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Sarcopenia and physical deconditioning are common complications in patients with liver cancer, which
are frequently caused by insufficient physical activity and poor nutritional status, resulting in physical
frailty and a significant impact on the patient’s physical fitness. Notably, sarcopenia, frailty, and poor
cardiopulmonary endurance have all been linked to higher mortality rates among patients with liver
cancer. Exercise intervention significantly improves various health parameters in liver cancer patients,
including metabolic syndrome, muscle wasting, cardiorespiratory endurance, health-related quality of

I;f]{, zz;[lisa:ctivity (PA) life, and reduction in hepatic venous pressure gradient. However, the link between physical exercise and
Exercise liver cancer is commonly overlooked. In this article, we will examine the impact of exercise on liver
Liver cancer cancer and present the most recent evidence on the best types of exercise for various stages of liver
Sarcopenia cancer. This article also summarizes and discusses the molecular mechanisms that control metabolism
Frailty and systemic immune function in tumors. In brief, physical exercise should be considered an important

Rehabilitation intervention in the prevention and treatment of liver cancer and its complications.
© 2024 The Third Affiliated Hospital of Sun Yat-sen University. Publishing services by Elsevier B. V. on
behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction present significant physiological and psychological challenges,

greatly affecting the patient’s quality of life (QoL).

Primary liver cancer is the sixth most common cancer and the
third leading cause of cancer death globally.! Hepatocellular carci-
noma (HCC) is the most common type. In 2020, China accounted for
45.3% of global HCC cases, resulting in an increased economic
burden.?? According to global statistics in 2020 approximately 56%
of HCC is caused by the hepatitis B virus and 20% by the hepatitis C
virus.*> Non-alcoholic fatty liver disease is the most common
emerging cause of HCC in developed countries.® Advances in the
diagnosis and treatment of liver cancer have significantly improved
the survival rates.””'> However, most patients are diagnosed in the
middle to late stages, and even with curative treatment, the 5-year
recurrence rate can reach 70%."> Cancer and its treatment can
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Currently, studies have demonstrated the safety and usefulness
of incorporating physical activity (PA) into cancer treatments.'#~
Since PA and exercise have been shown to have numerous health
benefits. PA refers to all movements involving skeletal muscles that
use energy, whereas exercise is a subset of PA that includes struc-
tured, planned, and repetitive activities."” For liver cancer patients,
the goal of PA intervention is to increase muscle mass and func-
tionality, prevent further skeletal muscle deterioration, improve
cardiovascular fitness, and help patients maintain their indepen-
dence in daily activities. Furthermore, exercise is linked to better
clinical outcomes.'2°

Despite these benefits, patients with liver cancer have lower
overall levels of PA than individuals with other chronic diseases or
types of cancer. The reasons for this phenomenon are manifold and
intricate. It primarily affects those in the decompensated stage,
which is characterized by factors such as protein-energy malnu-
trition, resulting in associated sarcopenia (characterized by low
muscle mass, strength, and functionality), physical limitations
caused by ascites and lower limb edema, the need for recurrent
hospitalizations due to decompensation events, hepatic
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encephalopathy (HE)), and depression, among others. Finally, these
factors contribute to the development of frailty, a state character-
ized by a diminished physiological reserve that is associated with a
lower QoL, poor clinical outcomes, increased mortality, and place-
ment on the liver transplant (LT) waiting list, regardless of the
model for end-stage liver disease (MELD) score.

In recent years, many studies have been conducted to investi-
gate the feasibility and effectiveness of exercise interventions in the
treatment of liver cancer, testing various types of exercise (resis-
tance and/or aerobic), frequency, duration, intensity, and setting.
Although exercise benefits patients with liver cancer, the optimal
exercise intervention is still unknown, and maximizing adherence
to such an intervention remains challenging. This article provides a
comprehensive review of previous research on PA and exercise for
individuals with liver cancer. It provides an insightful overview of
the molecular impact of exercise throughout the cancer journey,
including results from human interventions. Its goal is to provide
valuable insights to both patients and healthcare providers while
also shedding light on potential areas for future research in this
field.

2. Safety of PA in liver cancer survivors

According to the guidelines and consensus recommended by the
American College of Sports Medicine (ACSM) and the Chinese Anti-
Cancer Association (CACA), cancer survivors can safely exercise
moderately and avoid inactivity during and after treatment.'>?!
However, research into specific PAs for survivors with liver cancer
is limited. Survivors of liver cancer are often diagnosed with
cirrhosis, a condition that frequently causes a decline in liver
function, as well as the development of varices, ascites, HE, and
other complications. These factors restrict a patient’s PA and pro-
mote sedentary behavior. The phenomenon of exercise-induced
hepatic vein pressure gradient elevation has been a subject of
particular interest among hepatologists.?? Previous small-sample
studies found that patients’ portal pressure increased significantly
when they exercised on a cycle ergometry.”>?* In contrast, two
hospital-based and three home-based exercise program studies,
focused on patients with decompensated cirrhosis awaiting LT, and
no adverse events of variceal bleeding during exercise were
reported.””> 29 Furthermore, two studies conducted in South Korea
combined mobile health (mHealth) and personalized exercise
programs in 37 liver cancer survivors for 12 weeks, resulting in a
significant increase in muscle mass with no complications or
adverse reactions.'®! He et al.*° conducted a 12-week aerobic ex-
ercise intervention for patients with HCC undergoing transarterial
chemoembolization (TACE). The exercise group consisted of 82
patients who completed the study. The intervention significantly
improved pain, fatigue, Pittsburgh Sleep Quality Index scores, and
overall QoL compared to the control group (P < 0.05). Following
further investigation,®' it was discovered that aerobic exercise
improved anxiety and depression symptoms in patients while also
increasing serum levels of brain-derived neurotrophic factor, se-
rotonin (5-hydroxytryptamine, 5-HT), and neurotrophin-3 (NT-3).
Interestingly, no adverse events were reported during this study.
This suggests that liver cancer survivors may safely participate in
exercise rehabilitation programs. Patients at high risk can benefit
from primary and secondary prevention before exercise, and PA
interventions can be tailored accordingly.*

3. Benefits of PA in liver cancer survivors
Certainly, PA is linked to many health benefits, many of which

are attainable by cancer patients. Exercise training can significantly
improve muscle strength, cardiovascular function, physical fitness,
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and self-reported physical well-being. Furthermore, aside from the
general health benefits, existing research suggests that exercise
training has cancer-specific benefits. PA can influence tumor
occurrence, progression, and metastasis via various mechanisms,
while also increasing the efficacy of antitumor therapy.'>>%37
While beneficial, antitumor treatments can cause fatigue, depres-
sion, anxiety, and lymphedema.'® PA, as an adjuvant therapy, can
supplement primary therapy while minimizing its side effects.
Many studies have found that both pre- and post-diagnostic PAs
can improve the survival rate of patients with tumors; however, the
latter is more effective in improving patient outcomes.>®>° Figure 1
depicts how PA affects patients with liver cancer.

3.1. PA reduces liver cancer risks

An increasing body of epidemiological research evidence sug-
gests that PA may have a potentially positive effect on HCC. A 14-
year pan-European prospective cohort study of 467,336 partici-
pants found that PA is significantly associated with a lower risk of
HCC by comparing physically active and inactive people (hazard
ratio (HR) = 0.55; 95% CI 0.38—0.80).*° A Meta-analysis of data from
12 prospective cohorts in the United States and Europe, totaling
1.44 million participants, found that high vs. low levels of leisure-
time PA were associated with lower risks of 13 different cancers,
including liver cancer (HR = 0.73; 95% CI 0.55—0.98).*! In a pro-
spective cohort study involving 43,479 males, it was discovered
that aerobic exercise had specific benefits in lowering the risk of
digestive tract cancer.*” The greatest benefit was observed at
approximately 30 MET-hours per week (HR = 0.68; 95% (I,
0.56—0.83). In addition, a study found that preoperative exercise
capacity is an independent predictor of event-free survival and liver
function maintenance in patients with liver cancer and chronic liver
injury after hepatectomy.*’ In conclusion, PA can lower the risk of
developing liver cancer and improve its prognosis.

3.2. PA improves sarcopenia, cardiopulmonary endurance, and
physical fitness

Sarcopenia and frailty are common complications of liver cancer
and end-stage liver disease (ESLD).** Sarcopenia is characterized by
a widespread loss of muscle mass, strength, and function, and it is
directly linked to negative outcomes in patients with liver can-
cer.*>%0 Alterations in food intake, hypermetabolism, changes in
amino acid profiles, endotoxemia, accelerated starvation, and
reduced mobility may cause sarcopenia in cirrhosis.”’ Inflamma-
tory cytokines released by tumor cells can reduce protein synthesis
or cause protein denaturation, resulting in a reduction in skeletal
muscle mass. To treat this condition, nutrient supplementation and
PA are used.*® Early interventions, such as nutritional support and
exercise therapy, can help prevent muscle wasting while patients
wait for or during treatment, improving their prognosis. Exercise
rehabilitation can help to reduce inflammation, oxidative stress,
and insulin resistance, thereby improving sarcopenia.*® Further-
more, a Meta-analysis indicates that exercise therapy is a beneficial
supplementary approach for enhancing VO3peax in individuals with
adult-onset cancer.”® These findings hold significance in clinical
practice as reduced VOgpeak is a common characteristic observed
both during and after cancer treatment,’’ and is associated with
increased symptom severity and unfavorable clinical results.>
Similarly, a Meta-analysis of 65 studies on muscle strength and
cardiopulmonary function in cancer patients discovered that ex-
ercise has a moderately positive effect on muscle strength and
cardiovascular health.>® Therefore, resistance exercise combined
with aerobic exercise increases cardiopulmonary endurance,
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Fig. 1. Benefits of PA and exercise for patients with liver cancer. Exercise can improve cardiopulmonary function, reduce liver cell damage, increase bone density and muscle
strength, regulate lipid metabolism, regulate portal vein pressure, improve negative emotions, and alleviate adverse reactions caused by cancer and anti-cancer treatments. Ab-

breviations: HCC, hepatocellular carcinoma; PA, physical activity.

muscle mass and function, which is one of the most significant
benefits of PA for liver cancer survivors.

Liver cancer survivors typically have a history of cirrhosis before
diagnosis, and as a result, their health deteriorates after cancer
treatment, resulting in a steady decline in cardiovascular function,
muscle strength, and endurance. A recent Meta-analysis of 9790
liver cancer survivors revealed that the combined prevalence of
sarcopenia in HCC patients was 41.7%, and sarcopenia was associ-
ated with a decline in overall survival (HR = 1.93, 95% CI, 1.73—2.17)
and a higher risk of tumor recurrence (HR 1.75, 95% (I,
1.56—1.96).>* Lee et al.*® proposed that newly discovered sarcope-
nia after radiotherapy but before treatment is associated with a low
survival rate among patients with liver cancer. However, two
studies conducted in South Korea discovered that exercise can
improve insulin resistance, physical fitness, and body composition
in liver cancer survivors.'®!” Another two studies conducted in
Japan found that in-hospital exercise therapy can improve muscle
mass and physical fitness in liver cancer survivors while preserving
liver function.>>>® Therefore, these studies suggest that despite
facing health issues after treatment, liver cancer survivors can
improve their physical condition and prognosis through PA.
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3.3. PA improves symptoms, negative emotions, and health-related

QoL

Liver cancer and its treatment can cause various symptoms,
complications, negative emotions, and functional impairments,
including pain, fever, fatigue, nausea, vomiting, loss of appetite,
bloating, anxiety, depression, and sleep disorders, all of which
negatively affect QoL.°’ Therefore, symptom management is not
only necessary but also the primary goal of clinical care to
maintain better QoL for liver cancer survivors. Studies have
shown that PA significantly improves fatigue, sleep quality,
depression, body and social function. Moderate-intensity aerobic
exercise combined with resistance exercise can significantly
reduce cancer-related fatigue (CRF).”® Sun et al.”® demonstrated
that combining soothing music and walking exercise for
30—60 min/day can effectively alleviate fatigue, anxiety, and
depression in elderly liver cancer survivors while also improving
their sleep quality. Similarly, Jiang et al.>' discovered that home-
based aerobic exercises can reduce negative emotions like anxi-
ety and depression in liver cancer survivors undergoing TACE
therapy.



