jadad scale.

However, to the best of our knowledge, this is the first
systematic review currently available that highlights the effects
of different exercise modalities in biomarkers modifications,

emphasizing the biological differences induced by specific
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exercise programs. These results might be a catalyst for future
research focusing on the precise prescription of individualized
rehabilitation ~ programs  promoting

specific  biological

modifications in BC women.

5 Conclusion

To date, rehabilitation has been suggested as an effective non-
pharmacological intervention to improve outcomes in BC
patients; however, in the era of precision medicine, the
optimal biomarkers to assess biological effects of physical
exercise are far from being fully understood.

Rehabilitation might have a crucial role not only in the
complex management of physical and psychological
impairment related to BC and its treatment, but also might
counteract the pathological pathways involved in malignant
transformation, tumor progression, and response to cancer
treatments.

Taken together, the findings of this systematic review showed
the importance of several inflammatory and metabolic
biomarkers to assess rehabilitation biological effects, paving
the way to the future concept of a precise prescription of
individualized rehabilitation plan that should be tailored to
patient’s characteristics.

Future research should focus on the reciprocal and multilevel
interactions between biomarkers, rehabilitation programs, and
environmental stressors to deeply understand the complex
mechanisms underpinning physical exercise macroscopical

effects in BC survivors.

Author contributions

Conceptualization, MI and NF; methodology, MI, LL, AS,
and NF; database searching, LL and AS; data screening, LL,

References

Abbasi, F., Pourjalali, H., do Nascimento, I. J. B., Zargarzadeh, N.,
Mousavi, S. M., Eslami, R., et al. (2022). The effects of exercise training
on inflammatory biomarkers in patients with breast cancer: A systematic
review and meta-analysis. Cytokine 149, 155712. d0i:10.1016/j.cyto.2021.
155712

Adams, L., Feike, J., Eckert, T., Gohner, W., Spérhase, U., Bitzer, E. M., et al.
(2019). Effectiveness of a motivational-volitional group intervention to
increase physical activity among breast cancer survivors compared to
standard medical rehabilitation-Study protocol of a prospective controlled
bi-centred interventional trial. Eur. J. Cancer Care 28 (4), €13073. doi:10.1111/
ecc.13073

Alizadeh, A. M., Isanejad, A., Sadighi, S., Mardani, M., Kalaghchi, B., Hassan, Z. M.,
et al. (2019). High-intensity interval training can modulate the systemic inflammation
and HSP70 in the breast cancer: A randomized control trial. J. Cancer Res. Clin. Oncol.
145 (10), 2583-2593. doi:10.1007/500432-019-02996-y

Ancrile, B, Lim, K. H., and Counter, C. M. (2007). Oncogenic Ras-induced
secretion of IL6 is required for tumorigenesis. Genes Dev. 21 (14), 1714-1719.
doi:10.1101/gad.1549407

Frontiers in Molecular Biosciences

10.3389/fmolb.2022.930361

AF, and AS; data extraction, LL, AF, and A.S; data synthesis
and interpretation, LL, AS, and MI; manuscript drafting, MI
and LL; critical revision, AS and NF; visualization, AF, AT, LZ,
and AM; study supervision, MI and NF; study submission, MI.
All authors read and approved the final version of the
manuscript.

Acknowledgments

The authors would like to thank Dr. Stefano Moalli for the
graphical development of the Figures.

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.

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.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmolb.
2022.930361/full#supplementary-material

Ansund, J., Mijwel, S., Bolam, K. A., Altena, R., Wengstrom, Y., Rullman, E., et al.
(2021). High intensity exercise during breast cancer chemotherapy - effects on long-
term myocardial damage and physical capacity - data from the OptiTrain RCT.
Cardiooncology. 7 (1), 7. doi:10.1186/s40959-021-00091-1

Ballinger, T. J., Althouse, S. K., Olsen, T. P., Miller, K. D., and Sledge, J. S. (2021).
A personalized, dynamic physical activity intervention is feasible and improves
energetic capacity, energy expenditure, and quality of life in breast cancer survivors.
Front. Oncol. 11, 626180. doi:10.3389/fonc.2021.626180

Barabutis, N., Schally, A. V., and Siejka, A. (2018). P53, GHRH, inflammation and
cancer. EBioMedicine 37, 557-562. doi:10.1016/j.ebiom.2018.10.034

Bartlett, D. B, Hanson, E. D., Lee, J. T., Wagoner, C. W., Harrell, E. P., Sullivan, S.
A, et al. (2021). The effects of 16 Weeks of exercise training on Neutrophil
functions in breast cancer survivors. Front. Immunol. 12, 733101. doi:10.3389/
fimmu.2021.733101

Carretti, G., Mirandola, D., Maestrini, F., Sequi, L., Germano, S., Muraca, M. G,,
et al. (2022). Quality of life improvement in breast cancer survivors affected by
upper limb lymphedema through a novel multiperspective physical activity

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmolb.2022.930361/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmolb.2022.930361/full#supplementary-material
https://doi.org/10.1016/j.cyto.2021.155712
https://doi.org/10.1016/j.cyto.2021.155712
https://doi.org/10.1111/ecc.13073
https://doi.org/10.1111/ecc.13073
https://doi.org/10.1007/s00432-019-02996-y
https://doi.org/10.1101/gad.1549407
https://doi.org/10.1186/s40959-021-00091-1
https://doi.org/10.3389/fonc.2021.626180
https://doi.org/10.1016/j.ebiom.2018.10.034
https://doi.org/10.3389/fimmu.2021.733101
https://doi.org/10.3389/fimmu.2021.733101
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.930361

