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ABSTRACT

Background: Estimating the occurrence of acute respiratory
illness (ARI) in athletes is crucial for understanding the need for
preventive measures. This study aimed to estimate the occurrence
of ARIs in athletes compared to non-athlete controls. We evaluated
which of the published studies on the occurrence of ARI in athletes
were eligible, giving due consideration to the epidemic nature of
viral ARIs.

Methods: We performed a systematic search of PubMed,
EBSCOhost, and Web of Science databases from January 1990
to May 2023. Only studies reporting the occurrence of ARIs in
athletes, with a duration of at least 12 months and simultaneously
employing non-athlete controls, were included. The random effects
model was used to calculate the incidence rate ratio (IRR) of ARI
in athletes compared to non-athlete controls, with 95% confidence
intervals.

*Corresponding author:
Wilma Grénroos, MD,
Paavo Nurmi Centre and Unit for Health and Physical Activity,

Results: Our search yielded 218 results, of which 6 studies met the
essential criteria for viral ARIs and were included in our meta-
analysis. Since the exact number of ARIs was not reported in
many studies, we had to estimate the total number of ARIs for both
athletes and non-athlete controls. The occurrence of ARIs was
1.87 times higher in athletes compared to non-athlete controls (3.2
vs 1.7, pooled IRR 1.87, 95% CI 1.08 to 3.26). Publication bias
analysis or a funnel plot was not evaluated because the primary
objective of none of the studies was to determine the occurrence
of ARI in athletes. Most of the studies on the occurrence of ARIs in
athletes had a duration of less than 12 months and did not include
a concurrent control group, making them ineligible considering
the seasonal and contagious nature of ARIs.

Conclusion: Our meta-analysis suggests that athletes suffer
Sfrom significantly more ARIs than non-athletic subjects. Our
observations highlighted the lack of high-quality long-term
studies on the occurrence of ARIs in athletes.
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INTRODUCTION

Acute respiratory illnesses (ARIs) are the most common
complaints in athletes, especially during major sports events,
accounting for up to 50% of all medical consultations (23).
In clinical practice, ARIs are usually classified as viral upper
respiratory tract infections (“common cold”) (136, 138). At the
Olympics and World Championships, an ARI may ruin the long-
term goal of an athlete. The occurrence and the disease burden
are, however, both controversial (14, 113). In many studies, the
occurrence during major sports events has been 2-5 % (2, 37,
119, 120), which is consistent with or even lower than in the
general population (7, 129). In contrast, some recent studies
have reported a physician-verified ARI of 38-45 % in athletes
during major winter sports events (136, 138). The reasons
for this disagreement are not well explained. Laboratory
identification of the virus is the gold standard for verification
of ARIs, but this is rarely performed in studies of athletes (19,
123, 138). Post the COVID epidemic, the increasing use of
rapid diagnostics for point-of-care testing may address this
lack of information, at least for common respiratory viruses.

Understanding the occurrence of ARIs in athletes is crucial
for determining the proper prevention measures for reducing
the burden of illness as well as for non-pharmaceutical
interventions to minimize the contract and transmission of
viral ARIs within sports teams (138). A recent systematic
review and meta-analysis by a subgroup of the International
Olympic Committee (IOC) consensus reported an annual ARI
incidence of 1.7 in athletes (23). The IOC review reported a
lower incidence of ARIs in elite athletes compared to non-elite
athletes (23). These rates are comparable to, or even lower
than, those in the general population. In 3 studies of young
adults, the annual occurrence of ARI ranged between 2.3 and
4.6 (7, 13, 69).

To determine the incidence rate ratio of ARI in athletes
compared to non-athlete controls, we performed a meta-
analysis of the strictly selected studies published between
January 1990 and May 2023.

METHODS AND SELECTION RATIONALE

Requirements for considering studies for meta-analyses of
viral ARIs

The duration of the study should be at least 12 months to
cover all annual outbreaks of the numerous respiratory viruses
(Table ). Most respiratory viruses annually display marked
seasonal variation. For example, influenza epidemics occur
in the Northern Hemisphere during the winter months and in
the Southern Hemisphere during the summer months of the
Northern Hemisphere (6, 86). The epidemics last 2-4 months
and between epidemics the occurrence falls to near zero. The
most common respiratory virus, rhinovirus, can be detected
throughout the year, but distinct peaks occur in early autumn
and late spring (43, 67, 75, 104). Finally, in some countries like
Finland, respiratory syncytial virus (RSV) epidemics occur
only every other year in 2-year cycles (108, 143). Therefore, if
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the study is conducted outside or during an epidemic, the study
could result in either an underestimation or an overestimation
of the occurrence of ARIs. The timing of epidemics may vary
by weeks even in close geographical areas. Thus, athletes and
controls may seem to have contracted a different number of
ARIs in a study with only a short follow-up time.

A concurrent control group is needed when examining
the occurrence of ARI in specified groups. The incidence of
respiratory viruses varies from year to year. For example, the
seasonal incidence of influenza is often approximated to be
5%-20% (132). Non-athlete controls should be matched for
age and sex, and their weekly exercise should be known. In
elite athletes, the mean training volume varies from 15-20
hours per week compared to less than 6 hours in the normal
population (70, 107).

The prospective nature of the study is essential. It is
difficult for anyone to reliably remember how many infections
they have had even during the previous month. Athletes and
controls might recall these differently, causing a recall bias in
the results.

