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Abstract

Background—Treatment of testicular germ cell cancer constitutes a major success story in
modern oncology. Today, the vast majority of patients are cured by a therapeutic strategy using
one or more highly effective components including surgery (orchiectomy), radiotherapy and/or
chemotherapy. However, the excellent cancer specific survival comes at considerable costs, as
individuals with a history of germ cell cancer experience serious long-term complications,
including markedly increased risk of cardiovascular morbidities and premature cardiovascular
death. The factors responsible, as well as their mode of action, are not fully understood and there
is a lack of knowledge concerning optimal evidence-based long-term follow-up strategies.

Results—Here, we present the growing body of evidence suggesting that germ cell cancer
patients as a consequence of the different treatment components, are subjected to toxicities, which
individually, and synergistically, can cause physiological impairments leading to sub-clinical or
clinical cardiovascular disorders the *‘multiple-hit hypothesis’). Furthermore, we discuss the
efficacy and utility of structured exercise training to ameliorate treatment-induced cardiovascular
dysfunction to prevent premature onset of clinical cardiovascular disease in germ cell cancer
survivors, with a view towards highlighting future directions of exercise-based survivorship
research in the germ cell cancer setting.

Conclusion—Since exercise training may have the potential to ameliorate and/or reverse long-
term cardiovascular disease sequelae in germ cell cancer survivors, a strong rationale exists for the
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promotion of exercise-oncology research in this setting, in order to provide exercise-
recommendations for optimal germ cell cancer survivorship.
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INTRODUCTION

The treatment of testicular germ cell cancer (GCC) has been a major medical success story,
since the introduction of platinum-based chemotherapy in the mid-1970°s [1]. Over the
proceeding four decades, GCC prognosis has continuously improved with 5-year relative
survival rate today surpassing 95% [2]. Thus, GCC largely constitutes the ‘best case
scenario’ of modern oncology practice, as characterized by early detection and highly
effective antineoplastic therapies. However curative GCC-treatment is a double-edged
sword, as GCC survivors experience a wide range of short- and long-term toxicities,
including markedly increased risk of cardio-vascular morbidities and mortality in
comparison to age-matched individuals without a history of GCC [3;4]. Effective strategies
to prevent or mitigate late occurring cardiovascular complications are highly warranted in
order to improve GCC survivorship [5].

Structured exercise training, in the form of aerobic exercise (high volume-low force muscle
contractions) and/or resistance exercise (low volume-high force muscle contractions), is a
well-established strategy in the prevention and treatment of cardiovascular diseases [6]. Both
exercise modalities cause acute stress onto the cardiovascular-, musculoskeletal- and central
nervous system, which induce positive physiological adaptations protecting against
cardiovascular dysfunction [7]. In the oncology setting, exercise has been shown to be safe,
feasible, and efficacious in improving physical function and psycho-social endpoints during
and after primary therapy [8]. Moreover, recent studies have shown that exercise training can
modulate certain cardiovascular risk factors, including improved aerobic capacity (VOzpeak)
[9], reduced fat percentage [10], and changes in systemic biomarkers (e.g. C-Reactive
Protein, insulin) in patients with cancer [11].

In the setting of GCC, there is a paucity of studies investigating the efficacy and utility of
exercise training, and evidence-based GCC-specific guidelines are not available. Yet, the
rationale for prescribing exercise in this setting seems evident, as patients experience a
plethora of late-effects including elevated risk and/or premature onset of cardiovascular
disorders, which may be mitigated by exercise training. Here, we describe GCC
management and the putative mechanisms related to therapy-induced cardiovascular
dysfunction, which individually, and synergistically, can cause increased risk of clinical
cardiovascular diseases. Secondly, we discuss the potential of exercise training as a strategy
to ameliorate treatment-induced cardiovascular complications, with a view towards research
gaps and future directions.
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GERM CELL CANCER MANAGEMENT

GCC incidence has doubled worldwide over the last 40 years, but remains a relatively rare
disease comprising approximately 1% of all solid tumors in men. Nevertheless, it is the most
common cancer in men aged 15-45 years, and given the relatively young age at diagnosis,
the disease potentially accounts for a very high number of productive years of life lost [12].