Invernizzi et al.

methodology: A monocentric pilot study. Breast Cancer 29 (3), 437-449. doi:10.
1007/s12282-021-01322-0

Chang, J. S, Kim, T. H., and Kong, I. D. (2020). Exercise intervention lowers aberrant
serum WISP-1 levels with insulin resistance in breast cancer survivors: A randomized
controlled trial. Sci. Rep. 10 (1), 10898. doi:10.1038/s41598-020-67794-w

Cirer-Sastre, R., Corbi, F., Lopez-Laval, I, Carranza-Garcia, L. E., and Reverter-
Masia, J. (2021). Exercise-induced release of cardiac troponins in adolescent vs.
Adult swimmers. Int. J. Environ. Res. Public Health 18 (3), 1285. doi:10.3390/
ijerph18031285

Criscitiello, C., Guerini-Rocco, E., Viale, G., Fumagalli, C,, Sajjadi, E., Venetis, K.,
et al. (2022). Immunotherapy in breast cancer patients: A focus on the use of the
currently available biomarkers in oncology. Anticancer. Agents Med. Chem. 22 (4),
787-800. doi:10.2174/1871520621666210706144112

D’Egidio, V., Sestili, C., Mancino, M., Sciarra, L., Cocchiara, R., Backhaus, I, et al.
(2017). Counseling interventions delivered in women with breast cancer to improve
health-related quality of life: A systematic review. Qual. Life Res. 26 (10),
2573-2592. doi:10.1007/s11136-017-1613-6

de Paulo, T. R. S., Winters-Stone, K. M., Viezel, J., Rossi, F. E., Simées, R. R.,
Tosello, G., et al. (2018). Effects of resistance plus aerobic training on body
composition and metabolic markers in older breast cancer survivors undergoing
aromatase inhibitor therapy. Exp. Gerontol. 111, 210-217. doi:10.1016/j.exger.2018.
07.022

de Sire, A., Fusco, N, Sajjadi, E., Lippi, L., Cisari, C., Invernizzi, M., et al. (2021a).
Lymphedema rehabilitation using self-adaptive inelastic compression in breast
cancer: A proof-of-principle study. Appl. Sci. 11 (4), 1901. doi:10.3390/
app11041901

de Sire, A, Lippi, L., Venetis, K., Morganti, S., Sajjadi, E., Curci, C,, et al. (2021b).
Efficacy of antiresorptive drugs on bone mineral density in post-menopausal
women with early breast cancer receiving adjuvant aromatase inhibitors: A
systematic review of randomized controlled trials. Front. Oncol. 11, 829875.
doi:10.3389/fonc.2021.829875

de Sire, A., Losco, L., Cisari, C., Gennari, A., Boldorini, R., Fusco, N., et al. (2020).
Axillary web syndrome in women after breast cancer surgery referred to an
oncological rehabilitation unit: Which are the main risk factors? A retrospective
case-control study. Eur. Rev. Med. Pharmacol. Sci. 24 (15), 8028-8035. doi:10.
26355/eurrev_202008_22486

Delrieu, L., Touillaud, M., Pérol, O., Morelle, M., Martin, A., Friedenreich, C. M., et al.
(2021). Impact of physical activity on oxidative stress markers in patients with metastatic
breast cancer. Oxid. Med. Cell. Longev. 2021, 6694594. doi:10.1155/2021/6694594

Dieli-Conwright, C. M., Courneya, K. S., Demark-Wahnefried, W., Sami, N., Lee,
K., Buchanan, T. A, et al. (2018a). Effects of aerobic and resistance exercise on
metabolic syndrome, sarcopenic obesity, and circulating biomarkers in overweight
or obese survivors of breast cancer: A randomized controlled trial. J. Clin. Oncol. 36
(9), 875-883. d0i:10.1200/jc0.2017.75.7526

Dieli-Conwright, C. M., Parmentier, J. H., Sami, N, Lee, K., Spicer, D., Mack, W.
J., etal. (2018b). Adipose tissue inflammation in breast cancer survivors: Effects of a
16-week combined aerobic and resistance exercise training intervention. Breast
Cancer Res. Treat. 168 (1), 147-157. d0i:10.1007/s10549-017-4576-y

Dolan, L. B., Gelmon, K., Courneya, K. S., Mackey, J. R,, Segal, R. ]., Lane, K., et al.
(2010). Hemoglobin and aerobic fitness changes with supervised exercise training in
breast cancer patients receiving chemotherapy. Cancer Epidemiol. Biomarkers Prev.
19 (11), 2826-2832. doi:10.1158/1055-9965.Epi-10-0521

Esteva, F. ], Hubbard-Lucey, V. M. Tang, J, and Pusztai, L. (2019).
Immunotherapy and targeted therapy combinations in metastatic breast cancer.
Lancet. Oncol. 20 (3), e175-e186. doi:10.1016/s1470-2045(19)30026-9

Fairey, A. S., Courneya, K. S,, Field, C. ], Bell, G. ., Jones, L. W., Mackey, J. R,,
et al. (2003). Effects of exercise training on fasting insulin, insulin resistance,
insulin-like growth factors, and insulin-like growth factor binding proteins in
postmenopausal breast cancer survivors: A randomized controlled trial. Cancer
Epidemiol. Biomarkers Prev. 12 (8), 721-727.