In clinical practice, ARI episodes among athletes are
usually classified as common colds i.e., mild, self-limiting,
viral upper respiratory tract infections (113, 136, 138).
Symptoms typically include an acute onset of a sore throat,
sneezing, a runny nose, nasal congestion, and a cough. Fever
is usually absent or mild (60, 77). Flu-like illnesses with fever,
muscle aches, and fatigue are rare (77). It is recommended
that questions regarding all these symptoms be included in a
standardized symptoms diary. Reminder emails for missing
reports are essential. Web-based monitoring of study subjects
has rarely been implemented (7, 49). In a study utilizing
internet-based syndrome monitoring for ARIs in the general
population of Germany, the participants received a weekly
questionnaire via email to assess whether they had experienced
an ARI in the past week (7).

Respiratory viral infections may occur as asymptomatic,
paucisymptomatic, or symptomatic. A laboratory-based study
in which 502 university students were followed for 8 weeks
(September-October) found that the incidence rate of human
rhinovirus was 8.3% per week for asymptomatic students (53).
In amulticenter prospective cohort study of healthcare workers,
the percentage of asymptomatic and paucisymptomatic
influenza A cases was 47% and 42%, respectively (9). Similar
observations were made in a community-based study, where
13% and 11% of 235 virologically confirmed cases of influenza
virus infections were paucisymptomatic and asymptomatic,
respectively (66). A study on 398 aquatic elite athletes, who
had had SARS-CoV-2 infection, found that 54% had had a
mild infection and 17 % reported no symptoms (70). One
study found that having only 1 symptom for 1 day can prove
to be a virus-positive ARI (136). In the occurrence studies on
athletes, commonly used symptom algorithms, such as the
Wisconsin Upper Respiratory Symptoms Survey (WURSS) or
the Jackson Cold Scale, both require at least 2 symptoms that
last for at least 2 days to diagnose an ARI; consequently, this
may inadvertently exclude a marked percentage of ARIs. These
algorithms may no longer be fit for purpose in assessing ARIs
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8 Occurrence of acute respiratory illnesses in athletes

in athletes. The Jackson Cold Scale was established in 1958 and
the WURSS was not originally planned for diagnostic purposes
but for a health-related quality of life questionnaire. Neither of
these algorithms has been virologically validated. The World
Health Organization (WHO) defines ARI as the sudden onset
of symptoms of a sore throat and/or runny nose, and/or cough,
with at least one of these symptoms being present (146).

ARI can be diagnosed clinically. Viral diagnostics can be
used to confirm a viral ARI. Commercial multiplex PCR tests
covering 16-18 viruses, are simple, sensitive, and reliable and
have also been used as point-of-care tests. The viral etiology
of an ARI can be established in 70-90% of cases in athletes
(89, 111, 136, 138). In contrast, 2 previous studies assessing
the viral etiology of ARIs in elite athletes found confirmed
ARI incidences to be only around 30% (19, 123). Different
respiratory viruses cannot be distinguished by their clinical
features alone (44, 76).

The motivation to report all symptoms should be the
same among athletes and controls. Active and regular viral
diagnostics can be used to verify this. Discrepancies between
the number of viral findings and the reported symptoms between
the compared groups could indicate that there is reporting bias.

Data sources and search strategy

The review and protocol were not registered but were conducted
according to published Preferred Reporting Items for Systematic
reviews and Meta-Analyses (PRISMA) guidelines (96). Three
databases, comprising PubMed, EBSCOhost, and Web of
Science, were searched for studies published between January
1, 1990, and May 31, 2023. The following search phrase was
used: (“acute respiratory illness*” OR “respiratory infection*”’
OR “respiratory tract infection*” OR “common cold*”) AND
(athlet* OR sport* OR exercis*) AND (prevalence* OR
incidence®* OR occurrence*). References that were potentially
eligible after screening the title and abstract were reviewed
and evaluated for inclusion via the full text. Further, additional
papers were identified based on the reference list of relevant
papers including review articles. The 124 studies included
in the meta-analysis of the IOC report (23) were reanalyzed
separately, with due consideration given to the contagious and
seasonal nature of ARIs.

Inclusion and exclusion criteria

Studies were included for meta-analysis if they fulfilled the
following criteria: (1) the duration of the study was at least
1 year, and (2) the study simultaneously included non-athlete
controls. Because of the low number of prospective studies,
retrospective studies that met the above criteria were also
included in the meta-analysis. Studies that did not present any
original data (reviews, editorials, etc.) were excluded. Only
English-written reports were included (Figure 1). A common
quality assessment of the included articles was undertaken
using the Newcastle-Ottawa scale (145). Disagreements
between authors were resolved by regular group discussions.

Data extraction

The following data were extracted from each of the included
studies: the number of participants in each group, the duration
of the study, and the number of ARI cases. One author extracted
the data while a second author cross-checked the collected data.

There was only one study that reported the exact number
of ARIs in athletes and non-athletes (12), and one study that
reported the monthly number of ARIs per individual (61). The
number of ARIs was determined by multiplying the monthly
mean number of ARIs by the number of individuals in the group.
One study reported the percentage of athletes and controls with
ARI at 8 time points (38). In this study, the number of ARIs
was determined by summing the total number of individuals
with ARIs at each point. Two studies reported that individuals
experienced either <2 episodes, 3-4 episodes, or >5 episodes
(134, 135). We determined that individuals had either 1.5
episodes, 3.5 episodes, or 6 episodes, respectively. A further
study also reported the number of ARIs similarly, and therefore
we determined that individuals who reported 1-2 episodes were
classified as having 1.5 episodes and individuals who had 3 or
more episodes were classified as having 4 episodes (16).

Statistical analysis

The studies were pooled together in the meta-analysis. A
random-effects model was chosen because of the expected
heterogeneity between the studies. An incidence rate ratio
(IRR) with 95% confidence intervals (CIs) was calculated. A
StatsDirect version 3.3.6 was used in all the statistical analyses
(StatsDirect Ltd, Wirral, UK).