GCC management has remained consistent over the last 20 year with the standard treatment
consisting of surgery (orchiectomy) potentially followed by radiotherapy and/or combination
chemotherapy [5]. GCC treatment is curative in the vast majority of cases, but is also
associated with considerable toxicities, and risk of late-occurring disorders. Long-term
complications from GCC treatment can range from premature onset of one or more
cardiovascular disease risk factors, i.e. hypertension, central obesity, dyslipidemia, insulin
resistance, characterizing the Metabolic Syndrome (MetS) [13], to increased incidence of
clinical cardiovascular events (e.g. myocardial infarction, angina pectoris, coronary artery
disease) [3]. In the following section, we present the therapeutic components of GCC
management including orchiectomy, radiotherapy, chemotherapy, and antiemetic treatment,
with regard to the evidence describing associations with late-occurring cardiovascular
disorders and their potential candidate mechanisms.

Orchiectomy

Nearly all patients with histologically confirmed GCC are orchiectomized at the point of
diagnosis, but the long-term implications of this surgery remain ambiguous. For example,
Nuver et al. found the prevalence of MetS was approximately 4-fold increased among
orchiectomized GCC patients compared with healthy controls [14], while a recent study
found no difference in MetS prevalence between these GCC survivors and their healthy
counterparts [15]. The diversity of these findings may be due to differences in diagnostic
definitions of MetS and potential suboptimal dataset with national/regional differences in
clinical follow-up proceedings. Recent findings, however, indicate that orchiectomy can
cause sub-clinical hypogonadism in the form of disturbances of the pituitary-leydig cell axis.
One study found that 57% of the patients had elevated LH/testosterone ratio one year after
orchiectomy [16]. Thus, while increased prevalence of clinical hypogonadism (total plasma
testosterone below 9.5 nmol/L) may not be detected, unfavorable changes in gonadal
function can be present.

Mechanistically, there is a well-established link between male gonadal function and the risk
of metabolic and cardiovascular dysfunction. Androgen deficiency can cause endothelial
dysfunction, decreased activity of smooth muscle cells in the vessel wall, thickening of the
intima and media of the vessels and increased synthesis of pro-inflammatory cytokines [17].
It is not established whether presence of sub-clinical hypogonadism can have similar
negative impact of vascular function. Importantly, in young men without evidence of
metabolic or cardiovascular diseases, systemic testosterone levels, across the full
physiological concentration spectrum, was inversely associated with concentrations of pro-
inflammatory cytokines, such as tumor necrosis factor alpha (TNF-a) and interleukin (IL)-6
[18]. Thus, gonadal dysfunction, even if it is not clinically detectable, potentially
predisposes to onset of chronic low-grade inflammation, which is strongly associated with
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cardiovascular disease risk [17]. In a recent study, GCC patients with disseminated disease
displayed increased systemic TNF-a (1.3-fold) and IL-6 (2-fold) concentrations in
comparison with age-matched healthy controls [19]. This elevation of pro-inflammatory
cytokines was evident both before chemotherapy was initiated and persisting for the full
evaluation period 3 months after chemotherapy was terminated. Based on this persistent
low-grade inflammation across the treatment trajectory, it was hypothesized that
orchiectomy was the primary cause of these systemic changes.

The current trend in GCC management is that stage 1 patients are orchiectomized and
subsequently enrolled in active surveillance programs as opposed to receiving adjuvant
therapies [5]. Recent findings indicate that orchiectomy-induced gonadal dysfunction may
facilitate increases in systemic inflammatory markers, which subsequently might be
associated with metabolic and cardiovascular dysfunction, but this remains to be explored in
detail.