Fusco, N, Sajjadi, E., Venetis, K., Gaudioso, G., Lopez, G., Corti, C., et al. (2020).
PTEN alterations and their role in cancer management: Are we making headway on
precision medicine? Genes (Basel) 11 (7), E719. doi:10.3390/genes11070719

Gamble, P., Jaroensri, R., Wang, H., Tan, F., Moran, M., Brown, T, et al. (2021).
Determining breast cancer biomarker status and associated morphological
features using deep learning. Commun. Med. 1 (1), 14. doi:10.1038/543856-
021-00013-3

Goodwin, P. J., Ennis, M., Pritchard, K. I, Trudeau, M. E., Koo, J., Madarnas, Y.,
et al. (2002). Fasting insulin and outcome in early-stage breast cancer: Results of a
prospective cohort study. J. Clin. Oncol. 20 (1), 42-51. doi:10.1200/jc0.2002.20.1.42

Grivennikov, S., Karin, E., Terzic, J., Mucida, D., Yu, G. Y., Vallabhapurapu, S.,
etal. (2009). IL-6 and Stat3 are required for survival of intestinal epithelial cells and

Frontiers in Molecular Biosciences

15

10.3389/fmolb.2022.930361

development of colitis-associated cancer. Cancer Cell 15 (2), 103-113. doi:10.1016/j.
ccr.2009.01.001

Grizzi, G., Ghidini, M., Botticelli, A., Tomasello, G., Ghidini, A., Grossi, F., et al.
(2020). Strategies for increasing the effectiveness of aromatase inhibitors in locally
advanced breast cancer: An evidence-based review on current options. Cancer
Manag. Res. 12, 675-686. doi:10.2147/cmar.s202965

Guinan, E., Hussey, J., Broderick, J. M., Lithander, F. E., O’Donnell, D., Kennedy,
M. ], et al. (2013). The effect of aerobic exercise on metabolic and inflammatory
markers in breast cancer survivors-a pilot study. Support. Care Cancer 21 (7),
1983-1992. doi:10.1007/s00520-013-1743-5

Gunter, M. J., Hoover, D. R., Yu, H., Wassertheil-Smoller, S., Rohan, T. E.,
Manson, J. E,, et al. (2009). Insulin, insulin-like growth factor-I, and risk of breast
cancer in postmenopausal women. J. Natl. Cancer Inst. 101 (1), 48-60. doi:10.1093/
jnci/djn415

Harris, S. R,, Schmitz, K. H., Campbell, K. L., and McNeely, M. L. (2012). Clinical
practice guidelines for breast cancer rehabilitation: syntheses of guideline
recommendations and qualitative appraisals. Cancer 118 (8), 2312-2324. doi:10.
1002/cncr.27461

Hartman, S.J., Weiner, L. S., Nelson, S. H., Natarajan, L., Patterson, R. E., Palmer,
B. W,, et al. (2019). Mediators of a physical activity intervention on cognition in
breast cancer survivors: Evidence from a randomized controlled trial. JMIR Cancer
5(2), e13150. doi:10.2196/13150

Hiensch, A. E., Mijwel, S., Bargiela, D., Wengstrom, Y., May, A. M., Rundqvist, H.,
et al. (2021). Inflammation mediates exercise effects on fatigue in patients with
breast cancer. Med. Sci. Sports Exerc. 53 (3), 496-504. doi:10.1249/mss.
0000000000002490

Higgins JPT, T.]., Chandler, J., Cumpston, M., Li, T., Page, M. ]., and Welch, V. A.
(Editors) (2021). version 6.2 Cochrane Handbook for systematic reviews of
interventions (London, England: The Cochrane Collaboration). (updated
February 2021).

Huang, X,, Lin, J., and Demner-Fushman, D. (2006). Evaluation of PICO as a
knowledge representation for clinical questions. AMIA Annu. Symp. Proc. 2006,
359-363.

Invernizzi, M., Lopez, G., Michelotti, A., Venetis, K., Sajjadi, E., De Mattos-
Arruda, L., et al. (2020d). Integrating biological advances into the clinical
management of breast cancer related lymphedema. Front. Oncol. 10, 422. doi:10.
3389/fonc.2020.00422

Invernizzi, M., de Sire, A., Carda, S., Venetis, K., Reno, F., Cisari, C., et al. (2020a).
Bone muscle crosstalk in spinal cord injuries: Pathophysiology and implications for
patients’ quality of life. Curr. Osteoporos. Rep. 18 (4), 422-431. doi:10.1007/s11914-
020-00601-7

Invernizzi, M., de Sire, A., Lippi, L., Venetis, K., Sajjadi, E., Gimigliano, F., et al.
(2020b). Impact of rehabilitation on breast cancer related fatigue: A pilot study.
Front. Oncol. 10, 556718. doi:10.3389/fonc.2020.556718

Invernizzi, M., Kim, J., and Fusco, N. (2020c). Editorial: Quality of life in breast
cancer patients and survivors. Front. Oncol. 10, 620574. doi:10.3389/fonc.2020.
620574