Table 1. Requirements for a study included in meta-analyses of the occurrence of acute respiratory infections in athletes (see section 2.1). ARl =

acute respiratory iliness.

1. ESSENTIAL REQUIREMENTS

Simultaneous non-athlete controls

Duration of the follow-up at least one year

2. OTHER ASPECTS TO BE CONSIDERED

Weekly (online) monitoring using standardized symptom diaries

Athlete’s exercise types and durations are homogenous

Standardized definition of ARI

Viral diagnostics of illness episodes

Motivation to report all symptoms should be the same among athletes and controls
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RESULTS

The analysis of the 6 studies in the meta-analysis based on
the selection criteria of the study

Our database search identified 1399 records. These were
supplemented with 95 articles identified via references
in relevant articles. Altogether 218 studies reported the
occurrence of ARI in athletes. From these 218 studies, 192
did not include simultaneous non-athlete controls and were
therefore excluded. A further 18 studies were then excluded
because the duration of the follow-up was less than 1 year. In
total, 8 studies fulfilled the essential requirements. One study
did not report the number of ARIs in the control subjects.
One study was excluded because the population was already
included in another study. Finally, 6 studies were included in
the meta-analysis (Fig. 1, Table 2) (12, 16, 38, 61, 134, 135).
The total number of athletes and non-athletes included in the
meta-analysis was 388 and 344, respectively. Six different
sports were covered: track and field (number of subjects,
n=199) (16), football (n=75) (38), swimming (n=40) (134),
wrestling (n=40) (135), cross-country skiing (n=19) (61), and
triathlon (n=15) (12). Determining the occurrence of ARI in
athletes was not the primary objective of any of the studies
but rather, for example, the aim was to evaluate secretory
immunoglobulin A or to determine vitamin D levels (38, 134,
135). Therefore, a publication bias analysis and a funnel plot
were not evaluated.

In 4 of 6 studies included in the meta-analysis, the
occurrence of ARI was significantly higher in athletes than
in the non-athlete controls (Fig. 2) (38, 61, 134, 135). In the
meta-analysis, the combined IRR (athletes vs. controls) was
1.87 (CI: 1.08-3.26). The annual frequency of ARI episodes
was 3.2 in athletes and 1.7 in the non-athlete controls. Three
studies were prospective (12, 38, 61), and the other three
were retrospective (Table 2) (16, 134, 135). In 2 prospective
studies, participants were monitored either daily or weekly
using a symptom diary or log (12, 38). In 1 prospective
study, two-thirds of the cases were verified by a physician,
and the remainder were based on self-reported symptoms
by the subjects (61). None of the studies defined ARI as
paucisymptomatic (1 symptom only) or lasting only 1 day.
In addition, none of the studies identified the etiology of the
ARI.

The additional assessments of other supplemental

studies

Four studies out of the 218 studies originally analyzed, but
none in the meta-analysis used etiological diagnostics (3, 54,
123, 138). One study did not investigate the viral etiology
of ARI; instead, it focused on an outbreak of group A
Streptococcal pharyngitis among university students in a judo
club (3). In another study, where symptomatic athletes were
screened only for influenza during the 2002 Winter Olympiad,
influenza A/B was diagnosed in 13 of 46 athletes (54). Two
other studies investigated multiple respiratory pathogens.
In one study of elite summer sport athletes conducted in
Australia, infectious agents were identified in only 29% of
the ARI episodes (123). In contrast, another study of elite
winter sport athletes confirmed the viral etiology of ARI in
75% of the cases (138).
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In a reanalysis of the IOC meta-analysis, we found
that 4 out of the 124 studies included were eligible when
considering the seasonal and contagious nature of ARIs (12,
16, 23, 38, 135). Five studies lasted for 1 year or more (12,
16, 38, 62, 135). The duration of 80 of the studies was 3
months or less (1-5, 10, 11, 20, 22-28, 30-37, 39, 41, 42,
44, 46-48, 51, 52, 54-59, 64, 65, 71, 72, 76, 79, 80, 83, 84,
87, 88, 90-94, 97, 99, 100, 102, 103, 105, 106, 109, 110,
113, 114, 116, 119, 120, 122, 124, 125, 127, 130, 131, 133,
139, 140, 144, 147, 148). Ten studies included a concurrent
control group (12, 16, 38-41, 106, 109, 123, 135). One study
also defined ARI as paucisymptomatic (138).

Due to the low number of controlled studies, we analyzed
8 uncontrolled studies but with a duration of 12 months or
longer (7able 3). In 343 athletes the mean number of ARIs
per person per year was 2.8 (range 0.2-8.4) (8, 17, 21, 29,
63, 68, 128, 149).

DISCUSSION

The occurrence of ARIs in athletes

We found 6 studies on the occurrence of ARIs in athletes that
were controlled and lasted for 12 months or longer. The annual
mean number of ARI episodes in athletes was 3.2, compared
to 1.7 in the control subjects. In 8 uncontrolled studies with
a duration of 12 months or more, the mean number of ARI
episodes was 2.8 per year (7able 3). Our meta-analysis suggests
that athletes suffer significantly more ARIs than non-athletic
subjects (IRR 1.87). Our observations showed the lack of
high-quality long-term studies on the occurrence of ARI in
athletes. None of the studies included in the meta-analysis
was specifically designed to evaluate ARI occurrence among
athletes, and controlled studies on this topic remain limited.
Our observations differ from those of the IOC consensus report
(23). Their technically well-executed analysis demonstrated
a lower incidence of ARI among athletes, 4.7/1000 athlete
days converted to approximately 1.7 ARIs per athlete per
year compared to 3.2 in our analysis. The IOC report is the
cornerstone analysis of ARIs in athletes but the studies included
can be criticized for several reasons although the investigators
considered 89% of the 124 studies excellent or good. Only
8 studies aimed to evaluate the occurrence of ARIs (72,
96, 106, 121, 123, 128, 138). The major limitation of the
studies was the short duration not taking into account the
seasonal and contagious nature and risk factors of viral
ARIs. The studies carried out only during summer months
may underestimate the occurrence of ARIs and studies
carried out only during winter months may overestimate the
occurrence. Furthermore, the varying admission criteria are
subject to an error. The heterogeneity of disciplines is also
a source of bias. Summer sports and team sports should be
analyzed separately. In all studies, the inaccurate nature of
self-reporting is an important weakness.