Radiotherapy

Radiotherapy has traditionally been widely used in the treatment of GCC, and remains a
useful therapeutic option in certain sub-groups (e.g. stage Ila-b seminoma with <3cm
retroperitoneal lymph-node metastasis) [5], but the evidence describing long-term
complications following this therapy is inconclusive. For example, a British study of 992
GCC patients (median age 35, range 19-82 years) reported that infradiaphragmatic
irradiation was associated with a 2.4-fold increased risk of cardiovascular disease [20], and
an American study of 477 GCC stage | or Il patients, showed that treatment with
radiotherapy was associated with a 1.8-fold increased risk of cardiac death compared with
patients in active surveillance [21]. A recent report, however, does not support this
association; a comprehensive analysis using a Danish national database of 4697 GCC
patients diagnosed and treated from 1984 to 2007 (median follow up of 15.3 years [IQR
9.8-21.2 years]) showed no radiotherapy-associated increases in cardiovascular disease-risk
[22]. There was, however, a 1.7-fold increase in the incidence of diabetes which
subsequently can predispose to cardiovascular complications [22].

The candidate mechanisms involved in long-term complications following radiotherapy for
GCC are not clear. lonizing radiation can cause a rise in reactive oxygen species (ROS)
triggering lipid oxidation, damage of the endothelium and activation of nuclear factor (NF)-
kB, a transcriptional factor involved in the local inflammatory responses. Accordingly, GCC
survivors treated with radiotherapy have been found to have elevated systemic levels of
inflammatory markers up to 20 years after treatment, compared to patients treated with
surgery alone and/or chemotherapy [23]. Also, exposure of the pancreas during irradiation of
retroperitoneal lymph-node metastasis may lead to deficiency of pancreatic endocrine cells,
most importantly p-cell apoptosis and/or dysfunction, which can contribute to the onset of
both autoimmune type 1 and type 2 diabetes.

According to a recent ‘European Consensus Germ Cell Cancer Conference’ statement, a
majority of clinicians prefer the use of chemotherapy to radiotherapy in most adjuvant
settings, and the use of radiotherapy in GCC may therefore decrease in the coming years [5].
Due to this shift in therapeutic strategies, and the fact that recent evidence does not indicate
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that radiotherapy causes cardiovascular dysfunction [22], it is currently uncertain whether
GCC patients following this treatment should be considered candidates for specific follow-
up programs. However, pancreatic co-irradiation and/or radiation-derived elevation of
inflammatory cytokines may comprise cardiovascular risk factors, but the clinical
implications of these late-effects remains to be further explored.

Chemotherapy

Chemotherapy consisting of bleomycin-etoposide-cisplatin (BEP) has been standard
treatment for more than 30 years in patients with disseminated disease. BEP-treatment is
curative in the majority of cases, but also associated with long-term adverse effects include
considerable elevated risk of cardiovascular problems. A Dutch study found that 16.5% of
all patients treated for GCC developed cardiovascular disease within 25 years of treatment
cessation [24], with BEP being independently associated with a 1.5-fold increase in
cardiovascular disease risk. In accordance, the study of the Danish cohort of 4697 GCC
patients showed a 1.5-fold increase in cardiovascular disease incidence, and a 1.8-fold
increased cardiovascular mortality risk [22].

Despite the wealth of evidence outlining the long-term cardiovascular complications
associated with BEP therapy, there is little available data describing the factors responsible
and their mode of action. Nuver et al. found acute increase in intima-media thickness of the
common carotid artery and increased plasma concentration of von Willebrand factor in GCC
patients immediately after completion of BEP [25]. Also, evidence of microalbuminuria, a
proposed marker of systemic vascular injury, was found in up to 22% of long-term GCC
survivors after cisplatin treatment [26]. In support of this, 3 cycles of BEP was associated
with 5-10%-reduction in capillary-per-myofiber ratio in muscle biopsies taken from m.
vastus lateralis [27], indicating that BEP may cause vascular damage in both central and
peripheral blood vessels. In addition to the impact on vascular function, 3 cycles of BEP was
associated with negative effects on muscular function, as characterized by ~7% reduction in
muscle fiber cross sectional area, ~6% increased proportion of glycolytic type I1x fibers,
~2.5 kg reduction of lean mass and ~10% lower isometric muscle strength [27]. The
mechanisms responsible for these muscular alterations are not clear, but studies in mice have
found that cisplatin cause induction of muscle atrophy-related genes, proteosomal
proteolysis and inflammation [28]. Also, cisplatin is associated with strong neurotoxic
actions which can induce muscle atrophy signals and a switch towards more glycolytic
muscle fiber phenotypes.