H. Chen, H. Zhou, B. Wu et al.

4. Molecular mechanisms of PA in the occurrence,
development, and metastasis of liver cancer

Recent preclinical studies have revealed the impact of exercise
on liver cancer, including the suppression of cancer cell prolifera-
tion, the promotion of apoptosis, the modulation of cancer meta-
bolism, and the regulation of the immune
microenvironment.>*>%6%6! In mice models with cancer, voluntary
wheel exercise reduced the occurrence and growth of cancer cells
in mice models by 60%. Furthermore, the immune system of the
mice became more responsive when the mice were pretrained for
four weeks before being exposed to tumors. This suggests that a
portion of the exercise’s impact may include the destruction of
cancer cells at the transplanted tumor site.%? The relationship be-
tween exercise intensity and its effect on cancer cell proliferation
has also been thoroughly studied. Moderate-intensity training has
been shown to effectively inhibit cancer cell proliferation and
induce apoptosis, whereas vigorous exercise can promote carci-
nogenesis. Conversely, low-intensity workouts may be less effective
in inhibiting the proliferation of cancer cells.®*®* The molecular
mechanisms of PA in liver cancer are summarized below.

4.1. PA inhibits HCC cell proliferation and induces apoptosis

Several studies show that PA and exercise significantly reduce
the proliferation and induce apoptosis of liver cancer cells.>>%60.62
Specifically, one study found that moderate swimming has a sig-
nificant impact on inhibiting liver cancer growth and reducing lung
metastasis, thereby increasing overall survival.®? Further research
found that moderate swimming altered dopamine (DA) levels in
the brain and peripheral blood.®?> By activating the dopamine 2
receptor signaling pathway, DA plays a crucial role in inhibiting
liver cancer growth and metastasis.> The dopamine 2 receptor
pathway reduces cyclic adenosine monophosphate levels while
inhibiting extracellular signal-regulated kinase 1/2 activation. The
extracellular signal-regulated kinase signaling pathway increases
the expression of transforming growth factor-beta 1 (TGF-p1),°® a
cell factor that can lead to invasive phenotype in tumor cells,
particularly contributing to distant metastases like lung metas-
tasis.®” However, exercise has been shown to reduce the release of
TGF-B1, thereby lowering the risk of HCC progression and metas-
tasis, ultimately improving prognosis.®!

Previous research in a mouse model has shown that changes in
the expression of mitochondrial dynamics contribute to the divi-
sion of mitochondria in samples from cancer patients, implying
that mitochondrial division may play a role in tumorigenesis.®® The
protein dynamin-related protein 1 (DRP1) is essential for this
process.®® Furthermore, previous studies have shown that DRP1
can promote the proliferation and invasion of HCC.”%’! Similar
studies have found upregulation of DRP1 in various other cancer
types including breast cancer,®” lung cancer,’? and colorectal can-
cer.”® During exercise, the energy requirements of different tissues
within the human body fluctuate, resulting in changes in mito-
chondrial metabolism.”* Aerobic endurance training stimulates
more mitochondrial activity than acute high-intensity training.”
Zhao et al.”! found that aerobic exercise reduces the expression of
DRP1 while increasing the expressions of phosphorylated phos-
phatidylinositol 3 kinase (p-PI3K) and p-protein kinase B (PKB/
AKT). The study suggests that DRP1 activates the PI3K/AKT
signaling pathways. Phosphorylation events involving PI3K and
AKT have been closely linked to tumor metastasis and prolifera-
tion.”® Therefore, we conclude that exercise reduces mitochondrial
division levels in mice with HCC, thereby slowing HCC progression.
However, more research is needed to gain a better understanding of
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the precise mechanisms underlying the regulation of DRP1, so that
future clinical applications can benefit from these findings.

Arfianti et al.>* suggest that the inhibitory effect of exercise on
liver cancer in obese mice appears to be a direct result rather than
related to weight control. They discovered that exercise increased
p53 Ser 15 phosphorylation in the liver. The impact of PA on p53
activation has been observed in various other tissues as well.”””8
Furthermore, in addition to promoting DNA repair and inducing
apoptosis, cellular responses to p53 activation such as cell cycle
arrest. This arrest is facilitated by proteins such as p21 and p27,
which inhibit cell cycle kinases.”” It is plausible that the activation
of p53 and subsequent expression of p27 may be one potential
mechanism by which exercise reduces hepatocyte proliferation,
thereby mitigating the promotion of hepatocarcinogenesis caused
by obesity and insulin resistance.

In summary, exercise uses a multifaceted approach to slow liver
cancer growth, including the inhibition of cell proliferation and the
induction of apoptosis. Exercise achieves these effects by reducing
cancer cell proliferation and increasing apoptosis (Fig. 2).

4.2. PA regulates metabolism

Adenosine monophosphate-activated protein kinase (AMPK) is
an energy sensor in cells that links metabolism and cancer.”” This
critical homeostasis control hub can suppress cell proliferation
when cellular capacity and biosynthesis are lacking.®® Numerous
physiological mechanisms, such as PA, activate AMPK. The liver is
more responsive to metabolic demands during muscular exertion,
and studies have shown an increase in AMPK activation following
both short-term and prolonged exercise in rat livers.®%> AMPK
phosphorylates the regulatory-associated protein of the mamma-
lian target of rapamycin (Raptor), which inhibits the mammalian
target of rapamycin (mTOR) complex 1 (mTORC1). The AMPK-
mTORC1 signaling pathway contributes to growth suppression
and hepatocarcinogenesis, with activation of this signaling
pathway resulting in cell cycle arrest and apoptosis.>>®> In
hepatocyte-specific PTEN-deficient mice, the activation of AMPK
was elevated immediately after acute exercise, which was accom-
panied by increased phosphorylation of Raptor at site Ser 792,
AMPK’s targeted site, resulting in decreased mTORC1 activity.>”

In patients with liver cancer caused by non-alcoholic steatohe-
patitis (NASH), not only is there a disturbance in liver energy
metabolism, but also impaired lipid metabolism. The accumulation
of specific lipid species such as free fatty acids (FFAs) and free
cholesterol damages liver cells via lipotoxicity.®* This results in the
production of reactive oxygen species (ROS), which causes cell
death in hepatocytes. In response, HCC cells undergo compensatory
proliferation, which contributes to the development of HCC.®> Both
ROS and toxic lipids activate a protein called c-Jun N-terminal ki-
nase (JNK).8 JNK activation causes the formation of phospho-c-Jun,
which combines with c-Fos to create a transcription factor known
as activator protein-1 (AP-1), which promotes cell proliferation. JNK
activation has also been reported in cancer patients.%” Notably, the
absence of JNK1 in foz/foz mice provided complete protection from
hepatic tumorigenesis.>* Arfianti et al.>* discovered that 8 weeks of
exercise decreased JNK activation in foz/foz mice, possibly due to its
ability to reduce exercise-induced hepatic lipid accumulation.
Given that JNK1 suppression can regulate cell proliferation via c-Jun
phosphorylation and AP-1 activity, reduced hepatocellular prolif-
eration in exercising foz/foz mice may contribute to their resistance
to HCC development.

In NASH, insulin resistance is a common feature. This causes an
increase in insulin levels, which stimulates the liver to produce and
release more insulin-like growth factor 1 (IGF-1).%8 The presence of
IGF-1 increases the growth and survival of modified hepatocytes by
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activating the Akt/mTORC1 pathway.>* Exercise regulates the
secretion of IGFs and activates adenosine AMPK, especially in tu-
mors with hyperactive Akt pathways.>>>6:39

In summary, exercise can activate AMPK by improving mito-
chondrial function, which inhibits the mTOR pathway and reduces
hepatic lipid accumulation. Furthermore, it regulates IGF-1 secre-
tion, which effectively modulates the Akt and mTOR pathways. It
also regulates interleukin-6 (IL-6) activity in skeletal muscles, all of
which collectively contribute to the inhibition of cancer cell pro-
liferation and induction of apoptosis (Fig. 2).

4.3. PA regulates the inflammation and immune environment

In terms of immune response activation via PA, natural killer
(NK) cells are the most sensitive to exercise-induced mobilization,
followed by T cells (including cluster of differentiation 4 (CD4)" and
CD8%), with B cells being the least sensitive.”” NK cells, which are
highly sensitive in mobilizing the immune system, play an essential
role in innate immune defense. On the other hand, T cells act as
cytotoxic agents and play an important role in adaptive immune
responses. The rapid responsiveness of NK cells can be attributed
not only to their strong reactivity to exercise but also to the acti-
vation of NK group 2 member D (NKG2D) and minor histocom-
patibility antigen 60 (H60a), as well as ligand C-type lectin-related
protein b (Clr-b) from NK receptor proteins 1 ligand (NKR-P1B).5%°!
As pioneers in the innate lymphocyte family, NK cells have recently
received recognition for their ability to manage both microbial in-
fections and tumor progression.’” In both clinical cases and animal
studies, compromised or deficient NK cells have been linked to an
increased susceptibility to various types of cancer.”®> Wang et al.>*
found that 12 weeks of endurance exercise can delay the invasion
of tumor cells in Hepal-6 cell-derived mice while increasing the
expression of NK cells. The findings show that in the tumor model,
pretrained mice had significantly higher IL-15 levels in their
plasma. IL-15 in human skeletal muscle is the cytokine with the
highest expression at the messenger ribonucleic acid (mRNA)
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level.”> After exercise training, as a result of muscle contraction-
induced secretion, the levels of IL-15 in the plasma rise.”® Addi-
tionally, the expression of NK cell ligands Nkg2d and Rae-1 in liver
tissue has increased. Furthermore, levels of interferon-gamma
(IFN-y) increased. Thus, exercise training can improve the recog-
nition and cytotoxicity of NK cells. Furthermore, the caspase-3
apoptotic pathway in mouse liver tumor tissue was activated. Cell
apoptosis is regarded as a typical antitumor process. Caspase-3 is
an important mediator of mammalian cell apoptosis that can cleave
many essential proteins.

IL-6 has both positive and negative effects on cancer, depending
on the circumstances.”””® During exercise, skeletal muscles pro-
duce IL-6 to control immediate energy availability.”® IL-6 produced
during exercise can help prevent cancer by improving insulin
sensitivity, promoting the production of anti-inflammatory cyto-
kines, mobilizing immune cells, and reducing DNA damage in early
malignant cells.'®®~1%? Conversely, chronic inflammation and the
activation of tumor-promoting signaling pathways are facilitated
by the continuous production of IL-6 by leukocytes at inflammatory
sites, promoting tumorigenesis.'®>1% Several factors contribute to
the contradictory effects of IL-6 in cancer, including the duration of
exposure, mode of signaling, regulation from upstream sources, cell
origin, and target cell specificity. Future research should concen-
trate on gaining a better understanding of the underlying mecha-
nisms that drive these moderating factors. This knowledge will be
crucial in understanding the precise role of IL-6 in cancer and
guiding the development of more targeted therapeutic approaches
including behavioral and pharmacological interventions tailored
toward these moderators and their associated mechanistic
pathways.

The secretion of various myokines by active muscles, which can
have local or systemic effects on different organs, may contribute to
the observed reduction in cell proliferation in both liver and tumor
tissues. Indeed, certain myokines have been shown to inhibit the
growth of tumor cells, implying that muscle-released factors may
play a role in cancer prevention.'%> Furthermore, myokines released
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during exercise may directly reduce inflammation in the liver and
protect against tumors.'’® More research is needed to confirm the
role of myokines in preventing tumor development.

To summarize, PA can cause an immune cell mobilization re-
action within the cancer microenvironment. This includes
increasing the infiltration of NK cells, improving the immuno-
modulatory effects of cytokines, and facilitating T cell proliferation.
Consequently, exercise can effectively slow cancer cell growth and
prevent immune system deterioration (Fig. 2).