Our findings are consistent with the systematic review of

Moreira et al., which reported on 30 studies published before
2009 (with 8575 athletes and 1789 non-athletes) (85). The
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10 Occurrence of acute respiratory illnesses in athletes

review found that athletes experience a higher rate of ARIs
after training and competitions compared with less active
individuals. Due to the high heterogeneity among the studies,
Moreira and colleagues did not perform a meta-analysis. Hence,
they refrained from providing numerical data regarding the
occurrence of ARI among athletes and non-athletes (85).

The major limitation of our analysis is the low number
and low quality of the studies included. Only 1 of the studies
reported the exact number of ARIs in each group. For the
remaining studies, we had to estimate the total number of ARIs
in athletes and non-athletes. None of the studies defined ARI
as paucisymptomatic or lasting only 1 day. Thus, a marked
number of ARIs may have gone unrecorded. The retrospective
nature of the 3 studies included in this meta-analysis might have
hampered the number of ARIs. The meta-analysis included
only 6 studies and had a small sample size (388 athletes and
344 non-athletes). Because of this, different sports disciplines,
which may have differing effects on susceptibility to ARIs,
could not be analyzed. The included studies covered only 6
different sports, and, for example, endurance athletes were not
included. The primary objective of none of the studies was to
determine the occurrence of ARI in athletes. For this reason, we
did not report the publication bias analysis or the funnel plot.
Furthermore, 95 studies were identified through sources other
than database searching, suggesting that some studies may not
have been identified.

Risk factors and effects of ARI

Vigorous and prolonged exercise temporarily suppresses
the immune functions, and it has been believed to increase
the risk of ARI in athletes (50, 73, 95, 115, 117), but its
clinical meaningfulness has been questioned (14). A recently
conducted systematic review found no evidence of detrimental
effects from vigorous physical activity lasting up to 600
minutes per week (15). Many behavioral factors such as
frequent use of public transportation and air travel, human
crowding, shared housing and shared meals during training
camps and competitions, full-contact sports, heavy breathing,
and shouting by infected individuals during the game and in
the locker room, are likely to increase the transmission of
viral respiratory infections in athletes (77, 112); all of these
being aspects that were ascertained as important during the
COVID-19 pandemic. For example, Finnish elite athletes
who competed in the 2019 Nordic World Ski Championships
in Seefeld, Austria, had a 7-fold increase in the risk of ARI
compared with control subjects exercising normally in Finland
(136). During the 14-day study period, 38% of 26 athletes
and 6% of 52 control subjects experienced symptoms of
ARI. Compared with the support staff, who shared many risk
factors with the athletes and of whom 17% of 36 reported ARI,
athletes had a 2-fold risk of ARIs (136). Non-pharmaceutical
interventions, such as the wearing of face masks, enhanced
social distancing, and hand hygiene, can help to mitigate the
contract and transmission of viral ARIs within sports teams
(141). In addition, for athletes with recurrent infections, factors
affecting immunity, such as diet and excessive psychological
and physical stress, should be evaluated.

Psychological stress, sleep disturbance, fatigue, and
nutritional deficiency may increase susceptibility to ARIs in
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athletes (14, 18, 101). A study investigating a cohort of elite
young basketball players over 4 weeks during a competitive
training period found a significant correlation between sources
and symptoms of psychological stress and the total number
of occurrences of ARI in the second week (84). During that
week, participants had a greater source of psychological stress,
and they reported a higher number of episodes of ARI (84).
Similarly, another study of collegiate swimmers found that an
increase in stress was associated with an increase in the ARI
rate (142).

Age also affects susceptibility to respiratory viral
infections. Adults aged 20-39 have higher rates of ARIs
compared to the rate in adults over 40 (13, 82). Surprisingly,
the IOC subgroup’s meta-analysis, which included athletes
up to 65 years old, found that the annual ARI incidence in
athletes under 35 (5.9%) was about half that of athletes over
35(9.2%) (23). Additionally, ARIs are more common in young
adult women than in men of the same age which is likely to
be related to greater exposure to young children (82). Indeed,
children younger than 5 years of age in the same household are
a major risk factor for virus transmission (13, 81, 82, 126). Ina
household-based surveillance study, the mean number of ARIs
per person per year was 6.1 for children aged <5 years, and
they were virus-positive for half of the year (13). Therefore,
the number of children under 5 in an athlete’s family should
be known.

The type of sport and exercise may affect susceptibility
to ARIs. Endurance exercise with a high cardiorespiratory
component such as cross-country skiing, cycling, and running
may cause a different susceptibility to infections than team sports
and full-contact sports which involve close heavy breathing and
shouting. For example, in one recent study on swimmers, open
water swimmers were the least likely to acquire a SARS-CoV-2
infection, and water polo swimmers were most likely (70). Most
open-water swimmers train on their own with less contact with
others, and many train in ocean settings or saltwater pools, which
may kill viruses. The use of common locker rooms increases
the possibility of the transmission of viral infections. Instead
of a high demand for endurance, some sports like climbing,
gymnastics, and martial arts have a high resistance demand. In
sports such as basketball, rugby, and swimming, on the other
hand, endurance and resistance components are combined.