With increasing GCC incidence rates and current trend towards the use of chemotherapy
rather than radiotherapy in adjuvant settings, a more comprehensive knowledge of BEP-
induced toxicities in the cardiovascular- and muscular system, as well as their long-term
clinical implications is highly warranted.

Antiemetic Treatment

GCC patients undergoing BEP-therapy receive high doses glucocorticoids (e.g.
prednisolone) as antiemetic treatment to prevent nausea and vomiting. To our knowledge,
there is no available data describing to what extent, prednisolone-treatment may impact post-
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treatment cardiovascular disease risk in GCC survivors. Supra-physiological concentrations
of glucocorticoids display strong immune-suppressive and anti-inflammatory actions, and
the use of these agents has traditionally been hampered by considerable metabolic side-
effects [29]. Studies have shown that 8 days of prednisolone use in healthy young men
causes significant insulin resistance, in parallel with increased myofibrillar protein
breakdown, blunted myofibrillar protein synthesis and inhibition of insulin-signaling [30].
Long-term side-effects of chronic glucocorticoid steroid administration include central
adiposity, hepatic steatosis, dyslipidemia, muscular breakdown, insulin resistance and
glucose intolerance [29].

The use of antiemetic treatment has greatly reduced the level of side-effects and improved
BEP-therapy tolerance in GCC patients thus prednisolone-use is unlikely to decrease in the
years to come. The impact of antiemetic drugs on post-treatment metabolic profile has not
been explored in GCC patients, and whether this may predispose long-term cardiovascular
dysfunction in GCC survivors is unknown.

The “Multiple-Hit” Hypothesis

Through the course of GCC management, patients are subjected to several toxicities, which
individually, and synergistically, can cause physiological impairments leading to clinical or
sub-clinical cardiovascular diseases (figure 1). This phenomenon has been labeled the
‘multiple-hit hypothesis’ [31]. Attention, particularly in breast cancer, towards describing
the interacting mechanisms of different anticancer therapies on cardiovascular injury as well
as exploring effective countermeasures is emerging [32]. Here, we propose that the
‘multiple-hit hypothesis’ is applicable to GCC, although there is currently limited data
supporting (or refuting) this notion. Based on the evidence reviewed here, we propose that
orchiectomy-derived sub-clinical hypogonadism, and BEP-induced vascular injury and/or
disturbance of metabolic homeostasis constitute primary candidates for the causes of late-
occurring cardiovascular disease in GCC survivors. Importantly, the physiological
impairments involved in this sequelae are, under normal circumstances, modifiable by
structured exercise training, constituting a strong rationale for exploring the utility of
tailored exercise-interventions to ameliorate cardiovascular dysfunction and potentially
prevent onset of cardiovascular diseases in GCC survivorship.

EXERCISE TRAINING IN GERM CELL CANCER SURVIVORSHIP

Exercise training is currently emerging as a promising intervention in the oncology setting,
and a growing body of evidence has outlined the beneficial potential of exercise to improve a
broad range of physical/physiological (e.g. cardiorespiratory capacity, muscle strength, lean
mass) and psycho-social (e.g. physical functioning, emotional wellbeing, and fatigue)
endpoints [8]. The current body of evidence in exercise-oncology research however is based
on trials carried out in relatively few diagnoses (predominantly breast and prostate cancer
[8]), and studies in patients with a history of GCC are virtually non-existing. In the
following section, we describe how structured exercise training may constitute an effective
strategy in the prevention of cardiovascular disorders of particular relevance in GCC
survivorship. We focus on two major adaptive effects in response to acute and long-term
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exercise training: regulation of metabolic and endocrine homeostasis; and improvements of
cardiovascular- and muscular function.