5. Implementation principles of exercise

Exercise is defined as a planned, organized, and repeatable PA
intended to promote or maintain physical fitness. Generally, exer-
cise programs designed to promote and maintain physical fitness
and health include aerobic exercise, resistance exercise, flexibility
exercise, and neuromuscular function training.'%” A comprehensive
exercise prescription should adhere to the FITT-VP (frequency, in-
tensity, type, time, volume, and progression) principles. Exercise
programs for liver cancer survivors are designed to be individual-
ized, gradual (step-by-step), and persistent.

5.1. Individualized

Exercise training for cancer patients may shift from a “one-size-
fits-all” approach to more tailored strategies based on age, physical
fitness, comorbidities, and complications. Furthermore, complex
factors such as personal preferences and the external sports envi-
ronment must be carefully considered.

5.2. Step-by-step

During exercise training, the intensity and duration of the ex-
ercise should be gradually increased in response to improvements
in patient prognosis at various stages of the disease, physical fitness
level, health status, and other factors. The patient’s physical fitness
level should be regularly reassessed, and the exercise program
adjusted as needed. Patients with liver cancer should always begin
with low intensity, progress slowly, and be aware of liver disease
symptoms.'©®

5.3. Persistence

Liver cancer survivors should follow exercise regimens as much
as possible throughout the disease course, including before treat-
ment, the perioperative period, the systemic treatment period, and
intermission, as well as long-term survival. Although specific ex-
ercise regimens and goals may change over time, patients should
always be encouraged to stick to and maintain good exercise habits.

6. Full-cycle management of PA

Exercise therapy for liver cancer survivors is a novel concept in
the field of hepatology. Exercise rehabilitation should be managed
across all disease, personnel, and regional cycles. The disease cycle
begins on the day of diagnosis and ends with the patient’s death,
and exercise adjustments should be made accordingly based on the
disease’s stages and treatment methods. Simultaneously, health
personnel must be well managed throughout the cycle, as this is a
critical link between clinical rehabilitation and caring. Clinicians,
rehabilitation therapists, and nurses should work together to create
and integrate dual rehabilitation plans in and out of the hospital.
Health professionals should incorporate PA programs into their
patients’ daily lives and supervise them appropriately. The frame-
work for PA programs for cancer survivors can be referred to the
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Exercise and Sports Science Australia's position statement on ex-
ercise guidelines.'%

6.1. Assessment of PA readiness

In general, exercise risk assessments should be conducted
before developing any specific PA program for patients with liver
cancer to identify potential risk factors.'' When designing a PA
program for these patients, two critical aspects must be considered:
(1) The presence of general complications, such as cardiovascular
disease, skeletal and muscular disorders, metabolic disorders, and
renal disease, which may preclude safe exercise. The World Health
Organization guidelines for the general population should be fol-
lowed in this regard.'”’ (2) Liver cancer-specific complications,
given that liver cancer patients frequently lack PA and may expe-
rience cardiovascular issues, metabolic disorders (such as diabetes
and metabolic liver disease), and renal problems (such as hep-
atorenal syndrome). Therefore, a thorough medical evaluation is
necessary before initiating any exercise regimen.’’ Specific
assessment should include the following: (1) Evaluation of the
patient’s medical history and current PA level, including age, dis-
ease history, family history, any impairments, and sports injuries
before and after diagnosis; (2) Routine medical evaluations,
including cardiopulmonary function, blood glucose, and lipid
levels, evaluation of peripheral nerves and skeletal muscles for
secondary lesions after treatment, and preexercise assessment of
patients with known bone metastases to determine safe exercise
modalities and volumes; and (3) Screening for liver cancer-related
complications, including the model for MELD score, risk of variceal
bleeding, presence of ascites, coagulation function, diuretic treat-
ments, and assessment of HE (Table 1 for details).?19%108

By integrating the evidence base on liver cancer staging, specific
outcomes, and various exercise prescriptions, as well as general
principles of exercise prescription, a solid foundation can be
established to improve the QoL for patients with liver cancer. It is
critical to incorporate cancer-specific considerations into all aspects
of patient care, including assessment and initial exercise prescrip-
tion, as well as exercise principles such as progressive overload,
periodicity, and autoregulation. Furthermore, incorporating
behavior change strategies, education, and monitoring is critical to
ensuring patient-centered care that enables patients to develop the
skills needed to reap long-term health benefits from exercise. The
process is outlined below: (1) Assess patients, including their
medical history, cancer diagnosis, treatment status, treatment-
related side effects, and PA and exercise habits. (2) Prioritizing
health issues based on risk and providing exercise recommenda-
tions to prevent or manage cancer- or treatment-related side ef-
fects. (3) Identify the patient’s capabilities for intervention,
considering factors such as physiological limitations, economic
status, psychosocial well-being, access to resources/support
systems/preferences/self-confidence levels/barriers/facilitators to
exercise participation. Also, consider the potential benefits of ex-
ercise. (4) Creating an exercise prescription based on the patient’s
specific and regularly reassessing and modifying/updating the ex-
ercise prescription to reflect progress.!

6.2. PA prescription

The clinical spectrum of patients with liver cancer and those
who have survived is extremely diverse. Therefore, exercise pre-
scriptions for liver cancer survivors should be tailored to specific
needs, such as their learning ability, type of work, living environ-
ment, and PA preferences. Currently, there is no specifically rec-
ommended PA prescription for liver cancer. Given the decline in
body function and susceptibility to fatigue in liver cancer survivors,
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Table 1
Screening results of patients with liver cancer and adjustments of exercise
prescription.

Liver cancer-specific References

screening

Exercise prescription modification

MELD >20

Case-by-case assessment to determine if 108
a certified exercise professional referral
is required for the patient to progress
beyond the introductory exercise.
Ensure adequate primary or secondary
variceal prophylaxis is in place before
the program.

Avoid any exercise
intraabdominal pressure.
Low-to-moderate-intensity exercise can
be performed when the accumulation of
ascites is insignificant and/or does not
affect balance.

Caregiver supervision is recommended.
Caregiver supervision throughout the
entire process, including exercise
physiologist supervision, if necessary.
Initiate mild-intensity exercise under
supervision while paying close attention
to skin and mucosal bleeding before and
after exercise.

Unless combined with unstable clinical
status, severe thrombocytopenia is not a
contraindication of PA. The patient can
start with bed activities and ADL to avoid
sedentary or bedridden status.

There is a risk of hypovolemia and
hypotension during exercise.

Encourage home exercise, use public
fitness equipment with caution and
prevent cross-infection.

Start with mild-intensity, high-fre-
quency, and short-term exercise.

For patients with a high risk of fractures, a
thorough clinical evaluation should be
conducted before starting the exercise.
When performing resistance exercises,
direct weight bearing on the lesion
should be avoided.

High-impact load training and excessive
flexion, extension, or twisting of the
trunk should be avoided.

High-risk varices .

that increases

Ascites 08

HE

Platelet<20x10%/L, .
hemoglobin<80 g/L

Diuretic treatment .

Receiving
immunotherapy or
in an
immunosuppressive e
state

Accompanying
osteoporosis, bone
metastasis

21,107

Abbreviations: MELD, the model for End-stage liver disease; HE, hepatic encepha-
lopathy; PA, physical activity; ADL, activity of daily living.

most are unable to perform even moderate-intensity aerobic ex-
ercises as recommended by the American Cancer Society for at least
150 min/week.'"! The general exercise principles for liver cancer
survivors are to begin slowly, progress slowly, and be aware of liver
disease symptoms to reduce the risk of symptoms exacerbating.!°®
The exercise prescription should be adjusted based on the patient’s
tolerance level. The variables that can be changed are as follows:
exercise mode, intensity, duration, and frequency.”” Adjustable
variables in resistance exercises include reducing the number of
training sets for each muscle group, lowering the resistance load,
and increasing the rest time between sets.!'? In recent years, many
studies have investigated various exercise strategies for liver cancer
survivors. For example, O'Neill et al.?° devised a 12-week multi-
disciplinary rehabilitation program following the surgery for
esophagogastric and hepatopancreatic biliary cancer. The exercise
component consisted of both on-site supervision and home-based
intervention, which included aerobic and resistance exercises. The
exercise intensity was adjusted based on the patient’s physical
fitness, which was measured with an accelerometer and a Borg
perception scale. Resistance training (RT) was primarily aimed at
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exercising the major upper- and lower-body muscle groups while
avoiding core muscle exercises that increase intraabdominal pres-
sure. The center’s initial research has shown that a 12-week su-
pervised and family exercise program can lead to significant clinical
improvements in cardiorespiratory function and overall well-being
without compromising body composition. Tsuchihashi et al.'’®
discovered that in-hospital exercise improved frailty in patients
with HCC. In the exercise group, patients received individualized
exercise therapy overseen by a certified physical therapist with
expertise in cancer rehabilitation. Exercise sessions began on the
day after TACE, except for patients with a temperature of 38.0 °C or
higher or experiencing liver failure.

Exercise was performed five times per week, either in a dedi-
cated rehabilitation room or on the hospital ward. The exercise
program included the following four types of training: (1)
stretching, including the quadriceps femoris muscles, hamstrings,
hip adductors, gastrocnemius, back, and shoulder muscles. Each
stretch was held for 10—20 s. Patients were encouraged to grad-
ually increase the intensity until they experienced tightness and
slight discomfort. The physical therapist demonstrated proper
stretching technique and checked for signs of tightness or
discomfort. The total time spent on stretching exercises ranged
from 3 to 5 min. (2) The RT included four basic exercises: hip
hinges, towel air pull-downs, squats, and calf raises. Each set had
10 repetitions, with a maximum of three sets per session. Physical
therapists modified the exercise method and environment to
ensure that patients could comfortably complete all 10 repetitions
with their own body weight or manual resistance. The total time
allocated allotted for RT was approximately 5 min. (3) Balance
training: patients practiced one-leg or tandem stance exercises
with parallel bars and handrails for support. The one-leg stance
exercises required patients to maintain a horizontal posture while
holding each leg up for up to 1 min. Tandem stance exercises
required an upright posture with the feet aligned heel-to-toe in a
straight line. These balance training exercises were done once on
each side for about 5 min. (4) Aerobic training was done on a bi-
cycle ergometer or while walking, with the exercise intensity
adjusted to keep the perceived exertion rating between 11 and 13
on the Borg scale. The duration of exercise was gradually increased
to 15 min, and individual intensity was adjusted during each ses-
sion to meet exercise objectives.

Orange et al'™ created a group-based virtual exercise inter-
vention strategy for elderly liver cancer survivors that utilized
teleconferencing to guide them through home-based exercise. The
patients were invited to partake in virtual exercise sessions twice a
week for 10 weeks, including a chair- or standing-based section.
The method chosen was based on the patient’s physical fitness, and
each exercise lasted for 45 min, including a 10-min warm-up, 30-
min aerobic and resistance exercises, and a 5-min static stretch-
ing and cool-down period. The exercises were performed at a
moderate-intensity level on the 10-point Borg scale of perceived
exercise (3—6). Unfortunately, the results of this strategy have yet to
be validated. Table 2 shows the recommended FITT elements of
exercise prescription for liver cancer survivors. The most recent
relevant studies are listed in Table 3.

Currently, traditional RT is the most popular training method in
exercise oncology. However, nontraditional RT methods such as
eccentric training, cluster training, and blood flow restriction (BFR)
training are gaining popularity. These training methods have been
extensively investigated in exercise and clinical populations,
including aging, cardiovascular disease, and type 2 diabetes.
Nonetheless, these nontraditional RT methods have not been
extensively investigated in patients with liver diseases. Nobrega
et al.'"® conducted the first trial of BFR-RT in patients with liver
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Table 2
Recommended FITT for PA in liver cancer survivors.
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Characteristic Aerobic

Resistance

Flexibility and balance

Frequency
Intensity

Starting from 4 days per week, target daily
Moderate-intensity 40%—59% HRR, 64%—75% HRmax, RPE: 5
—6 on a 10-point Borg scale. The exerciser should pass the
talk test and be able to speak comfortably during exercise to
ensure they are not overexerting themselves.