Invernizzi, M., Michelotti, A., Noale, M., Lopez, G., Runza, L., Giroda, M.,
etal. (2019). Breast cancer systemic treatments and upper limb lymphedema: A
risk-assessment platform encompassing tumor-specific pathological features
reveals the potential role of trastuzumab. J. Clin. Med. 8 (2), E138. d0i:10.3390/
jcm8020138

Invernizzi, M., Runza, L., De Sire, A., Lippi, L., Blundo, C., Gambini, D., et al.
(2020e). Integrating augmented reality tools in breast cancer related lymphedema
prognostication and diagnosis. J. Vis. Exp. 156. doi:10.3791/60093

Irwin, M. L., Varma, K., Alvarez-Reeves, M., Cadmus, L., Wiley, A., Chung, G. G.,
et al. (2009). Randomized controlled trial of aerobic exercise on insulin and insulin-
like growth factors in breast cancer survivors: The Yale exercise and survivorship
study. Cancer Epidemiol. Biomarkers Prev. 18 (1), 306-313. d0i:10.1158/1055-9965.
Epi-08-0531

Jadad, A. R,, Moore, R. A, Carroll, D., Jenkinson, C., Reynolds, D. J., Gavaghan,
D. ], et al. (1996). Assessing the quality of reports of randomized clinical trials: Is
blinding necessary? Control. Clin. Trials 17 (1), 1-12. doi:10.1016/0197-2456(95)
00134-4

Janelsins, M. C., Davis, P. G., Wideman, L., Katula, J. A., Sprod, L. K., Peppone, L.
J., et al. (2011). Effects of Tai Chi Chuan on insulin and cytokine levels in a
randomized controlled pilot study on breast cancer survivors. Clin. Breast Cancer 11
(3), 161-170. doi:10.1016/j.clbc.2011.03.013

Jones, S. B., Thomas, G. A., Hesselsweet, S. D., Alvarez-Reeves, M., Yu, H., Irwin,
M. L., et al. (2013). Effect of exercise on markers of inflammation in breast cancer
survivors: The Yale exercise and survivorship study. Cancer Prev. Res. 6 (2),
109-118. doi:10.1158/1940-6207.Capr-12-0278

frontiersin.org


https://doi.org/10.1007/s12282-021-01322-0
https://doi.org/10.1007/s12282-021-01322-0
https://doi.org/10.1038/s41598-020-67794-w
https://doi.org/10.3390/ijerph18031285
https://doi.org/10.3390/ijerph18031285
https://doi.org/10.2174/1871520621666210706144112
https://doi.org/10.1007/s11136-017-1613-6
https://doi.org/10.1016/j.exger.2018.07.022
https://doi.org/10.1016/j.exger.2018.07.022
https://doi.org/10.3390/app11041901
https://doi.org/10.3390/app11041901
https://doi.org/10.3389/fonc.2021.829875
https://doi.org/10.26355/eurrev_202008_22486
https://doi.org/10.26355/eurrev_202008_22486
https://doi.org/10.1155/2021/6694594
https://doi.org/10.1200/jco.2017.75.7526
https://doi.org/10.1007/s10549-017-4576-y
https://doi.org/10.1158/1055-9965.Epi-10-0521
https://doi.org/10.1016/s1470-2045(19)30026-9
https://doi.org/10.3390/genes11070719
https://doi.org/10.1038/s43856-021-00013-3
https://doi.org/10.1038/s43856-021-00013-3
https://doi.org/10.1200/jco.2002.20.1.42
https://doi.org/10.1016/j.ccr.2009.01.001
https://doi.org/10.1016/j.ccr.2009.01.001
https://doi.org/10.2147/cmar.s202965
https://doi.org/10.1007/s00520-013-1743-5
https://doi.org/10.1093/jnci/djn415
https://doi.org/10.1093/jnci/djn415
https://doi.org/10.1002/cncr.27461
https://doi.org/10.1002/cncr.27461
https://doi.org/10.2196/13150
https://doi.org/10.1249/mss.0000000000002490
https://doi.org/10.1249/mss.0000000000002490
https://doi.org/10.3389/fonc.2020.00422
https://doi.org/10.3389/fonc.2020.00422
https://doi.org/10.1007/s11914-020-00601-7
https://doi.org/10.1007/s11914-020-00601-7
https://doi.org/10.3389/fonc.2020.556718
https://doi.org/10.3389/fonc.2020.620574
https://doi.org/10.3389/fonc.2020.620574
https://doi.org/10.3390/jcm8020138
https://doi.org/10.3390/jcm8020138
https://doi.org/10.3791/60093
https://doi.org/10.1158/1055-9965.Epi-08-0531
https://doi.org/10.1158/1055-9965.Epi-08-0531
https://doi.org/10.1016/0197-2456(95)00134-4
https://doi.org/10.1016/0197-2456(95)00134-4
https://doi.org/10.1016/j.clbc.2011.03.013
https://doi.org/10.1158/1940-6207.Capr-12-0278
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.930361

Invernizzi et al.