Laboratory confirmation of viral ARI is important. It has the
potential for the identification and control of early outbreaks.
An influenza epidemic may coincide with sports events, during
which diagnosing influenza is crucial, as it can be treated and
prevented with antivirals (54, 74). Additionally, an etiologic
diagnosis is of importance for isolating infected athletes during
competitions and training camps (77). Understanding the clinical
characteristics and symptomatology of different respiratory viral
infections in athletes can help address challenges related to the
identification of ARIs. The occurrence and clinical significance
of asymptomatic infections in athletes are unclear. There is only
1 study that has investigated the occurrence of asymptomatic
respiratory viral infections in athletes. It reported that 8% of 26
athletes had an asymptomatic infection caused by the rhinovirus
during a 2-week winter sports competition (136).
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f 12 months or longer. ARI = acute respiratory iliness.
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Figure 1. Flowchart of the study selection process. ARI = acute respiratory iliness.

Figure 2. Pooled incidence rate ratios with 95% confidence intervals of the occurrence of ARI in athletes.
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14 Occurrence of acute respiratory illnesses in athletes

CONCLUSION

In this meta-analysis, the occurrence of ARI was significantly
higher in athletes than in non-athlete controls. Most studies
on the occurrence of ARIs in athletes are of low quality, and
may potentially produce inaccurate assessments of the rate of
ARIs. Future prospective controlled studies with a minimum
duration of 12 months, with weekly monitoring and viral
diagnostics, are highly needed. These kinds of studies are,
however, economically and organizationally very demanding.
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ABSTRACT

Objective: Active muscle contraction is assumed to be essential
in the anti-inflammatory effect of physical exercise, also in
older adults. Although stretching does not involve active muscle
contractions, its (anti)inflammatory effects remain unclear. This
systematic review aims to determine whether stretching affects the
inflammatory profile of older adults and if it can be considered
as an appropriate control intervention for exercise immunology
studies.

Methods: This systematic review was registered in
PROSPERO (CRD42023388920) and conducted in accordance
with PRISMA guidelines. PubMed and Web of Science were
systematically screened for articles describing the effect of muscle
stretching on the inflammatory profile (immune cell proportions,
cytokines, oxidative markers, and inflammatory gene expression
in muscle/immune cells) in older adults. A methodological quality
assessment was performed using the ROB2 tool and effect sizes
(ES) were calculated.

Results: Nine randomized controlled trials were included, all
showing sufficient methodological quality and reporting effects
on basal levels of inflammation. Muscle stretching had no effect
on the number of naive, memory, and senescence-prone T-cells
or circulating inflammatory markers CRP and IL-6 neither on
most studied oxidative stress markers (SOD, NO, VCAM, ICAM,
PTX3, OX-LDL, MDA, HNE, nitrotyrosine, ox-LDL, and protein
carbonyls). However, the oxidative stress marker LPO increased
(ES=0.76) while CAT, ROS, fibrinogen, and MDA-LDL decreased
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(ES between -0.50 and -0.63) after stretching in older persons
with chronic diseases. Contradictory results were found for
TNF-alpha and gene expression levels. One study observed no
changes in circulating TNF-alpha after stretching in healthy
women, while another study showed an increase in muscle
gene expression of TNF-alpha (ES=1.60) as well as circulating
TNF-alpha (ES=0.64) in men with peripheral arterial disease.
Regarding gene expression changes in pro/anti-inflammatory
related genes, one study analysing RNA extracted from peripheral
blood mononuclear cells showed stretching-induced increases
(fold change>1.5) or decreases (fold change<0.67), while another
study using RNA from buffy coat samples demonstrated no effect
on gene expression.

Conclusion: Passive or active types of muscle stretching
appears to be a suitable active control for exercise immunology
studies in older populations. However, in populations with
peripheral artery disease stretching may affect the inflammatory
profile, possibly due to a higher overall inflammatory status.
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INTRODUCTION

The average age and life expectancy of men and women has
increased drastically, giving rise to many novel healthcare
challenges. Consequently, the incidence of late-life diseases
tends to increase, resulting in a higher burden on scarce
healthcare resources (1, 2). Older adults possess a higher
risk of infection and the occurrence of chronic diseases (3,
4). An increased level of inflammation is associated with a
higher incidence of illness and death (5). The phenomenon
of age-associated elevations of pro-inflammatory markers,
such as interleukin-6 (IL-6), Tumor Necrosis Factor-alpha
(TNF-a) and C-reactive protein (CRP), in blood and tissue
is defined as ‘inflammageing’ (5-7). This pro-inflammatory
profile that emerges during ageing can partly be explained by
a shift of immune cell phenotype towards a more senescent-
prone cell (SPC) composition. These senescent-prone cells
contribute to an accumulation of pro-inflammatory cytokines
via their senescence-associated secretory phenotype (SASP),
inducing an (unresolved) state of chronic inflammation,
known as chronic low grade inflammatory profile (CLIP),
even without the presence of antigenic stimuli (8-10). The
transition from more naive to memory- and senescent-prone
T-cells is part of a gradual remodelling of the immune system
during ageing, referred to as ‘immunosenescence’ (8, 9, 11).
Immunosenescence is among others associated with a reduced
vaccination response and increased susceptibility to infections
(12-14). Moreover, increases in cytokines, such as IL-6 and
CRP, are associated with frailty, cardiovascular diseases,
sarcopenia, and other pathophysiological conditions (6, 10,
11). Additionally, the ageing process is characterised by an
increase in reactive oxygen species (ROS) and decrease in anti-
oxidant systems, leading to oxidative stress that can damage
various cell components, exacerbating the ageing process and
contributing to ageing-related diseases (15, 16).