Long-time rhythmic activities using large muscles (such as
walking, cycling, shadowboxing, Baduanjin Qigong, jogging,
swimming, etc.).

Individuals who are “very reconditioned” may start with a
Tmin walk and 1 min rest, gradually increasing the walking
time to shorten the rest time, with a goal of 40 min per
activity.

Types

Time
sets.

2—3 days per week

Starting from low intensity (such as 30% 1-RM), a small
increase can easily complete 3 sets of 10—12 repetitive
movements, which can increase resistance.

Free weight, resistance devices, or functional activities of
one’s own weight (such as sitting and standing transitions),
targeting the upper and lower limb major muscle groups.
3—4 sets each time, 8—12 repetitions per set, completing 3

2 or more days per week
Stretch until there is a feeling of
tightness or slight
uncomfortable tolerable.

Stretches and balance exercises
targeting the large muscles of
the upper and lower body.

1 set of 3 repetitions. Stretches
can be held for 30—60 s for a
total of 5—10 min.

Abbreviations: HRR, heart rate reserve; HRmax, maximum heart rate; RPE, rating of perceived exertion; 1-RM, 1-repetition maximum; FITT, frequency, intensity, type, time.

Table 3
Clinical trials of PA in liver cancer survivors.

Author, Year  Design Population Interventions

Key findings

Exercise was an independent factor for an increase in SMI
(HR 2.13; 95% CI 1.215—3.846; P = 0.0085) in the logistic
regression analysis.

A 12-week HBEP, including ADS targets and twice-weekly No adverse events were reported, and there was a

significant improvement in the ISWT at both 6 weeks
(+50 m; p = 0.008) and 12 weeks (+210 m; p = 0.008),
ADS score (+2700; p = 0.008), SPPBT score (+2.5;

p = 0.016).

No adverse events occurred during the intervention
period.

Exercise training adherence was 95% (supervised) and 75%
(unsupervised).

31 (84%) completed the 12-week intervention.

Grip strength t

30s chair stand test 1

The 6-MWT?

Muscle mass 1

The IPAQ-SF scoret

Without biochemical deterioration

LFI1

Exercise (OR: 2.38; 95%CI 1.240—4.570) and females (OR:
2.09; 95%CI 1.062—4.109) were identified as independent
factors for the improvement of LFI.

The scores of pain, fatigue, sleep quality, and QoL in the

Koya,”® 2019 Case- HCC patients who Exercise group (n = 102): in-hospital exercise (2.5 METs, ASMI 1
control underwent TACE 20—40 min/day) involving stretching, strength, balance,
study (n =209) and endurance training. Control group (n = 107): usual

care.

Williams,”®  One  Adult patients on the

2019 arm waiting list for primary LT resistance exercises.
(n = 20); exclusion
criteria:
cardiovascular instability.

Wallen,?® 2019 Pilot A potential candidate for Exercise (n = 21): 2 supervised + 1 unsupervised sessions
RCT liver transplantation weekly, aerobic + circuit resistance exercises.

(n=21)

Kim,'”> 2020  One HCC patients (n = 37) Individually prescribed rehabilitation exercises: warm-up,
arm stretching, aerobic, and upper/lower extremity muscle

strengthening.

Tsuchihashi,''® Cohort HCC patients (n = 181)  Exercise (n = 114):

2021 study 5 sessions/week, including stretching, strength, balance,

and endurance training.

He,*° RCT Hepatocarcinoma 3 months of home-based aerobic exercise

2022 patients treated with

TACE (n = 183)

exercise group were statistically significantly better (all
P < 0.05).

Abbreviations: HCC, hepatocellular carcinoma; TACE, transarterial chemoembolization; METs, metabolic equivalents; SMI, skeletal muscle index; HR, hazard ratios; HBEP,
home-based exercise program; ADS, average daily step; SWT, incremental shuttle walk test; 6-MWT, 6-min walk test; IPAQ-SF, international physical activity questionnaire-
short form; SPPBT, Shuttle-Plus Physical Performance Battery Test; LFI, liver frailty index; QoL, quality of life.

cirrhosis, evaluating its effects on neuromuscular parameters,
functional performance, disease severity, and QoL outcomes. The
study investigated the possibility of incorporating nontraditional
RT protocols into exercise prescriptions for patients with liver
diseases. Furthermore, traditional Chinese fitness exercises such as
the Five Animal Frolics, Baduanjin, Qigong, and New Qigong have
been studied on cancer patients.''''° According to research,
except for high-intensity exercises like brisk walking in New
Qigong, most forms of New Qigong involve very slow walking
speeds, significantly slower than normal walking. Despite the slow
walking pace, these exercises can produce moderate-intensity
aerobic effects using a special breathing technique called “inhale-
exhale”. Qigong improved the overall QoL, CRF, and cognitive
impairment.'?? This emphasizes the importance of “body adjust-
ment”, “breathing control”, and “mind control” in traditional Chi-
nese health practices related to fitness. These exercises are ideal for
physically weak people, such as those who are currently under-
going or have recently completed cancer treatment, and they may
also be used in liver cancer patients in the future.

29

6.3. Supervision of the PA process

Several studies have consistently demonstrated that supervised
interventions are more effective than unsupervised ones. This can
be attributed to increased guidance from exercise therapists, the
use of specialized equipment, and strict adherence to proto-
col.'?122 Despite its effectiveness, traditional exercise supervision,
which typically involves in-person interactions at centralized lo-
cations, necessitates significant financial and human resources.
Furthermore, it necessitates patients visiting hospitals or fitness
centers, making it inconvenient, costly, and frequently impeding
long-term adherence. A Meta-analysis investigating the PA prefer-
ences of cancer patients confirmed that most patients prefer un-
supervised home-based activity programs.'”> To address this
preference and improve adherence, telemedicine technology,
intelligent assistive devices, and community resource collaboration
networks can be used to develop hospital-based supervised exer-
cise programs as well as home-based exercise training under
intelligent supervision for liver cancer survivors.>>~%!13114



H. Chen, H. Zhou, B. Wu et al.

Incorporating these advancements not only improves the compli-
ance of cancer survivors but also allows for cognitive changes in PA
behavior. This approach promotes normalized exercise habits.
Furthermore, careful monitoring of common complications and
treatment-related side effects during exercise is
essential 16173031114

7. PA patterns in liver cancer survivors
7.1. Hospital-based PA

Patients with cirrhosis and liver cancer frequently develop
various complications.'”* Specific exercises may increase portal
venous pressure and reduce glomerular filtration rate, potentially
exacerbating variceal bleeding and hepatorenal syndrome.?>%*
Considering safety concerns, most exercise rehabilitation pro-
grams for liver cancer survivors are held in hospitals or cancer
rehabilitation facilities.>>>%!'3 Previous research on hospital-based
exercise rehabilitation has primarily focused on well-structured
on-site training facilities, which frequently include gym equip-
ment and direct supervision by exercise specialists. In China,
because of a shortage of specialized exercise rehabilitation pro-
fessionals, nurses guide most interventions for liver cancer pa-
tients.>%4%12>  Hospital-based exercise programs have the
advantage of providing a certain level of supervision, allowing for
increased training intensity and the use of specialized equipment.
However, their impact on long-term exercise adherence is un-
known. Furthermore, these programs require significant financial
and human resources, necessitating patients’ visits to hospitals or
exercise facilities, making them impractical, costly, and detrimental
to long-term adherence. Therefore, with the emergence of home-
based self-management exercise programs that may address the
aforementioned issues, healthcare providers should instruct pa-
tients on exercise and self-monitoring skills as patients transition
from hospital-based to home-based self-management exercise
programs.

7.2. Home-based PA

In recent years, several studies have been conducted to assess
the benefits of home-based exercise programs in comparison to
hospital-based exercise programs. In family-based programs, an
exercise specialist typically performs an initial assessment, explains
the program to the patients, and tailors it to their specific needs.
The aerobic exercise component is typically performed using
wearable activity trackers and daily target steps. With the wide-
spread popularity of smartphones around the world, mHealth, a
new technology that promotes exercise plans, has sparked interest
not only among healthy people but also among patients suffering
from diseases such as diabetes and heart disease.'?°~ 28 mHealth

Table 4
Physical activity patterns in liver cancer survivors.
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encourages patients to exercise and provides real-time feedback,
thereby increasing PA. Because of mHealth’s ability to provide
extensive information and reduce communication barriers with
healthcare providers, it is an excellent tool for assisting liver cancer
survivors in exercising safely outside of the hospital. mHealth
combined with personalized exercise programs, can improve
physical function in patients with HCC. Kim et al.”® discovered that
using the mHealth app and the internet of wearable devices to
provide 12 weeks of personalized rehabilitation exercise for
compensatory liver cancer survival during cancer treatment is both
safe and efficient. The monitoring system consists of wearable de-
vices and real-time communication chat services with healthcare
professionals. No complications or biochemical deterioration were
detected during the 12-week intervention period. Physical fitness
improved statistically significantly when compared to the baseline
level.

In home-based exercise rehabilitation, the most challenging
aspect is patient compliance. Williams et al.*® indicated that
compliance among LT candidates decreased significantly after
weekly phone calls were discontinued after the sixth week of
rehabilitation. This lack of compliance may be caused by the
complexity of the exercise programs. Ideally, as the patient’s con-
dition worsens, the intervention should be simpler. Although the
use of wearable mobile trackers and other technologies is prom-
ising, some patients with HE or very serious liver diseases may
struggle to use them, necessitating the assistance of a caregiver.
Therefore, combining in-hospital caregiver supervision with home-
based self-management rehabilitation and gradually transitioning
from a hospital-based to a home-based rehabilitation program can
maximize benefits. The characteristics of the two PA patterns are
summarized in Table 4.

The 5G era will witness the development of mobile phone-based
dynamic exercise intervention equipment, courses, and app appli-
cations, as well as exercise prescriptions. The new generation of
sports equipment and courses with interactive functions tailored to
the Internet of Things are gradually making their way into users’
homes via live broadcasting, smart fitness equipment, and remote
visual coaches.

8. Summary and outlook

Physical inactivity, sarcopenia, and frailty are extremely com-
mon and serve as independent predictors of morbidity and mor-
tality in HCC patients. For various types of cancer, PA and exercise
training are fundamental recommendations supported by guide-
lines. To safely increase the exercise levels of liver cancer survivors,
implement a subtle support system that monitors their PA and
alerts them before liver decompensation becomes critical. Wear-
able devices, such as smartwatches, fitness trackers, and heart rate
monitors, can be used in conjunction with mobile exercise apps.

Aspect Hospital-based physical activity

Home-based physical activity

Supervision Professional direct supervision by healthcare providers
Equipment and
resources

Safety

Access to a wide range of equipment and resources

possibility of reaching higher intensity
Tailored exercise programs based on individual needs
Opportunities for social interaction and support

Personalization
Social interaction

Compliance Higher compliance due to regular monitoring, but unclear adherence to the
long-term
Cost Requires patients to travel, costs more

With safety measures and emergency response systems in place, the

Lack of direct supervision, but convenience, flexibility, and cost-
effective
Limited equipment and resources available at home

Safety measures may be limited at home: requires self-monitoring and
safety awareness, risk of suboptimal intensity

Personalization may be limited without a professional assessment
Limited social interaction at home

Requires self-motivation and discipline;

Low adherence

More “real-life”, free

30
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The real-time data on pulse, step count, and sleep provided by these
wearables allows exercise professionals to customize programs for
their clients. Exercise professionals can provide patients with more
convenient PA support systems and set up appropriate alarm sys-
tems using smartphones and related Apps that help with exercise
performance or programming. Nontraditional RT protocols, such as
BFR training, are being investigated for inclusion in exercise pre-
scriptions for liver cancer patients. Considering the exercise in-
terventions supervised by healthcare professionals in the hospital,
a gradual transition to a home-based self-management rehabilita-
tion program can assist survivors in performing safe and effective
PA. The integration of mHealth with personalized exercise pro-
grams allows survivors to safely exercise at home, which aligns
with future development trends. In the future, more personalized,
large-scale, and multicenter randomized controlled trials tailored
for liver cancer patients will be required to provide robust clinical
evidence support.