Kang, D. W., Lee, J., Suh, S. H,, Ligibel, J., Courneya, K. S., Jeon, J. Y., et al. (2017).
Effects of exercise on insulin, IGF Axis, adipocytokines, and inflammatory markers
in breast cancer survivors: A systematic review and meta-analysis. Cancer
Epidemiol. Biomarkers Prev. 26 (3), 355-365. doi:10.1158/1055-9965.epi-16-0602

Karin, M. (2006). Nuclear factor-kappaB in cancer development and progression.
Nature 441 (7092), 431-436. doi:10.1038/nature04870

Kim, T. H.,, Chang, J. S., Park, K. S., Park, J., Kim, N., Lee, J. L, et al. (2017).
Effects of exercise training on circulating levels of dickkpof-1 and secreted
frizzled-related protein-1 in breast cancer survivors: A pilot single-blind
randomized controlled trial. PLoS One 12 (2), e0171771. doi:10.1371/
journal.pone.0171771

Kirkham, A. A., Eves, N. D,, Shave, R. E., Bland, K. A., Bovard, J., Gelmon, K. A.,
et al. (2018). The effect of an aerobic exercise bout 24 h prior to each doxorubicin
treatment for breast cancer on markers of cardiotoxicity and treatment symptoms:
A RCT. Breast Cancer Res. Treat. 167 (3), 719-729. doi:10.1007/s10549-017-4554-4

Koelwyn, G. J., Wennerberg, E., Demaria, S., and Jones, L. W. (2015). Exercise in
regulation of inflammation-immune Axis function in cancer initiation and
progression. Oncol. (Williston Park) 29 (12), 908922-909020.

Kudre, D., Chen, Z., Richard, A., Cabaset, S., Dehler, A., Schmid, M., et al. (2020).
Multidisciplinary outpatient cancer rehabilitation can improve cancer patients’
physical and psychosocial status-a systematic review. Curr. Oncol. Rep. 22 (12), 122.
doi:10.1007/s11912-020-00979-8

Lahart, I. M., Metsios, G. S., Nevill, A. M., Kitas, G. D., and Carmichael, A. R.
(2016). Randomised controlled trial of a home-based physical activity
intervention in breast cancer survivors. BMC Cancer 16, 234. doi:10.1186/
$12885-016-2258-5

Lee, K., Kang, I, Mack, W. J., Mortimer, J., Sattler, F., Salem, G., et al. (2020a).
Effect of high intensity interval training on matrix metalloproteinases in women
with breast cancer receiving anthracycline-based chemotherapy. Sci. Rep. 10 (1),
5839. doi:10.1038/s41598-020-61927-x

Lee, K., Kang, I., Mack, W. J., Mortimer, J., Sattler, F., Salem, G., et al. (2020b).
Effect of high intensity interval training on matrix metalloproteinases in women
with breast cancer receiving anthracycline-based chemotherapy. Sci. Rep. 10 (1),
5839. doi:10.1038/541598-020-61927-x

Lee, K., Tripathy, D., Demark-Wahnefried, W., Courneya, K. S., Sami, N., Bernstein,
L., etal. (2019). Effect of aerobic and resistance exercise intervention on cardiovascular
disease risk in women with early-stage breast cancer: A randomized clinical trial.
JAMA Oncol. 5 (5), 710-714. doi:10.1001/jamaoncol.2019.0038

Licht, T., Nickels, A., Rumpold, G., Holzner, B., and Riedl, D. (2021). Evaluation
by electronic patient-reported outcomes of cancer survivors’ needs and the efficacy
of inpatient cancer rehabilitation in different tumor entities. Support. Care Cancer
29 (10), 5853-5864. doi:10.1007/s00520-021-06123-x

Ligibel, J. A., Campbell, N., Partridge, A., Chen, W. Y., Salinardi, T., Chen, H,,
et al. (2008). Impact of a mixed strength and endurance exercise intervention on
insulin levels in breast cancer survivors. J. Clin. Oncol. 26 (6), 907-912. doi:10.1200/
jc0.2007.12.7357

Liu, H,, Yang, Z., Lu, W., Chen, Z., Chen, L., Han, S,, et al. (2020). Chemokines
and chemokine receptors: A new strategy for breast cancer therapy. Cancer Med. 9
(11), 3786-3799. doi:10.1002/cam4.3014

Longobucco, Y., Masini, A., Marini, S., Barone, G., Fimognari, C., Bragonzoni, L.,
et al. (2022). Exercise and oxidative stress biomarkers among adult with cancer: A
systematic review. Oxid. Med. Cell. Longev. 2022, 2097318. doi:10.1155/2022/2097318

Mahadevan, N. R., and Zanetti, M. (2011). Tumor stress inside out: Cell-extrinsic
effects of the unfolded protein response in tumor cells modulate the immunological
landscape of the tumor microenvironment. J. Immunol. 187 (9), 4403-4409. doi:10.
4049/jimmunol.1101531

Mancuso, P. (2016). The role of adipokines in chronic inflammation.
Immunotargets Ther. 5, 47-56. doi:10.2147/itt.s73223

Mantovani, A., Allavena, P., Sica, A., and Balkwill, F. (2008). Cancer-related
inflammation. Nature 454 (7203), 436-444. doi:10.1038/nature07205

Marechal, S., Graas, M. P., Collard, L., Collin, M., Raskin, V., Brands, G., et al. (2020).
Interest for a systematic rehabilitation program including physical exercise and lifestyle
accompaniment for women recently treated for early breast cancer: A comparative study.
Anticancer Res. 40 (8), 4253-4261. doi:10.21873/anticanres.14427