Recent studies showed that physical exercise can
exert beneficial effects on the inflammatory status,
immunosenescence and oxidative stress-related markers
in older persons (17-20). It has been shown that exercise
can increase the number of naive T-cells, enhance T-cell
proliferation, and decrease the number of senescent-prone
CD4+ and CD8+ T-cells. These changes in the immune system
could therefore (at least partially) alleviate or counteract
immunosenescence (17, 21, 22). Exercise can also decrease
markers of oxidative stress and improve the anti-oxidant
response (19, 20). Possible mechanisms have been identified
by which aerobic or resistance exercises may counteract CLIP.
Firstly, physical exercise involves muscle contraction and
activates energy metabolism (23), thereby stimulating skeletal
muscle fibers to produce myokines which can exert anti-
inflammatory effects (24). Exercise-induced production of the
myokine IL-6, secreted via a TNF-independent pathway, can
induce secretion of anti-inflammatory cytokines IL-1ra and IL-
10 by peripheral immune cells, which inhibit the release of the
pro-inflammatory cytokine IL-1B (25-27). Secondly, physical
exercise induces epinephrine and norepinephrine release by
the adrenal medulla and sympathetic nerves. Activation of the
B adrenoceptors expressed on T- and B-cells leads to cyclic
adenosine monophosphate (cAMP) production and adenyl
cyclase activation. This cascade can result in IL-10 secretion

by T-cells (3, 27, 28). Moreover, physical exercise can also
lead to a decrease in systemic inflammation through other
mechanisms, including the loss of visceral fat mass (29).

Muscle stretching exercises are defined in the Medical
Subject Headings database of the National Library of Medicine
as “Exercises that stretch the muscle fibers with the aim to
increase muscle-tendon flexibility, improve range of motion
or musculoskeletal function, and prevent injuries. There
are various types of stretching techniques including active,
passive (relaxed), static, dynamic (gentle), ballistic (forced),
isometric, and others” (30). This form of exercise seems
more suitable as an active control intervention compared
to a non-exercising control in exercise intervention studies.
Indeed, muscle stretching allows to control for confounding
factors related to the social environment of group sessions
and personalised training follow-up by instructors, but also
the possible exposure to pathogens during group trainings or
via public transportation to the training facility. Moreover, this
type of control offers the advantage of allowing the structure,
timing, and follow-up of the program, as well as the duration
of individual sessions and the amount of interaction between
research staff and participants, to be kept consistent across
both the intervention and control arms. These elements have
all been identified as potential influencers of participant
motivation, study adherence and completion, and self-reported
outcomes (including increased daily physical activity when
being randomized to a non-exercising control group) (31, 32).
Although the use of muscle stretching as an active control
group for exercise interventions seems promising, the effects of
muscle stretching on the inflammatory profile in older adults has
not yet been documented. The suitability of muscle stretching
as a control for exercise immunology studies thus remains
unclear. Therefore, the aim of this systematic review was to
determine whether stretching affects the inflammatory profile
of older adults and if it can be considered as an appropriate
control intervention for exercise immunology studies.

METHODS

Search strategy and selection criteria

This systematic review was conducted in accordance with
PRISMA guidelines, and the protocol is registered in Prospero
(CRD42023388920). Two databases, PubMed and Web of
Science, were systematically screened. The search key was
built according to the PICO design (Population: adults aged
>65 years old; Intervention: muscle stretching exercise;
Comparison: no exercise or other forms of exercise; Outcomes:
inflammatory status) including both MeSH and free terms (for
the full search strings see supplement 1 & 2, for full PICO
framework see Supplementary Table S1). The last search was
performed on 24th of January 2024.

Study selection

Intervention studies (both randomized controlled trials (RCT),-
and non-randomized controlled trials) with participants aged
65 years or older in which muscle stretching exercises were
performed as experimental or control intervention were eligible
for inclusion. Studies describing a combination of muscle
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Supplementary Table S1: Search strategy according to PICO

stretching with aerobic or resistance exercises, as well as yoga or
Pilates, were excluded. Moreover, only studies written in English
and investigating the effects of muscle stretching exercises on the
inflammatory status — i.e. immune cell proportions, cytokines,
oxidative stress markers, and inflammatory gene expression in
muscle or immune cells - were eligible. Review articles, case
reports, and animal studies were excluded. There were no
restrictions on the publication date.

Firstly, two reviewers (LS and EM), who were blinded for each
other’s results, screened titles and abstracts for eligibility of the
studies using ‘Rayyan web application for systematic reviews’
(33). Next, three reviewers (LS, EM and AG) performed a full-
text review to further assess eligibility. A fourth reviewer (IB)
was consulted to resolve disagreements.