Authors' contributions

Haiyan Chen, Huimin Zhou, and Bo Wu contributed equally to this
work and should be considered co-first authors. Haiyan Chen:
Writing - original draft, Investigation. Huimin Zhou: Writing - orig-
inal draft, Investigation. Bo Wu: Writing - original draft, Visualiza-
tion, Software. Hanxiao Lu: Visualization, Software, Data curation. Jie
Zhang: Validation, Investigation. Yan Zhang: Validation, Investiga-
tion. Yuanlong Gu: Validation, Funding acquisition. Guangwen Zhou:
Validation, Supervision, Methodology. Jie Xiang: Writing - review &
editing, Conceptualization. Jun Yang: Writing - review & editing,
Visualization, Validation, Supervision, Project administration, Fund-
ing acquisition, Conceptualization. All authors read and approved the
final manuscript.

Declaration of competing interest

The authors declare that there is no conflicts of interest.

Acknowledgements

This work was supported by grants from Top Talent Support
Program for young and middle-aged people of Wuxi Health Com-
mittee (No.BJ2023049, China); Wuxi Social Development Science
and Technology Demonstration Project (No.20201003, China).

References

1. Sung H, Ferlay ], Siegel RL, et al. Global Cancer Statistics 2020: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers in 185 coun-
tries. CA Cancer ] Clin. 2021;71:209—249. https://doi.org/10.3322/caac.21660.

2. Rumgay H, Arnold M, Ferlay ], et al. Global burden of primary liver cancer in
2020 and predictions to 2040. | Hepatol. 2022;77:1598—1606. https://doi.org/
10.1016/j.jhep.2022.08.021.

3. Cao MD, Liu CC, Wang H, et al. The population-level economic burden of liver
cancer in China, 2019-2030: prevalence-based estimations from a societal
perspective. Cost Eff Resour Alloc. 2022;20:36. https://doi.org/10.1186/s12962-
022-00370-3.

4. McGlynn KA, Petrick JL, El-Serag HB. Epidemiology of hepatocellular carci-
noma. Hepatology. 2021;73:4—13. https://doi.org/10.1002/hep.31288.

5. Maucort-Boulch D, de Martel C, Franceschi S, Plummer M. Fraction and inci-
dence of liver cancer attributable to hepatitis B and C viruses worldwide. Int |
Cancer. 2018;142:2471—2477. https://doi.org/10.1002/ijc.31280.

6. Michelotti A, de Scordilli M, Palmero L, et al. NAFLD-related hepatocarcinoma:
the malignant side of metabolic syndrome. Cells. 2021;10:2034. https://
doi.org/10.3390/cells10082034.

7. Bureau of Medical Administration, National Health Commission of the Peo-
ple's Republic of China. Standardization for diagnosis and treatment of he-
patocellular carcinoma (2022 edition). Chin | Hepatol. 2022;30:367—388.
https://doi.org/10.3760/cma.j.cn501113-20220413-00193.

31

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Liver Research 8 (2024) 22—33

. Nan Y, Xu X, Gao Y, et al. Consensus on the secondary prevention of primary

liver cancer. Hepatol Int.
512072-021-10259-7.

2021;15:1289—1300. https://doi.org/10.1007/

. Heimbach JK, Kulik LM, Finn RS, et al. AASLD guidelines for the treatment of

hepatocellular carcinoma. Hepatology. 2018;67:358—380. https://doi.org/
10.1002/hep.29086.

Kudo M, Kawamura Y, Hasegawa K, et al. Management of hepatocellular
carcinoma in Japan: JSH consensus statements and recommendations 2021
update. Liver Cancer. 2021;10:181—223. https://doi.org/10.1159/000514174.
Vogel A, Cervantes A, Chau I, et al. Hepatocellular carcinoma: ESMO Clinical
Practice Guidelines for diagnosis, treatment and follow-up. Ann Oncol.
2018;29:iv238—iv255. https://doi.org/10.1093/annonc/mdy308.

Li Q Cao M, Lei L, et al. Burden of liver cancer: from epidemiology to pre-
vention. Chin J Cancer Res. 2022;34:554—566. https://doi.org/10.21147/
j-issn.1000-9604.2022.06.02.

Lu SD, Li L, Liang XM, et al. Updates and advancements in the management of
hepatocellular carcinoma patients after hepatectomy. Expet Rev Gastroenterol
Hepatol. 2019;13:1077—-1088. https://doi.org/10.1080/17474124.2019.
1684898.

Campbell KL, Winters-Stone KM, Wiskemann ], et al. Exercise Guidelines for
Cancer Survivors: consensus statement from international multidisciplinary
roundtable. Med Sci Sports Exerc. 2019;51:2375—2390. https://doi.org/
10.1249/MSS.0000000000002116.

Kim Y, Seo J, An SY, Sinn DH, Hwang JH. Efficacy and safety of an mHealth App
and wearable device in physical performance for patients with hepatocellular
carcinoma: development and usability study. JMIR Mhealth Uhealth. 2020;8:
e14435. https://doi.org/10.2196/14435.

Yeo SM, Oh JH, Yu HJ, Sinn DH, Hwang JH. The effect of mHealth-based ex-
ercise on insulin sensitivity for patients with hepatocellular carcinoma and
insulin resistance (mISH): protocol of a randomized controlled trial. Trials.
2022;23:930. https://doi.org/10.1186/s13063-022-06858-w.

Caspersen CJ, Powell KE, Christenson GM. Physical activity, exercise, and
physical fitness: definitions and distinctions for health-related research.
Public Health Rep. 1985;100:126—131.

Mina DS, Langelier D, Adams SC, et al. Exercise as part of routine cancer care.
Lancet Oncol. 2018;19:e433—e436. https://doi.org/10.1016/S1470-
204530599-0.

Stout NL, Santa Mina D, Lyons KD, Robb K, Silver JK. A systematic review of
rehabilitation and exercise recommendations in oncology guidelines. CA
Cancer J Clin. 2021;71:149—175. https://doi.org/10.3322/caac.21639.

O'Neill L, Guinan E, Doyle S, et al. Rehabilitation strategies following oeso-
phagogastric and hepatopancreaticobiliary cancer (ReStOre II): a protocol for
a randomized controlled trial. BMC Cancer. 2020;20:415. https://doi.org/
10.1186/s12885-020-06889-z.

Chinese Society of Nutritional Oncology KLoCFfSMR, Beijing Association of
Oncology, Car fCP. Consensus of Chinese experts on exercise therapy for
cancer patients. Science in China (Series C). 2022;52:587—602. https://doi.org/
10.1360/ssv-2022-0028.

Macias-Rodriguez RU, Ruiz-Margdin A, Romdn-Calleja BM, et al. Exercise
prescription in patients with cirrhosis: recommendations for clinical practice.
Rev Gastroenterol Méx. 2019;84:326—343. https://doi.org/10.1016/j.rgmx.
2019.02.011.

Garcia-Pagan JC, Santos C, Barberd JA, et al. Physical exercise increases portal
pressure in patients with cirrhosis and portal hypertension. Gastroenterology.
1996;111:1300—1306. https://doi.org/10.1053/gast.1996.v111.pm8898644.
Bandi JC, Garcia-Pagan JC, Escorsell A, et al. Effects of propranolol on the
hepatic hemodynamic response to physical exercise in patients with cirrhosis.
Hepatology. 1998;28:677—682. https://doi.org/10.1002/hep.510280312.
Morkane CM, Kearney O, Bruce DA, Melikian CN, Martin DS. An outpatient
hospital-based exercise training program for patients with cirrhotic liver
disease awaiting transplantation: a feasibility trial. Transplantation. 2020;104:
97—-103. https://doi.org/10.1097/TP.0000000000002803.

Wallen MP, Keating SE, Hall A, et al. Exercise training is safe and feasible in
patients awaiting liver transplantation: a pilot randomized controlled trial.
Liver Transpl. 2019;25:1576—1580. https://doi.org/10.1002/1t.25616.

Lai JC, Dodge JL, Kappus MR, et al. A multicenter pilot randomized clinical trial
of a home-based exercise program for patients with cirrhosis: the strength
training intervention (STRIVE). Am ] Gastroenterol. 2021;116:717—722.
https://doi.org/10.14309/ajg.0000000000001113.

Chen HW, Ferrando A, White MG, et al. Home-based physical activity and diet
intervention to improve physical function in advanced liver disease: a ran-
domized pilot trial. Dig Dis Sci. 2020;65:3350—3359. https://doi.org/10.1007/
$10620-019-06034-2.

Williams FR, Vallance A, Faulkner T, et al. Home-based exercise in patients
awaiting liver transplantation: a feasibility study. Liver Transpl. 2019;25:
995—1006. https://doi.org/10.1002/1t.25442.

He JF, Qi LJ, Yu ], Gu SS, Xie XE. A study on the effect of home-based aerobic
exercise on pain-fatigue-sleeping syndrome and quality of life in hep-
atocarcinoma patients after TACE. Chinese ] Rehabilitation Med. 2022;37:
470—475. https://doi.org/10.3969/j.issn.1001-1242.2022.04.006.

Jiang FC, Zhou SP, Chen SY, Shen JB, Wang QH, Qi Lj. Effects of home-based
aerobic exercise on negative emotions and serum BDNF, 5-HT and NT-3
levels in patients with hepatocellular carcinoma undergoing interventional
therapy. Chinese | Rehabilitation Med. 2023;38:192—198. https://doi.org/
10.3969/j.issn.1001-1242.2023.02.009.


https://doi.org/10.3322/caac.21660
https://doi.org/10.1016/j.jhep.2022.08.021
https://doi.org/10.1016/j.jhep.2022.08.021
https://doi.org/10.1186/s12962-022-00370-3
https://doi.org/10.1186/s12962-022-00370-3
https://doi.org/10.1002/hep.31288
https://doi.org/10.1002/ijc.31280
https://doi.org/10.3390/cells10082034
https://doi.org/10.3390/cells10082034
https://doi.org/10.3760/cma.j.cn501113-20220413-00193
https://doi.org/10.1007/s12072-021-10259-7
https://doi.org/10.1007/s12072-021-10259-7
https://doi.org/10.1002/hep.29086
https://doi.org/10.1002/hep.29086
https://doi.org/10.1159/000514174
https://doi.org/10.1093/annonc/mdy308
https://doi.org/10.21147/j.issn.1000-9604.2022.06.02
https://doi.org/10.21147/j.issn.1000-9604.2022.06.02
https://doi.org/10.1080/17474124.2019.1684898
https://doi.org/10.1080/17474124.2019.1684898
https://doi.org/10.1249/MSS.0000000000002116
https://doi.org/10.1249/MSS.0000000000002116
https://doi.org/10.2196/14435
https://doi.org/10.1186/s13063-022-06858-w
http://refhub.elsevier.com/S2542-5684(24)00005-9/sref17
http://refhub.elsevier.com/S2542-5684(24)00005-9/sref17
http://refhub.elsevier.com/S2542-5684(24)00005-9/sref17
http://refhub.elsevier.com/S2542-5684(24)00005-9/sref17
https://doi.org/10.1016/S1470-204530599-0
https://doi.org/10.1016/S1470-204530599-0
https://doi.org/10.3322/caac.21639
https://doi.org/10.1186/s12885-020-06889-z
https://doi.org/10.1186/s12885-020-06889-z
https://doi.org/10.1360/ssv-2022-0028
https://doi.org/10.1360/ssv-2022-0028
https://doi.org/10.1016/j.rgmx.2019.02.011
https://doi.org/10.1016/j.rgmx.2019.02.011
https://doi.org/10.1053/gast.1996.v111.pm8898644
https://doi.org/10.1002/hep.510280312
https://doi.org/10.1097/TP.0000000000002803
https://doi.org/10.1002/lt.25616
https://doi.org/10.14309/ajg.0000000000001113
https://doi.org/10.1007/s10620-019-06034-2
https://doi.org/10.1007/s10620-019-06034-2
https://doi.org/10.1002/lt.25442
https://doi.org/10.3969/j.issn.1001-1242.2022.04.006
https://doi.org/10.3969/j.issn.1001-1242.2023.02.009
https://doi.org/10.3969/j.issn.1001-1242.2023.02.009

H. Chen, H. Zhou, B. Wu et al.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Hojman P, Gehl ], Christensen JF, Pedersen BK. Molecular mechanisms linking
exercise to cancer prevention and treatment. Cell Metab. 2018;27:10—21.
https://doi.org/10.1016/j.cmet.2017.09.015.