Regulation of Metabolic and Endocrine Homeostasis

Regulation of whole-body homeostasis is highly complex and involves interaction between
numerous organs, including the central nervous system, intestine, pancreas, liver, muscle and
adipose tissues. Through different pathways, exercise can strongly influence systemic
homeostasis, specifically via large increases in substrate uptake from the blood stream to the
working muscles. A unique metabolic feature of exercise is insulin-independent contraction-
induced muscle glucose uptake, driven by elevation in intracellular Ca** concentration and
low intracellular energy-status [33]. After cessation of exercise, basal metabolic rate remains
elevated for up to 24hrs in order to recover myocellular homeostasis and to drive post-
exercise cellular adaptations. Notably, an increase in fatty acid oxidation occurs during the
recovery period to accommodate a high metabolic priority for muscle glycogen resynthesis,
which is believed to play a key role in exercise-mediated effects on whole-body lipid
metabolism [34]. Another immediate systemic regulatory effect of exercise constitutes
skeletal muscle’s capacity to synthesize and secrete humoral factors, known as myokines
(e.g. IL-6, IL-15). These factors have been shown to have multiple endocrine and autocrine
regulatory functions including modification of systemic cytokine production and regulation
of glucose metabolism [35].

Long-term effects of chronic exercise training include improved muscular insulin sensitivity,
increased muscle mass, in parallel with reduction in fat mass. Collectively, these adaptations
can improve regulation of whole-body homeostasis by increasing the basal metabolic rate,
and lowering plasma concentrations of glucose, insulin, lipids and inflammatory cytokines
[36]. The reduction in adiposity and exercise-induced secretion of anti-inflammatory
myokines can also counteract chronic low-grade inflammation associated with metabolic
diseases [35].

Improvement of Cardiovascular and Muscular Function

The capacity of exercise training to improve cardiovascular and skeletal muscle function is
well-established and considered to be an essential part of exercise-protection against chronic
diseases. A universal feature of exercise is the rapid increase in muscular oxygen-demand,
which causes immediate stress on the cardiovascular system to increase blood supply to the
working muscles. As a result of increased heart rate, stroke volume and vascular dilation, a
dramatic (>30-fold) increase in muscular blood flow and oxygen consumption cause the
muscles to rapidly increase energy production and substrate utilization. In response to the
specific exercise modality, i.e. resistance or aerobic, these homeostatic perturbations induce
down-stream signaling cascades promoting specific muscle gene-expression and muscle
protein turnover [34].

Chronic exercise has great modulating effects on the structure and function of the
cardiovascular system and skeletal musculature [7;34]. Cardiac function is improved by
several changes including increased left ventricular relaxation and systolic function, and
cardiac hypertrophy causing increased stroke volume, which in turn leads to lower resting —
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and submaximal work-load — heart rate [7]. Vascular effects of exercise include
improvements in endothelium-mediated vasodilatation in larger resistance arteries,
myogenic control, and metabolic vasodilatation in small resistance arteries. These effects
facilitate reduction in aortic and arterial stiffness and improved compliance, improved
endothelial function and capillary vessel formation [7]. Muscular adaptions to exercise
training involve improved contractile strength and/or fatigue resistance, driven by
mitochondrial biogenesis, oxidative and glycolytic enzyme activity, a switch towards an
oxidative fiber phenotype-composition (more type 1 / Ila fibers, less type 1Ix fibers), and
myofibrillar hypertrophy [34].

Efficacy of Exercise Training in Germ Cell Cancer Patients

Evidence describing the effects of exercise in patients with GCC during and after treatment
is limited, and until recently, the only available data came from trials across multiple
diagnoses [37;38], table 1. For example, in 278 cancer patients amongst whom 20 were
diagnosed with GCC, Adamsen et al. reported that 6-weeks of high intensity combined
fitness- and strength training during chemotherapy induced improvements of ~30% in 1-RM
muscle strength, and ~10% in fitness compared with a waiting-list control group [37]. In a
randomized controlled feasibility study of 30 GCC patients, structured, hospital-based
resistance training was found to be safe and feasible during BEP. Moreover, resistance
training significantly improved 1-RM muscle strength by ~30% and rescued a proportion of
the muscular breakdown observed in a usual care control group, as characterized by
clinically relevant differences in muscle fiber area (+600 um?) and lean body mass (+1.4 kg)
[27]. This indicates that muscle function is modifiable by resistance training despite
concurrent toxic impact of BEP. In contrast, no impact of resistance training was found on
concentration levels of plasma total- and LDL-cholesterol and pro-inflammatory cytokines
(IL-6, TNF-a) [19]. These toxic effects of BEP-chemotherapy were not reversible by
resistance training, and improvements in muscle function did not translate into improved
metabolic or inflammatory profile.