Figure 1. Flowchart Inclusion of articles
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Supplementary Table S2: Quality assessment output — Risk of Bias

Data extraction

The main characteristics of participants (age, gender, and
number of participants) and exercise interventions (training
period, frequency and duration of sessions, specific type of
muscle stretching exercises, number of repetitions, and duration
of individual exercises) were appraised. All data regarding the
inflammatory status of older adults were extracted. The outcomes
were divided into three categories: 1) circulating inflammatory
and oxidative stress markers (Table 1), 2) inflammation related
gene expression in muscle or immune cells (Table 2), and 3)
absolute counts or percentages of circulating immune cells
(Table 3).This review also determined whether studies examined
the effects of muscle stretching exercise on acute effects (i.e.,
sampling within 24h after the last exercise session) or basal
levels (i.e., sampling minimum 24h after the last exercise
session). The effect size (ES) of muscle stretching on outcomes
of the inflammatory profile was calculated. Graph data was
digitized utilizing the online tool Webplotdigitizer version 4.6
(34). When feasible, an estimate of the ES was derived following
Cohen’s D criteria (Small ES: d>0.2, medium ES: d>0.5, and
large ES: d>0.8). Only within-group comparisons were made,
and the ES was determined using Hedges’ average. Authors were
contacted when data was unavailable. For illustrative purposes
and to be able to appraise the ES of muscle stretching versus
other types of (contractile) exercise, the calculated ES of muscle
stretching was compared to the ES of exercise interventions
extracted from recently published literature, with a preference
for systematic reviews with meta-analyses or systematic reviews
where ES, standardized mean difference (SMD) or weighted
mean difference (WMD) were calculated. When no systematic
reviews were available, recent research articles were used to
compare the ES (Table 4-6).

Quality assessment of risk of bias

The quality of the included articles was assessed using the
Cochrane Risk of Bias for randomized trials tool (ROB2) (35)
by one reviewer (AG), which was verified by two independent
reviewers (EM and LS).
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RESULTS

Study selection

The medical databases PubMed and Web of Science yielded 1468
and 418 articles respectively, of which 174 articles were identified
as duplicates. From these, 1683 articles were excluded after
title and abstract screening due to the use of foreign languages
(n=127) or wrong publication type (n=327), study design (n=523),
population (n=188), intervention (n=483) or outcome (n=35) . An
additional 20 articles were excluded based on full-text screening
after which nine articles were included in this systematic review

(Fig. 1).

Study characteristics

All included studies were randomized controlled trails (RCTs).
In most studies (36-43), muscle stretching exercises were
performed as an active control intervention for aerobic (36, 38,
41) or resistance (40, 42, 43) exercise interventions. De Paulo et
al. (37) compared a combined aerobic with resistance program to a
control muscle stretching exercise intervention. Rodrigues-Krause
et al. (39) compared three interventions: a dancing intervention,
an aerobic intervention, and a stretching intervention. Only one
study (44) examined the effect of a stretching exercise program
compared to a non-exercising control group. All studies reported
‘pre-post intervention effects’. One study reported only within-
group effects (44). Five studies (36,37, 39, 42,43) also investigated
‘between group-time effects’ and ‘group*time effects’. One study
mentioned ‘within’ and ‘between effects’ (38). Liberman et
al. (40) and Iyalomhe et al. (41) reported fold changes in gene
expression patterns (respectively absolute FC <0.67 or >1.5; and
>2 considered as significant).

Participants’ characteristics

In total, the studies included 163 participants. Interestingly, the
effects of muscle stretching exercises on the inflammatory status
of older persons were most frequently investigated in women, with
109 out of 158 participants (69%) being female. Iyalomhe et al.
(41) investigated the effects in n=5 participants of both genders,
however, without specifying the exact number of men and women.
Most studies included healthy participants. In contrast, Andrade-
Lima et al. (38) included men with peripheral artery disease (PAD)
and intermittent claudication (IC) symptoms, Serra et al. (36)
observed stroke survivors, Kato et al. (44) investigated chronic
heart failure patients with an implantable defibrillator and De
Paulo et al. (37) examined breast cancer survivors undergoing
aromatase inhibitor therapy.

Intervention characteristics

The diversity in number, duration, and intensity of muscle
stretching exercise sessions was high. All articles examined
the effects of muscle stretching exercises on basal levels (i.e.,
sampling minimum 24h after the last exercise session) of
inflammation. However, in one article the sampling time was
not clear since the authors only mentioned that blood was taken
after 12h fasting at baseline, and after 12, 24 and 36 weeks of
intervention (37). Throughout these studies, the exercises
consisted of similar whole body muscle stretching exercises. Four
studies (38, 40, 42, 43) included passive stretching exercises for
large muscle groups throughout the whole body. These muscle
stretching exercises mainly induced a passive load without muscle
contraction or cardiovascular challenge. Only one study described

the use of active stretches (36). Four studies did not describe
whether the stretching exercises was passive or active (37, 39, 41,
44). In one study (36), dynamic balance exercises were included
in the stretching exercise protocol and participants received
recommendations and education on cardiovascular disease risk
factors and strategies to promote physical activity (36). One study
included relaxation exercises in the stretching group (37), and in
another study participants also performed breathing exercises (39).
Heterogeneity within the frequency and duration of intervention
was also observed. The shortest intervention period was 4 weeks;
however, participants of this study trained every day (7x/week)
(44). In another study the participants trained for 8 weeks, but
only once a week (39). The longest intervention was 9 months (36
weeks), two times a week(37).

Quality assessment

All RCTs were assessed for their methodological quality. A
summary of the risk of bias assessment for the nine included articles
(36-44) can be retrieved in Supplementary Table 2. Six studies
(37-40, 42, 43) showed a low risk of bias, while the risk of bias
was of concern for three studies (36, 41, 44). Due to the nature of
the interventions, participants and supervisors were aware of their
assigned intervention group in all studies. Six studies (37-40, 42,
43) extensively described participant follow-up and withdrawal,
unlike the other studies (41, 44), which did not address deviations
or intervention compliance, resulting in some concerns regarding
risk of bias. In one article, information on missing values or drop-
outs was not mentioned (36).

Muscle stretching exercise effects on the inflammatory profile in
older adults

Effect sizes of the muscle stretching effects were calculated and
are shown in Table 4, 5 and 6. In general, most of the effect sizes
for muscle stretching were small to medium.