Wang Q, Zhou W. Roles and molecular mechanisms of physical exercise in
cancer prevention and treatment. | Sport Health Sci. 2021;10:201-210.
https://doi.org/10.1016/j.jshs.2020.07.008.

Arfianti A, Pok S, Barn V, et al. Exercise retards hepatocarcinogenesis in obese
mice independently of weight control. ] Hepatol. 2020;73:140—148. https://
doi.org/10.1016/j.jhep.2020.02.006.

Piguet AC, Saran U, Simillion C, et al. Regular exercise decreases liver tumors
development in hepatocyte-specific PTEN-deficient mice independently of
steatosis. J Hepatol. 2015;62:1296—1303. https://doi.org/10.1016/j.jhep.2015.
01.017.

Saran U, Guarino M, Rodriguez S, et al. Anti-tumoral effects of exercise on
hepatocellular carcinoma growth. Hepatol Commun. 2018;2:607—620. https://
doi.org/10.1002/hep4.1159.

Buss LA, Dachs GU. Effects of exercise on the tumour microenvironment. Adv
Exp Med Biol. 2020;1225:31-51. https://doi.org/10.1007/978-3-030-35727-6_
3.

Patel AV, Friedenreich CM, Moore SC, et al. American College of Sports
Medicine roundtable report on physical activity, sedentary behavior, and
cancer prevention and control. Med Sci Sports Exerc. 2019;51:2391—2402.
https://doi.org/10.1249/MSS.0000000000002117.

Cormie P, Zopf EM, Zhang X, Schmitz KH. The impact of exercise on cancer
mortality, recurrence, and treatment-related adverse effects. Epidemiol Rev.
2017;39:71-92. https://doi.org/10.1093/epirev/mxx007.

Baumeister SE, Schlesinger S, Aleksandrova K, et al. Association between
physical activity and risk of hepatobiliary cancers: a multinational cohort study.
J Hepatol. 2019;70:885—892. https://doi.org/10.1016/j.jhep.2018.12.014.
Moore SC, Lee IM, Weiderpass E, et al. Association of Leisure-time physical
activity with risk of 26 types of cancer in 1.44 million adults. JAMA Intern Med.
2016;176:816—825. https://doi.org/10.1001/jamainternmed.2016.1548.
Keum N, Bao Y, Smith-Warner SA, et al. Association of physical activity by
type and intensity with digestive system cancer risk. JAMA Oncol. 2016;2:
1146—1153. https://doi.org/10.1001/jamaoncol.2016.0740.

DiJoseph K, Thorp A, Harrington A, Schmitz KH, Chinchilli VM, Stine JG.
Physical activity and risk of hepatocellular carcinoma: a systematic review
and meta-analysis. Dig Dis Sci. 2023;68:1051—1059. https://doi.org/10.1007/
$10620-022-07601-w.

Duarte-Rojo A, Ruiz-Margdin A, Montano-Loza A], Macias-Rodriguez RU,
Ferrando A, Kim WR. Exercise and physical activity for patients with end-
stage liver disease: improving functional status and sarcopenia while on the
transplant waiting list. Liver Transpl. 2018;24:122—139. https://doi.org/
10.1002/1t.24958.

Yang ], Chen K, Zheng C, et al. Impact of sarcopenia on outcomes of patients
undergoing liver resection for hepatocellular carcinoma. J Cachexia Sarcopenia
Muscle. 2022;13:2383—-2392. https://doi.org/10.1002/jcsm.13040.

Voron T, Tselikas L, Pietrasz D, et al. Sarcopenia impacts on short- and long-
term results of hepatectomy for hepatocellular carcinoma. Ann Surg.
2015;261:1173—1183. https://doi.org/10.1097/SLA.0000000000000743.
Dasarathy S, Merli M. Sarcopenia from mechanism to diagnosis and treatment
in liver disease. | Hepatol. 2016;65:1232—1244. https://doi.org/10.1016/
j.jhep.2016.07.040.

Lee ], Cho Y, Park S, Kim JW, Lee IJ. Skeletal muscle depletion predicts the
prognosis of patients with hepatocellular carcinoma treated with radio-
therapy. Front Oncol. 2019;9:1075. https://doi.org/10.3389/fonc.2019.01075.
Qi LJ, Wang JH, Sun ZS, et al. Aerobic exercise regulates MAGED1 expres-
sion,limpid metabolism and inflammatory response in hepatocarcinoma pa-
tients. J Immunol. 2021;37:618—623. https://doi.org/10.13431/j.cnki.immunol.
j.20210085.

Scott JM, Zabor EC, Schwitzer E, et al. Efficacy of exercise therapy on cardio-
respiratory fitness in patients with cancer: a systematic review and meta--
analysis. J Clin Oncol. 2018;36:2297—2305. https://doi.org/10.1200/JC0.2017.
77.5809.

Lakoski SG, Barlow CE, Koelwyn GJ, et al. The influence of adjuvant therapy on
cardiorespiratory fitness in early-stage breast cancer seven years after diag-
nosis: the Cooper center longitudinal study. Breast Cancer Res Treat. 2013;138:
909—-916. https://doi.org/10.1007/s10549-013-2478-1.

Lakoski SG, Willis BL, Barlow CE, et al. Midlife cardiorespiratory fitness,
incident cancer, and survival after cancer in men: the Cooper center longi-
tudinal study. JAMA Oncol. 2015;1:231-237. https://doi.org/10.1001/
jamaoncol.2015.0226.

Fuller JT, Hartland MC, Maloney LT, Davison K. Therapeutic effects of aerobic
and resistance exercises for cancer survivors: a systematic review of meta-
analyses of clinical trials. Br J Sports Med. 2018;52:1311. https://doi.org/
10.1136/bjsports-2017-098285.

Guo Y, Ren Y, Zhu L, Yang L, Zheng C. Association between sarcopenia and
clinical outcomes in patients with hepatocellular carcinoma: an updated
meta-analysis. Sci Rep. 2023;13:934. https://doi.org/10.1038/s41598-022-
27238-z.

Koya S, Kawaguchi T, Hashida R, et al. Effects of in-hospital exercise on liver
function, physical ability, and muscle mass during treatment of hepatoma in
patients with chronic liver disease. Hepatol Res. 2017;47:E22—E34. https://
doi.org/10.1111/hepr.12718.

32

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Liver Research 8 (2024) 22—33

Koya S, Kawaguchi T, Hashida R, et al. Effects of in-hospital exercise on sar-
copenia in hepatoma patients who underwent transcatheter arterial chemo-
embolization. | Gastroenterol Hepatol. 2019;34:580—588. https://doi.org/
10.1111/jgh.14538.

Chen NY, Chen KH, Wang YW, Tsai HH, Lee WC, Weng LC. The impact of
symptom distress on health-related quality of life in liver cancer patients
receiving arterial chemoembolization: the mediating role of hope. BMC Gas-
troenterol. 2022;22:456. https://doi.org/10.1186/s12876-022-02529-x.

Poort H, Peters MEW], van der Graaf WTA, et al. Cognitive behavioral therapy
or graded exercise therapy compared with usual care for severe fatigue in
patients with advanced cancer during treatment: a randomized controlled
trial. Ann Oncol. 2020;31:115—122. https://doi.org/10.1016/j.annonc.2019.09.
002.

Sun H]J, Zhao Y, Zhou SP. Effect of music intervention and walking exercise on
improving mood and sleep in elderly patients with liver cancer. Chinese
Journal of Gerontology. 2018;38:2367—2368. https://doi.org/10.3969/
j.issn.1005-9202.2018.10.025.

Chen T, Sun D, Wang Q, et al. a-hederin inhibits the proliferation of hepato-
cellular carcinoma cells via hippo-yes-associated protein signaling pathway.
Front Oncol. 2022;12:839603. https://doi.org/10.3389/fonc.2022.839603.
Devan AR, Pavithran K, Nair B, Murali M, Nath LR. Deciphering the role of
transforming growth factor-beta 1 as a diagnostic-prognostic-therapeutic
candidate against hepatocellular carcinoma. World J Gastroenterol. 2022;28:
5250—5264. https://doi.org/10.3748/wjg.v28.i36.5250.

Pedersen L, Idorn M, Olofsson GH, et al. Voluntary running suppresses tumor
growth through epinephrine- and IL-6-dependent NK cell mobilization and
redistribution. Cell Metab. 2016;23:554—562. https://doi.org/10.1016/
j.cmet.2016.01.011.

Zhang QB, Zhang BH, Zhang KZ, et al. Moderate swimming suppressed the
growth and metastasis of the transplanted liver cancer in mice model: with
reference to nervous system. Oncogene. 2016;35:4122—4131. https://doi.org/
10.1038/onc.2015.484.

Siewierska K, Malicka I, Kobierzycki C, et al. The impact of exercise training on
breast cancer. In Vivo. 2018;32:249—-254. https://doi.org/10.21873/invivo.
11231.

Peng H, Dara L, Li TWH, et al. MAT2B-GIT1 interplay activates MEK1/ERK 1
and 2 to induce growth in human liver and colon cancer. Hepatology. 2013;57:
2299-2313. https://doi.org/10.1002/hep.26258.

Lee ], Roh KB, Kim SC, Lee ], Park D. Soy peptide-induced stem cell prolifer-
ation: involvement of ERK and TGF-B1. ] Nutr Biochem. 2012;23:1341—1351.
https://doi.org/10.1016/j.jnutbio.2011.08.003.

Padua D, Zhang XH, Wang Q, et al. TGFbeta primes breast tumors for lung
metastasis seeding through angiopoietin-like 4. Cell. 2008;133:66—77.
https://doi.org/10.1016/j.cell.2008.01.046.

Serasinghe MN, Chipuk JE. Mitochondrial fission in human diseases. Handb
Exp Pharmacol. 2017;240:159—188. https://doi.org/10.1007/164_2016_38.
Zhao J, Zhang J, Yu M, et al. Mitochondrial dynamics regulates migration and
invasion of breast cancer cells. Oncogene. 2013;32:4814—4824. https://
doi.org/10.1038/0onc.2012.494.

Ma M, Lin XH, Liu HH, Zhang R, Chen RX. Suppression of DRP1-mediated
mitophagy increases the apoptosis of hepatocellular carcinoma cells in the
setting of chemotherapy. Oncol Rep. 2020;43:1010—1018. https://doi.org/
10.3892/0r.2020.7476.

Zhao T, Guo BJ, Xiao CL, et al. Aerobic exercise suppresses hepatocellular
carcinoma by downregulating dynamin-related protein 1 through PI3K/AKT
pathway. J Integr Med. 2021;19:418—427. https://doi.org/10.1016/j.joim.2021.
08.003.

Rehman J, Zhang HJ, Toth PT, et al. Inhibition of mitochondrial fission prevents
cell cycle progression in lung cancer. FASEB J. 2012;26:2175—2186. https://
doi.org/10.1096/fj.11-196543.

Inoue-Yamauchi A, Oda H. Depletion of mitochondrial fission factor DRP1
causes increased apoptosis in human colon cancer cells. BBRC. 2012;421:
81—85. https://doi.org/10.1016/j.bbrc.2012.03.118.