In summary, clinical evidence and molecular research strongly support exercise training as
an effective countermeasure of cardiovascular diseases; however, it remains unknown
whether exercise is associated with such protective effects in cancer survivors, and including
individuals with a history of GCC. Given the anti-neoplastic efficacy of modern GCC
management, there is a growing need for optimal evidence-based follow-up strategies, and in
particular whether structured exercise training should be part of such strategies.

FUTURE DIRECTIONS

For more than 20 years, GCC has been considered a model for a curable neoplasm [39], and
with the steadily increasing number of long-term survivors, GCC may now be considered a
model for cancer survivorship. Increased risk of clinical or sub-clinical cardiovascular
diseases is among the most important challenges facing GCC patients after cessation of
treatment, and there is a need for better understanding of the factors responsible and their
mode of action. Longitudinal prospective investigations with repeated evaluations of known
risk factors and potential candidates of prognostic biomarkers, preferably with
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measurements before and after the individual therapeutic components, are urgently
warranted.

Exercise-oncology research has come a long way over the last 25 years, highlighting the
potential of structured exercise to protect against and/or reverse anticancer-therapy induced
physiological deterioration. Yet, despite initial promising findings, it remains unresolved
whether exercise can effectively protect against onset of cardiovascular disorders in post-
treatment survivors, which may be of special interest in the GCC patients due to their young
age at diagnosis and high efficacy of treatment. Specifically, elucidating the long-term
implications and underlining mechanisms of tailored exercise-training in patients displaying
subclinical hypogonadism, and/or undergoing BEP-therapy should be prioritized, as these
patients present with a significant cardiovascular risk-profile. Thus evidence describing
which exercise-prescriptions (modality, intensity, volume and progression) may be most
appropriate after orchiectomy, as well as during and after BEP-therapy, to reverse acute
physiological side-effects, is required. In relation to long-term survivorship, there are no
studies describing the effect of structured exercise on late-occurring disorders, and such
interventions will likely need to be of longer duration (+6 months) and designed with
appropriate progression in the exercise-prescription. There is likely a need for multicenter
setups given the relative low incidence of GCC, and also there is likely a need for home-
and/or community-based interventions for optimal compliance in GCC survivors, as these
patients may return to work and normal daily life as soon as possible after cessation of
treatment.

CONCLUSION

GCC is highly curable in modern oncology practice, thus the steadily increasing incidence
means that an increasing number of individuals will undergo treatment in the future, and in
turn be subjected to toxicities leading to increased risk of cardiovascular disease. Many of
these complications involve negative changes in biological mechanisms, which, under
normal circumstances, can be positively moderated by structured exercise. Therefore, a
strong rationale exists for the promotion of exercise-oncology research in the GCC-setting,
in order to provide exercise-recommendations based on high-quality evidence, and
ultimately improve GCC survivorship.
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Orchiectomy Radiotherapy BEP Chemotherapy Antiemetic Treatment

Hypogonadism-driven Pancreatic B-cell Toxicity-driven vascular Skeletal muscle insulin
systemic low grade insufficiency (apoptosis injury and resistance and atrophy,
inflammation and/or dysfunction) muscular inflammation systemic hyperlipidemia

Figure 1. The ‘Multiple-Hit Hypothesis”
The "multiple-hit hypothesis’ applied to the germ cell cancer setting — adapted from Jones et

al. 2007, J Am Coll Cardiol [31]. As patients move along the trajectory of germ cell cancer
treatment they will be subjected to one or several of the treatment components associated
with various toxicities. Individually, and synergistically, these toxicities can significantly
impair cardiovascular function, which leaves the patient more susceptible to cardiovascular
injuries, and ultimately higher risk of premature cardiovascular morbidities and mortality.
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