Michelotti, A., Invernizzi, M., Lopez, G., Lorenzini, D., Nesa, F., De Sire, A,, et al.
(2019). Tackling the diversity of breast cancer related lymphedema: Perspectives on
diagnosis, risk assessment, and clinical management. Breast 44, 15-23. d0i:10.1016/
j.breast.2018.12.009

Middleton, N., George, K., Whyte, G., Gaze, D., Collinson, P., and Shave, R.
(2008). Cardiac troponin T release is stimulated by endurance exercise in healthy
humans. J. Am. Coll. Cardiol. 52, 1813-1814. doi:10.1016/j.jacc.2008.03.069

Frontiers in Molecular Biosciences

16

10.3389/fmolb.2022.930361

Mijwel, S., Cardinale, D. A., Norrbom, J., Chapman, M., Ivarsson, N., Wengstrém,
Y., et al. (2018). Exercise training during chemotherapy preserves skeletal muscle
fiber area, capillarization, and mitochondrial content in patients with breast cancer.
Faseb J. 32 (10), 5495-5505. doi:10.1096/£].201700968R

Muiioz-Alcaraz, M. N., Jiménez-Vilchez, A. J., Santamaria-Peldez, M., Pérula-de
Torres, L. A., Olmo-Carmona, M. V., Mufioz-Garcia, M. T, et al. (2022). Activity-
oriented antiedema proprioceptive therapy (TAPA) for shoulder mobility
improvement in women with upper limb lymphedema secondary to breast
cancer: A multicenter controlled clinical trial. J. Clin. Med. 11 (8), 2234. doi:10.
3390/jcm11082234

Nardin, S., Mora, E., Varughese, F. M., D’Avanzo, F., Vachanaram, A. R, Rossi,
V., et al. (2020). Breast cancer survivorship, quality of life, and late toxicities. Front.
Oncol. 10, 864. doi:10.3389/fonc.2020.00864

Nelson, S. H., Marinac, C. R., Patterson, R. E., Nechuta, S. J., Flatt, S. W., Caan, B.
J., et al. (2016). Impact of very low physical activity, BMI, and comorbidities on
mortality among breast cancer survivors. Breast Cancer Res. Treat. 155 (3),
551-557. doi:10.1007/s10549-016-3694-2

Omar, M. T. A,, Al-Dhwayan, N. M., Gwada, R. F. M., and Armer, J. M. (2022).
Lymphedema rehabilitation: Provision and practice patterns among service
providers: National survey. Int. Wound J. 19 (2), 339-350. doi:10.1111/iw;j.13634

Page, M. ], McKenzie, J. E., Bossuyt, P. M., Boutron, L., Hoffmann, T. C., Mulrow,
C. D, et al. (2021). The PRISMA 2020 statement: An updated guideline for
reporting systematic reviews. Bmj 372, n71. doi:10.1136/bmj.n71

Pagnotti, G. M., Thompson, W. R, Guise, T. A., and Rubin, C. T. (2021).
Suppression of cancer-associated bone loss through dynamic mechanical loading.
Bone 150, 115998. doi:10.1016/j.bone.2021.115998

Pagola, I, Morales, J. S., Alejo, L. B., Barcelo, O., Montil, M., Olivén, J., et al.
(2020). Concurrent exercise interventions in breast cancer survivors with cancer-
related fatigue. Int. J. Sports Med. 41 (11), 790-797. doi:10.1055/a-1147-1513

Pasanisi, P., Berrino, F., De Petris, M., Venturelli, E., Mastroianni, A., Panico, S.,
et al. (2006). Metabolic syndrome as a prognostic factor for breast cancer
recurrences. Int. J. Cancer 119 (1), 236-238. doi:10.1002/ijc.21812

Pierce, B. L., Ballard-Barbash, R., Bernstein, L., Baumgartner, R. N., Neuhouser,
M. L., Wener, M. H., et al. (2009). Elevated biomarkers of inflammation are
associated with reduced survival among breast cancer patients. J. Clin. Oncol. 27
(21), 3437-3444. doi:10.1200/jc0.2008.18.9068

Porporato, P. E., Filigheddu, N., Pedro, J. M. B., Kroemer, G., and Galluzzi, L.
(2018). Mitochondrial metabolism and cancer. Cell Res. 28 (3), 265-280. doi:10.
1038/cr.2017.155

Ravichandran, H., Janakiraman, B., Gelaw, A. Y., Fisseha, B., Sundaram, S.,
Sharma, H. R., et al. (2020). Effect of scapular stabilization exercise program in
patients with subacromial impingement syndrome: A systematic review. J. Exerc.
Rehabil. 16 (3), 216-226. doi:10.12965/jer.2040256.128

Reid-Arndt, S. A., Yee, A, Perry, M. C,, and Hsieh, C. (2009). Cognitive and
psychological factors associated with early posttreatment functional outcomes in
breast cancer survivors. J. Psychosoc. Oncol. 27 (4), 415-434. doi:10.1080/
07347330903183117

Saarto, T., Sievanen, H., Kellokumpu-Lehtinen, P., Nikander, R., Vehmanen, L.,
Huovinen, R, et al. (2012). Effect of supervised and home exercise training on bone
mineral density among breast cancer patients. A 12-month randomised controlled
trial. Osteoporos. Int. 23 (5), 1601-1612. doi:10.1007/s00198-011-1761-4