Veeranki S, Givvimani S, Kundu S, Metreveli N, Pushpakumar S, Tyagi SC.
Moderate intensity exercise prevents diabetic cardiomyopathy associated
contractile dysfunction through restoration of mitochondrial function and
connexin 43 levels in db/db mice. ] Mol Cell Cardiol. 2016;92:163—173.
https://doi.org/10.1016/j.yjmcc.2016.01.023.

Jamart C, Naslain D, Gilson H, Francaux M. Higher activation of autophagy in
skeletal muscle of mice during endurance exercise in the fasted state. Am J
Physiol Endocrinol Metab. 2013;305:E964—E974. https://doi.org/10.1152/
ajpendo.00270.2013.

Song ], Guan Z, Song C, Li M, Gao Z, Zhao Y. Apatinib suppresses the migration,
invasion and angiogenesis of hepatocellular carcinoma cells by blocking VEGF
and PI3K/AKT signaling pathways. Mol Med Rep. 2021;23:429. https://doi.org/
10.3892/mmr.2021.12068.

Yu M, King B, Ewert E, et al. Exercise activates p53 and negatively regulates
IGF-1 Pathway in epidermis within a skin cancer model. PLoS One. 2016;11:
e0160939. https://doi.org/10.1371/journal.pone.0160939.

Higgins KA, Park D, Lee GY, Curran WJ, Deng X. Exercise-induced lung cancer
regression: mechanistic findings from a mouse model. Cancer. 2014;120:
3302—-3310. https://doi.org/10.1002/cncr.28878.

Saran U, Humar B, Kolly P, Dufour JF. Hepatocellular carcinoma and lifestyles.
J Hepatol. 2016;64:203—214. https://doi.org/10.1016/j.jhep.2015.08.028.


https://doi.org/10.1016/j.cmet.2017.09.015
https://doi.org/10.1016/j.jshs.2020.07.008
https://doi.org/10.1016/j.jhep.2020.02.006
https://doi.org/10.1016/j.jhep.2020.02.006
https://doi.org/10.1016/j.jhep.2015.01.017
https://doi.org/10.1016/j.jhep.2015.01.017
https://doi.org/10.1002/hep4.1159
https://doi.org/10.1002/hep4.1159
https://doi.org/10.1007/978-3-030-35727-6_3
https://doi.org/10.1007/978-3-030-35727-6_3
https://doi.org/10.1249/MSS.0000000000002117
https://doi.org/10.1093/epirev/mxx007
https://doi.org/10.1016/j.jhep.2018.12.014
https://doi.org/10.1001/jamainternmed.2016.1548
https://doi.org/10.1001/jamaoncol.2016.0740
https://doi.org/10.1007/s10620-022-07601-w
https://doi.org/10.1007/s10620-022-07601-w
https://doi.org/10.1002/lt.24958
https://doi.org/10.1002/lt.24958
https://doi.org/10.1002/jcsm.13040
https://doi.org/10.1097/SLA.0000000000000743
https://doi.org/10.1016/j.jhep.2016.07.040
https://doi.org/10.1016/j.jhep.2016.07.040
https://doi.org/10.3389/fonc.2019.01075
https://doi.org/10.13431/j.cnki.immunol.j.20210085
https://doi.org/10.13431/j.cnki.immunol.j.20210085
https://doi.org/10.1200/JCO.2017.77.5809
https://doi.org/10.1200/JCO.2017.77.5809
https://doi.org/10.1007/s10549-013-2478-1
https://doi.org/10.1001/jamaoncol.2015.0226
https://doi.org/10.1001/jamaoncol.2015.0226
https://doi.org/10.1136/bjsports-2017-098285
https://doi.org/10.1136/bjsports-2017-098285
https://doi.org/10.1038/s41598-022-27238-z
https://doi.org/10.1038/s41598-022-27238-z
https://doi.org/10.1111/hepr.12718
https://doi.org/10.1111/hepr.12718
https://doi.org/10.1111/jgh.14538
https://doi.org/10.1111/jgh.14538
https://doi.org/10.1186/s12876-022-02529-x
https://doi.org/10.1016/j.annonc.2019.09.002
https://doi.org/10.1016/j.annonc.2019.09.002
https://doi.org/10.3969/j.issn.1005-9202.2018.10.025
https://doi.org/10.3969/j.issn.1005-9202.2018.10.025
https://doi.org/10.3389/fonc.2022.839603
https://doi.org/10.3748/wjg.v28.i36.5250
https://doi.org/10.1016/j.cmet.2016.01.011
https://doi.org/10.1016/j.cmet.2016.01.011
https://doi.org/10.1038/onc.2015.484
https://doi.org/10.1038/onc.2015.484
https://doi.org/10.21873/invivo.11231
https://doi.org/10.21873/invivo.11231
https://doi.org/10.1002/hep.26258
https://doi.org/10.1016/j.jnutbio.2011.08.003
https://doi.org/10.1016/j.cell.2008.01.046
https://doi.org/10.1007/164_2016_38
https://doi.org/10.1038/onc.2012.494
https://doi.org/10.1038/onc.2012.494
https://doi.org/10.3892/or.2020.7476
https://doi.org/10.3892/or.2020.7476
https://doi.org/10.1016/j.joim.2021.08.003
https://doi.org/10.1016/j.joim.2021.08.003
https://doi.org/10.1096/fj.11-196543
https://doi.org/10.1096/fj.11-196543
https://doi.org/10.1016/j.bbrc.2012.03.118
https://doi.org/10.1016/j.yjmcc.2016.01.023
https://doi.org/10.1152/ajpendo.00270.2013
https://doi.org/10.1152/ajpendo.00270.2013
https://doi.org/10.3892/mmr.2021.12068
https://doi.org/10.3892/mmr.2021.12068
https://doi.org/10.1371/journal.pone.0160939
https://doi.org/10.1002/cncr.28878
https://doi.org/10.1016/j.jhep.2015.08.028

H. Chen, H. Zhou, B. Wu et al.

80.

81.

82.

83.

84,

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Gwinn DM, Shackelford DB, Egan DF, et al. AMPK phosphorylation of raptor
mediates a metabolic checkpoint. Mol Cell. 2008;30:214—226. https://doi.org/
10.1016/j.molcel.2008.03.003.

Viollet B, Guigas B, Leclerc ], et al. AMP-activated protein kinase in the
regulation of hepatic energy metabolism: from physiology to therapeutic
perspectives. Acta Physiol (Oxf). 2009;196:81—98. https://doi.org/10.1111/
j.1748-1716.2009.01970.x.

Takekoshi K, Fukuhara M, Quin Z, et al. Long-term exercise stimulates aden-
osine monophosphate-activated protein kinase activity and subunit expres-
sion in rat visceral adipose tissue and liver. Metabolism. 2006;55:1122—1128.
https://doi.org/10.1016/j.metabol.2006.04.007.

Sun B, Karin M. Obesity, inflammation, and liver cancer. J Hepatol. 2012;56:
704—713. https://doi.org/10.1016/j.jhep.2011.09.020.

Cusi K. Role of obesity and lipotoxicity in the development of nonalcoholic
steatohepatitis: pathophysiology and clinical implications. Gastroenterology.
2012;142:711—725.e6. https://doi.org/10.1053/j.gastro.2012.02.003.

Margini C, Dufour JF. The story of HCC in NAFLD: from epidemiology, across
pathogenesis, to prevention and treatment. Liver Int. 2016;36:317—324.
https://doi.org/10.1111/liv.13031.

Gan LT, Van Rooyen DM, Koina ME, McCuskey RS, Teoh NC, Farrell GC. He-
patocyte free cholesterol lipotoxicity results from JNK1-mediated mitochon-
drial injury and is HMGB1 and TLR4-dependent. | Hepatol. 2014;61:
1376—1384. https://doi.org/10.1016/j.jhep.2014.07.024.

Hui L, Zatloukal K, Scheuch H, Stepniak E, Wagner EF. Proliferation of human
HCC cells and chemically induced mouse liver cancers requires JNK1-
dependent p21 downregulation. J Clin Invest. 2008;118:3943—3953. https://
doi.org/10.1172/JCI37156.

Farrell G. Insulin resistance, obesity, and liver cancer. Clin Gastroenterol
Hepatol. 2014;12:117—119. https://doi.org/10.1016/j.cgh.2013.07.040.
Nwabo Kamdje AH, Seke Etet PF, Kipanyula M], et al. Insulin-like growth
factor-1 signaling in the tumor microenvironment: carcinogenesis, cancer
drug resistance, and therapeutic potential. Front Endocrinol (Lausanne).
2022;13:927390. https://doi.org/10.3389/fend0.2022.927390.

Walsh NP, Gleeson M, Shephard RJ, et al. Position statement. Part one: im-
mune function and exercise. Exerc Immunol Rev. 2011;17:6—63.

Zimmer P, Bloch W, Schenk A, et al. Exercise-induced natural killer cell acti-
vation is driven by epigenetic modifications. Int J Sports Med. 2015;36:
510—-515. https://doi.org/10.1055/s-0034-1398531.

Morvan MG, Lanier LL. NK cells and cancer: you can teach innate cells new
tricks. Nat Rev Cancer. 2016;16:7—19. https://doi.org/10.1038/nrc.2015.5.

Liu P, Chen L, Zhang H. Natural killer cells in liver disease and hepatocellular
carcinoma and the NK cell-based immunotherapy. ] Immunol Res. 2018;2018:
1206737. https://doi.org/10.1155/2018/1206737.

Wang Z, Cui Y, Zhang Y, et al. Twelve-week treadmill endurance training in
mice is associated with upregulation of interleukin-15 and natural killer cell
activation and increases apoptosis rate in Hepal-6 cell-derived mouse hep-
atomas. Braz | Med Biol Res. 2023;56:e12296. https://doi.org/10.1590/1414-
431X2023e12296.

Nieman DC, Davis JM, Henson DA, et al. Carbohydrate ingestion influences
skeletal muscle cytokine mRNA and plasma cytokine levels after a 3-h run.
J Appl Physiol (1985). 2003;94:1917—1925. https://doi.org/10.1152/japplphy-
si0l.01130.2002, 1985.

Molanouri Shamsi M, Hassan ZH, Gharakhanlou R, et al. Expression of
interleukin-15 and inflammatory cytokines in skeletal muscles of STZ-
induced diabetic rats: effect of resistance exercise training. Endocrine.
2014;46:60—69. https://doi.org/10.1007/s12020-013-0038-4.

Jenkins RH, Hughes STO, Figueras AC, Jones SA. Unravelling the broader
complexity of IL-6 involvement in health and disease. Cytokine. 2021;148:
155684. https://doi.org/10.1016/j.cyt0.2021.155684.

Orange ST, Leslie ], Ross M, Mann DA, Wackerhage H. The exercise IL-6 enigma
in cancer. Trends Endocrinol Metab. 2023;34:749—763. https://doi.org/
10.1016/j.tem.2023.08.001.

Kistner TM, Pedersen BK, Lieberman DE. Interleukin 6 as an energy allocator
in muscle tissue. Nat Metab. 2022;4:170—179. https://doi.org/10.1038/
s42255-022-00538-4.

Han MS, White A, Perry RJ, et al. Regulation of adipose tissue inflammation by
interleukin 6. Proc Natl Acad Sci U S A. 2020;117:2751—-2760. https://doi.org/
10.1073/pnas.1920004117.

Schauer T, Djurhuus SS, Simonsen C, Brasso K, Christensen JF. The effects of
acute exercise and inflammation on immune function in early-stage prostate
cancer. Brain Behav Immun Health. 2022;25:100508. https://doi.org/10.1016/
j-bbih.2022.100508.

Orange ST, Jordan AR, Odell A, et al. Acute aerobic exercise-conditioned serum
reduces colon cancer cell proliferation in vitro through interleukin-6-induced
regulation of DNA damage. Int | Cancer. 2022;151:265—274. https://doi.org/
10.1002/ijc.33982.

Nakamura K, Nakamura T, lino T, et al. Expression of interleukin-6 and the
interleukin-6 receptor predicts the clinical outcomes of patients with soft
tissue sarcomas. Cancers (Basel). 2020;12:585. https://doi.org/10.3390/
cancers12030585.

Xiao L, Li X, Cao P, et al. Interleukin-6 mediated inflammasome activation
promotes oral squamous cell carcinoma progression via JAK2/STAT3/Sox 4/
NLRP3 signaling pathway. J Exp Clin Cancer Res. 2022;41:166. https://doi.org/
10.1186/s13046-022-02376-4.

33

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Liver Research 8 (2024) 22—33

Hojman P, Dethlefsen C, Brandt C, Hansen ], Pedersen L, Pedersen BK. Exer-
cise-induced muscle-derived cytokines inhibit mammary cancer cell growth.
Am ] Physiol Endocrinol Metab. 2011;301:E504—E510. https://doi.org/10.1152/
ajpendo.00520.2010.

Pedersen BK. Exercise-induced myokines and their role in chronic diseases.
Brain Behav ~ Immun. 2011;25:811—-816. https://doi.org/10.1016/
j.bbi.2011.02.010.

Riebe D, Franklin BA, Thompson PD, et al. Updating ACSM’s recommendations
for exercise preparticipation health screening. Med Sci Sports Exerc. 2015;47:
2473—2479. https://doi.org/10.1249/MSS.0000000000000664.

Tandon P, Ismond KP, Riess K, et al. Exercise in cirrhosis: translating evidence
and experience to practice. ] Hepatol. 2018;69:1164—1177. https://doi.org/
10.1016/j.jhep.2018.06.017.

Hayes SC, Newton RU, Spence RR, Galvao DA. The exercise and sports science
Australia position statement: exercise medicine in cancer management. J Sci
Med Sport. 2019;22:1175—1199. https://doi.org/10.1016/j.jsams.2019.05.003.
Expert consensus on exercise prescription in China (2023). Chin J Sports Med.
2023;42:3—13. https://doi.org/10.16038/j.1000-6710.2023.01.012.

Rock CL, Thomson CA, Sullivan KR, et al. American Cancer Society nutrition
and physical activity guideline for cancer survivors. CA Cancer J Clin. 2022;72:
230—262. https://doi.org/10.3322/caac.21719.

Bjarnason-Wehrens B. Recommendations for resistance exercise in cardiac
rehabilitation: do they need reconsideration? Eur J Prev Cardiol. 2019;26:
1479—-1482. https://doi.org/10.1177/2047487319856124.

Tsuchihashi J, Koya S, Hirota K, et al. Effects of in-hospital exercise on frailty in
patients with hepatocellular carcinoma. Cancers (Basel). 2021;13:194. https://
doi.org/10.3390/cancers13020194.

Orange ST, Hallsworth K, Brown MC, Reeves HL. The feasibility and accept-
ability of a home-based, virtual exercise intervention for older patients with
hepatocellular carcinoma: protocol for a non-randomised feasibility study
(TELEX-Liver Cancer). Pilot Feasibility Stud. 2022;8:113. https://doi.org/
10.1186/s40814-022-01069-1.

Nobrega SR, Chacha SGF, Libardi CA. Resistance training combined with blood
flow restriction in cirrhosis: study protocol for a randomized controlled trial.
Trials. 2020;21:446. https://doi.org/10.1186/s13063-020-04410-2.

Lei ], Yang ], Dong L, et al. An exercise prescription for patients with lung
cancer improves the quality of life, depression, and anxiety. Front Public
Health. 2022;10:1050471. https://doi.org/10.3389/fpubh.2022.1050471.

Hu Y, Xie YD, Xu X, Liu Y, Zhang C, Wang H. Facilitators and barriers of
attending BaDuan]in experienced by breast cancer survivors during chemo-
therapy. Physiother Theory Pract. doi:10.1080/09593985.2022.2135977.

Hou XH. Baduanjin's Impact on quality of life and sleep quality in breast
cancer survivors receiving: an intervention study: 1546 Board #308 May 30
10:30 AM - 12:00 PM. Med Sci Sports Exer. 2019;51:426. doi:10.1249/
01.mss.0000561777.95803.54.

Klein P, Picard G, Schneider R, Oh B. International expert panel consensus
guidelines for structure and delivery of Qigong exercise for cancer care pro-
gramming. Medicines. 2017;4:54.

Mazzocco K, Milani A, Ciccarelli C, Marzorati C, Pravettoni G. Evidence for
choosing Qigong as an Integrated intervention in cancer care: an umbrella
review. Cancers(Basel). 2023;15:1176. https://doi.org/10.3390/cancers
15041176.

Buffart LM, Kalter J, Sweegers MG, et al. Effects and moderators of exercise on
quality of life and physical function in patients with cancer: an individual
patient data meta-analysis of 34 RCTs. Cancer Treat Rev. 2017;52:91—104.
https://doi.org/10.1016/j.ctrv.2016.11.010.

Sweegers MG, Altenburg TM, Chinapaw M], et al. Which exercise pre-
scriptions improve quality of life and physical function in patients with cancer
during and following treatment? A systematic review and meta-analysis of
randomised controlled trials. Br J Sports Med. 2018;52:505—513. https://
doi.org/10.1136/bjsports-2017-097891.

Wong JN, McAuley E, Trinh L. Physical activity programming and counseling
preferences among cancer survivors: a systematic review. Int | Behav Nutr
Phys Act. 2018;15:48. https://doi.org/10.1186/s12966-018-0680-6.

Bernardi M, Moreau R, Angeli P, Schnabl B, Arroyo V. Mechanisms of
decompensation and organ failure in cirrhosis: from peripheral arterial
vasodilation to systemic inflammation hypothesis. | Hepatol. 2015;63:
1272—1284. https://doi.org/10.1016/j.jhep.2015.07.004.

Chang YP, Wang S. Effects of nurse-led exercise and cognitive behavioral
intervention on reducing cancer-related fatigue in patients with medium
advanced hepatocellular carcinoma. Chin J Prac Nurs. 2019;35:842—847.
https://doi.org/10.3760/cma.j.issn.1672-7088.2019.11.008.

Wu X, Guo X, Zhang Z. The efficacy of mobile phone Apps for lifestyle
modification in diabetes: systematic review and meta-analysis. JMIR Mhealth
Uhealth. 2019;7:e12297. https://doi.org/10.2196/12297.

Sankaran S, Dendale P, Coninx K. Evaluating the impact of the heartHab App
on motivation, physical activity, quality of life, and risk factors of coronary
artery disease patients: multidisciplinary crossover study. JMIR Mhealth
Uhealth. 2019;7:e10874. https://doi.org/10.2196/10874.

Cheong 1Y, An SY, Cha WG, et al. Efficacy of mobile health care application and
wearable device in improvement of physical performance in colorectal cancer
patients undergoing chemotherapy. Clin Colorectal Cancer. 2018;17:
e353—e362. https://doi.org/10.1016/j.clcc.2018.02.002.


https://doi.org/10.1016/j.molcel.2008.03.003
https://doi.org/10.1016/j.molcel.2008.03.003
https://doi.org/10.1111/j.1748-1716.2009.01970.x
https://doi.org/10.1111/j.1748-1716.2009.01970.x
https://doi.org/10.1016/j.metabol.2006.04.007
https://doi.org/10.1016/j.jhep.2011.09.020
https://doi.org/10.1053/j.gastro.2012.02.003
https://doi.org/10.1111/liv.13031
https://doi.org/10.1016/j.jhep.2014.07.024
https://doi.org/10.1172/JCI37156
https://doi.org/10.1172/JCI37156
https://doi.org/10.1016/j.cgh.2013.07.040
https://doi.org/10.3389/fendo.2022.927390
http://refhub.elsevier.com/S2542-5684(24)00005-9/sref90
http://refhub.elsevier.com/S2542-5684(24)00005-9/sref90
http://refhub.elsevier.com/S2542-5684(24)00005-9/sref90
https://doi.org/10.1055/s-0034-1398531
https://doi.org/10.1038/nrc.2015.5
https://doi.org/10.1155/2018/1206737
https://doi.org/10.1590/1414-431X2023e12296
https://doi.org/10.1590/1414-431X2023e12296
https://doi.org/10.1152/japplphysiol.01130.2002
https://doi.org/10.1152/japplphysiol.01130.2002
https://doi.org/10.1007/s12020-013-0038-4
https://doi.org/10.1016/j.cyto.2021.155684
https://doi.org/10.1016/j.tem.2023.08.001
https://doi.org/10.1016/j.tem.2023.08.001
https://doi.org/10.1038/s42255-022-00538-4
https://doi.org/10.1038/s42255-022-00538-4
https://doi.org/10.1073/pnas.1920004117
https://doi.org/10.1073/pnas.1920004117
https://doi.org/10.1016/j.bbih.2022.100508
https://doi.org/10.1016/j.bbih.2022.100508
https://doi.org/10.1002/ijc.33982
https://doi.org/10.1002/ijc.33982
https://doi.org/10.3390/cancers12030585
https://doi.org/10.3390/cancers12030585
https://doi.org/10.1186/s13046-022-02376-4
https://doi.org/10.1186/s13046-022-02376-4
https://doi.org/10.1152/ajpendo.00520.2010
https://doi.org/10.1152/ajpendo.00520.2010
https://doi.org/10.1016/j.bbi.2011.02.010
https://doi.org/10.1016/j.bbi.2011.02.010
https://doi.org/10.1249/MSS.0000000000000664
https://doi.org/10.1016/j.jhep.2018.06.017
https://doi.org/10.1016/j.jhep.2018.06.017
https://doi.org/10.1016/j.jsams.2019.05.003
https://doi.org/10.16038/j.1000-6710.2023.01.012
https://doi.org/10.3322/caac.21719
https://doi.org/10.1177/2047487319856124
https://doi.org/10.3390/cancers13020194
https://doi.org/10.3390/cancers13020194
https://doi.org/10.1186/s40814-022-01069-1
https://doi.org/10.1186/s40814-022-01069-1
https://doi.org/10.1186/s13063-020-04410-2
https://doi.org/10.3389/fpubh.2022.1050471
http://refhub.elsevier.com/S2542-5684(24)00005-9/sref119
http://refhub.elsevier.com/S2542-5684(24)00005-9/sref119
http://refhub.elsevier.com/S2542-5684(24)00005-9/sref119
https://doi.org/10.3390/cancers15041176
https://doi.org/10.3390/cancers15041176
https://doi.org/10.1016/j.ctrv.2016.11.010
https://doi.org/10.1136/bjsports-2017-097891
https://doi.org/10.1136/bjsports-2017-097891
https://doi.org/10.1186/s12966-018-0680-6
https://doi.org/10.1016/j.jhep.2015.07.004
https://doi.org/10.3760/cma.j.issn.1672-7088.2019.11.008
https://doi.org/10.2196/12297
https://doi.org/10.2196/10874
https://doi.org/10.1016/j.clcc.2018.02.002

	Physical activity and exercise in liver cancer
	1. Introduction
	2. Safety of PA in liver cancer survivors
	3. Benefits of PA in liver cancer survivors
	3.1. PA reduces liver cancer risks
	3.2. PA improves sarcopenia, cardiopulmonary endurance, and physical fitness
	3.3. PA improves symptoms, negative emotions, and health-related QoL

	4. Molecular mechanisms of PA in the occurrence, development, and metastasis of liver cancer
	4.1. PA inhibits HCC cell proliferation and induces apoptosis
	4.2. PA regulates metabolism
	4.3. PA regulates the inflammation and immune environment

	5. Implementation principles of exercise
	5.1. Individualized
	5.2. Step-by-step
	5.3. Persistence

	6. Full-cycle management of PA
	6.1. Assessment of PA readiness
	6.2. PA prescription
	6.3. Supervision of the PA process

	7. PA patterns in liver cancer survivors
	7.1. Hospital-based PA
	7.2. Home-based PA

	8. Summary and outlook
	Authors' contributions
	Declaration of competing interest
	Acknowledgements
	References