Schmitz, K. H., Ahmed, R. L., Hannan, P. ], and Yee, D. (2005). Safety and efficacy of
weight training in recent breast cancer survivors to alter body composition, insulin,
and insulin-like growth factor axis proteins. Cancer Epidemiol. Biomarkers Prev. 14 (7),
1672-1680. doi:10.1158/1055-9965.Epi-04-0736

Shin, M. K., and Cheong, J. H. (2019). Mitochondria-centric bioenergetic
characteristics in cancer stem-like cells. Arch. Pharm. Res. 42 (2), 113-127.
doi:10.1007/s12272-019-01127-y

Singh, B., and Toohey, K. (2022). The effect of exercise for improving bone health
in cancer survivors - a systematic review and meta-analysis. J. Sci. Med. Sport 25 (1),
31-40. doi:10.1016/j.jsams.2021.08.008

Sleight, A. G., Gerber, L. H,, Marshall, T. F,, Livinski, A., Alfano, C. M,
Harrington, S., et al. (2022). Systematic review of functional outcomes in cancer
rehabilitation. Arch. Phys. Med. Rehabil. 2022. doi:10.1016/j.apmr.2022.01.142

Sprod, L. K., Janelsins, M. C,, Palesh, O. G., Carroll, J. K., Heckler, C. E., Peppone,
L. J, et al. (2012). Health-related quality of life and biomarkers in breast cancer
survivors participating in tai chi chuan. J. Cancer Surviv. 6 (2), 146-154. doi:10.
1007/s11764-011-0205-7

Sterne, J. A. C,, Savovic, J., Page, M. ]., Elbers, R. G., Blencowe, N. S., Boutron, L.,
et al. (2019). RoB 2: A revised tool for assessing risk of bias in randomised trials.
BM]J 366, 14898. doi:10.1136/bm;.14898

frontiersin.org


https://doi.org/10.1158/1055-9965.epi-16-0602
https://doi.org/10.1038/nature04870
https://doi.org/10.1371/journal.pone.0171771
https://doi.org/10.1371/journal.pone.0171771
https://doi.org/10.1007/s10549-017-4554-4
https://doi.org/10.1007/s11912-020-00979-8
https://doi.org/10.1186/s12885-016-2258-5
https://doi.org/10.1186/s12885-016-2258-5
https://doi.org/10.1038/s41598-020-61927-x
https://doi.org/10.1038/s41598-020-61927-x
https://doi.org/10.1001/jamaoncol.2019.0038
https://doi.org/10.1007/s00520-021-06123-x
https://doi.org/10.1200/jco.2007.12.7357
https://doi.org/10.1200/jco.2007.12.7357
https://doi.org/10.1002/cam4.3014
https://doi.org/10.1155/2022/2097318
https://doi.org/10.4049/jimmunol.1101531
https://doi.org/10.4049/jimmunol.1101531
https://doi.org/10.2147/itt.s73223
https://doi.org/10.1038/nature07205
https://doi.org/10.21873/anticanres.14427
https://doi.org/10.1016/j.breast.2018.12.009
https://doi.org/10.1016/j.breast.2018.12.009
https://doi.org/10.1016/j.jacc.2008.03.069
https://doi.org/10.1096/fj.201700968R
https://doi.org/10.3390/jcm11082234
https://doi.org/10.3390/jcm11082234
https://doi.org/10.3389/fonc.2020.00864
https://doi.org/10.1007/s10549-016-3694-2
https://doi.org/10.1111/iwj.13634
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1016/j.bone.2021.115998
https://doi.org/10.1055/a-1147-1513
https://doi.org/10.1002/ijc.21812
https://doi.org/10.1200/jco.2008.18.9068
https://doi.org/10.1038/cr.2017.155
https://doi.org/10.1038/cr.2017.155
https://doi.org/10.12965/jer.2040256.128
https://doi.org/10.1080/07347330903183117
https://doi.org/10.1080/07347330903183117
https://doi.org/10.1007/s00198-011-1761-4
https://doi.org/10.1158/1055-9965.Epi-04-0736
https://doi.org/10.1007/s12272-019-01127-y
https://doi.org/10.1016/j.jsams.2021.08.008
https://doi.org/10.1016/j.apmr.2022.01.142
https://doi.org/10.1007/s11764-011-0205-7
https://doi.org/10.1007/s11764-011-0205-7
https://doi.org/10.1136/bmj.l4898
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.930361

Invernizzi et al.

Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, L, Jemal, A.,
et al. (2021). Global cancer statistics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. Ca. Cancer J. Clin. 71 (3),
209-249. doi:10.3322/caac.21660

Tay, M. R. J., Wong, C. J., and Aw, H. Z. (2021). Prevalence and associations of
axillary web syndrome in Asian women after breast cancer surgery undergoing a
community-based cancer rehabilitation program. BMC Cancer 21 (1), 1019. doi:10.
1186/s12885-021-08762-z

Trinchieri, G. (2012). Cancer and inflammation: An old intuition with rapidly
evolving new concepts. Annu. Rev. Immunol. 30, 677-706. doi:10.1146/annurev-
immunol-020711-075008

Upadhyay, S., Sharma, N., Gupta, K. B., and Dhiman, M. (2018). Role of immune
system in tumor progression and carcinogenesis. J. Cell. Biochem. 119 (7),
5028-5042. doi:10.1002/jcb.26663

Vehmanen, L., Sievinen, H., Kellokumpu-Lehtinen, P., Nikander, R,,
Huovinen, R., Ruohola, J., et al. (2021). Five-year follow-up results of
aerobic and impact training on bone mineral density in early breast
cancer patients. Osteoporos. Int. 32 (3), 473-482. d0i:10.1007/s00198-020-
05611-w

Vyas, S., Zaganjor, E., and Haigis, M. C. (2016). Mitochondria and cancer. Cell
166 (3), 555-566. doi:10.1016/j.cell.2016.07.002

Wallace, D. C. (2012). Mitochondria and cancer. Nat. Rev. Cancer 12 (10),
685-698. doi:10.1038/nrc3365

Wennerberg, E., Lhuillier, C., Rybstein, M. D., Dannenberg, K., Rudqvist, N.-P.,
Koelwyn, G. J., et al. (2020). Exercise reduces immune suppression and breast

Frontiers in Molecular Biosciences

17

10.3389/fmolb.2022.930361

cancer progression in a preclinical model. Oncotarget 11 (4), 452-461. doi:10.18632/
oncotarget.27464

Winters-Stone, K. M., Dobek, J., Nail, L. M., Bennett, J. A., Leo, M. C,,
Torgrimson-Ojerio, B., et al. (2013). Impact + resistance training improves
bone health and body composition in prematurely menopausal breast cancer
survivors: A randomized controlled trial. Osteoporos. Int. 24 (5), 1637-1646.
doi:10.1007/s00198-012-2143-2

Winters-Stone, K. M., Schwartz, A. L., Hayes, S. C., Fabian, C.J., and Campbell, K.
L. (2012). A prospective model of care for breast cancer rehabilitation: Bone health
and arthralgias. Cancer 118 (8), 2288-2299. doi:10.1002/cncr.27465

Wirtz, P., and Baumann, F. T. (2018). Physical activity, exercise and breast cancer
- what is the evidence for rehabilitation, aftercare, and survival? A review. Breast
Care (Basel) 13 (2), 93-101. doi:10.1159/000488717

Yu, H., Kortylewski, M., and Pardoll, D. (2007). Crosstalk between cancer and
immune cells: Role of STAT3 in the tumour microenvironment. Nat. Rev. Immunol.
7 (1), 41-51. doi:10.1038/nri1995

Zaidi, S., Hussain, S., Verma, S., Veqar, Z., Khan, A., Nazir, S. U,, et al. (2017).
Efficacy of complementary therapies in the quality of life of breast cancer survivors.
Front. Oncol. 7, 326. doi:10.3389/fonc.2017.00326

Zhu, X.-Y., Li, Z,, Chen, C,, Feng, R.-L., Cheng, B.-R,, Liu, R.-Y,, et al. (2021).
Physical therapies for psychosomatic symptoms and quality of life induced by
aromatase inhibitors in breast cancer patients: A systematic review and meta-
analysis. Front. Oncol. 11, 745280. doi:10.3389/fonc.2021.745280

Zitvogel, L., Pietrocola, F., and Kroemer, G. (2017). Nutrition, inflammation and
cancer. Nat. Immunol. 18 (8), 843-850. doi:10.1038/ni.3754

frontiersin.org


https://doi.org/10.3322/caac.21660
https://doi.org/10.1186/s12885-021-08762-z
https://doi.org/10.1186/s12885-021-08762-z
https://doi.org/10.1146/annurev-immunol-020711-075008
https://doi.org/10.1146/annurev-immunol-020711-075008
https://doi.org/10.1002/jcb.26663
https://doi.org/10.1007/s00198-020-05611-w
https://doi.org/10.1007/s00198-020-05611-w
https://doi.org/10.1016/j.cell.2016.07.002
https://doi.org/10.1038/nrc3365
https://doi.org/10.18632/oncotarget.27464
https://doi.org/10.18632/oncotarget.27464
https://doi.org/10.1007/s00198-012-2143-2
https://doi.org/10.1002/cncr.27465
https://doi.org/10.1159/000488717
https://doi.org/10.1038/nri1995
https://doi.org/10.3389/fonc.2017.00326
https://doi.org/10.3389/fonc.2021.745280
https://doi.org/10.1038/ni.3754
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.930361

	Integrating molecular biomarkers in breast cancer rehabilitation. What is the current evidence? A systematic review of rand ...
	1 Introduction
	2 Methods
	2.1 Registration
	2.2 Search strategy
	2.3 Selection criteria
	2.4 Study screening and eligibility assessment
	2.5 Data extraction and synthesis
	2.6 Quality assessment and risk of bias

	3 Results
	3.1 Study characteristics
	3.2 Study characteristics
	3.3 Study participants
	3.4 Rehabilitation approaches
	3.5 Biomarker modifications—Inflammation biomarkers
	3.6 Biomarker modifications—Metabolism biomarkers
	3.7 Biomarker modification—Cardiac biomarkers
	3.8 Quality assessment and risk of bias
	3.8.1 Quality assessment and risk of bias


	4 Discussion
	5 Conclusion
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