Muscle stretching exercise effects on circulating cytokines, cell
adhesion and oxidative stress markers in older adults (Table 1 and
4)

Muscle stretching showed no significant effects on circulating
levels of CRP (36-39, 44) or IL-6 (36, 38). after muscle stretching.
In contrast, muscle stretching increased circulatory TNF-a
concentrations (P<0.05) in men after a 12-week training program
(38), but not in women after an 8-week program (39).

Three studies (36, 38, 44) investigated the effect of muscle
stretching on oxidative stress markers in older adults, two of
which also examined its impact on cell adhesion markers (38,
44). Andrade-Lima et al. (38) observed no differences for plasma
vascular cell adhesion molecule 1 (VCAM 1), intercellular
adhesion molecule (ICAM), nitric oxide (NO) and superoxide
dismutase (SOD) between baseline and post-intervention values.
However, a decrease in catalase (CAT) and an increase in lipid
peroxidation (LPO) was observed after stretching (P<0.05).
Moreover, the effect on muscle related markers SOD, LPO and
CAT was investigated in homogenized muscle tissue, revealing
an increase in LPO (P<0.05), no effects on in CAT (P > 0.05),
and no effect on SOD (P>0.05). In the study of Kato et al. (44)
no difference in circulating pentraxin 3 (PTX3) was found after
four weeks of daily stretching interventions, while a decrease of
fibrinogen, malondialdehyde-modified low-density lipoprotein
cholesterol (MDA-LDL), and ROS was observed (P<0.05).
Fibrinogen and PTX3 were measured as vascular inflammation
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Table 1. Effects of muscle stretching exercise on circulatory interleukins, cytokines, and oxidative stress markers
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Table 2. Effects of muscle stretching exercise on inflammatory related gene expression
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Table 3. Effects of muscle stretching exercise on absolute cell count or percentage of T-cell subsets
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Table 4. Overview of the effect sizes related to the exercise effects on circulatory interleukins, cytokines, and oxidative stress markers after a
flexibility intervention calculated where available
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Table 5. Effects of muscle stretching exercise on inflammatory related gene expression
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Table 6. Overview of the effect sizes related to the exercise effects on absolute cell count or percentage of T-cell subsets
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parameters (44). Serra et al. (36) assessed blood plasma levels of
nitrotyrosine, oxidized low-density lipoprotein (ox-LDL), protein
carbonyls, hydroxynonenal (HNE) and malondialdehyde (MDA)
adducts, but no significant effects were identified.

Muscle stretching exercise effects on inflammation related gene
expression (Table 2 and 5)

Andrade-Lima et al. (38) investigated gene expression changes in
muscle tissue after 12 weeks stretching intervention. No change
could be observed for CRP, IL-6, and eNOS, while an increase
in TNF-0, VCAM and ICAM was observed post-intervention.
Iyalomhe et al. (41) analyzed changes in training-induced gene
expression profile after six months of stretching intervention in
RNA purified from blood samples. This study found six unique
(TIMM23, APOBEC3C, S100A12, C1D, CHMP5, PCMTD2) and
two non-unique (LYZ, SNORD115 25) non-overlapping genes
differentially expressed after stretching intervention (fold change
>1.5), however these changes were not statistically significant
(P>0.01). The study conducted by Liberman et al. (40) investigated
the effects of a 3-month stretching intervention on 407 inflammation
related genes in peripheral blood mononuclear cells. In total, 23
pro-inflammatory genes were upregulated (fold change >1.5) and
nine were downregulated (fold change <0.67). Similarly, six anti-
inflammatory genes were upregulated (fold change >1.5) and two
were downregulated (fold change <0.67) after the intervention
compared to baseline expression. Additionally, this study found
expression changes for four genes of which the inflammatory roles
have not yet been fully determined (40).

Muscle stretching exercise effects have no effect on absolute T-cell
count and percentage of T-cell subsets (Table 3 and 6)

Two studies investigated the effects of a six-week stretching
intervention on absolute T-cell counts and percentage of T-cell
subsets (42, 43). A distinction was made between CD8+ and CD8-
T-cell subsets, which were further subdivided into three separate
groups: a naive T-cell subpopulation (CD28+CD57-), a memory
T-cell subpopulation (CD28-CD57-), and a senescent-prone T-cell
subpopulation (CD28-CD57+ or CD28+CD57+). No significant
changes in absolute cell count or percentage of different T-cell
subsets were observed after the stretching intervention, regardless
of the participants’ cytomegalovirus (CMV) serostatus (42).

GENERAL DISCUSSION

In this systematic literature review, we verified the suitability
of muscle stretching as an appropriate control group for exercise
immunology studies by appraising the impact of muscle stretching
on inflammation in an older population. Traditionally, non-active
or usual care groups have often been used as controls in exercise
immunology studies. However, whether these non-active groups
adequately represent and account for the social and physical
environment intrinsically linked to exercise interventions can
be questioned. These include possible confounding effects of
the social environment, such as training in group settings or
receiving attention from instructors, as well as effects of the
physical environment, such as pathogen exposure that may arise
from training in a group setting or taking (public) transport to the
training facilities. Muscle stretching is considered as a suitable
control intervention because it includes all the conditions of an
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exercise intervention group, but without (intensive) active muscle
contractions. However, using muscle stretching as a control
group for exercise immunology studies implies that stretching
does not affect the inflammatory profile.

All articles described the long-term effects (>24 hours after
the last training session) of muscle stretching exercise programs
on basal levels of inflammation. Those studies investigating the
concentration of CRP (36-39, 44) and IL-6 (36, 38) in serum or
plasma, observed no changes after a muscle stretching training
period. In contrast, resistance and aerobic training decreases
CRP-levels after long-term training. In general, the ES for
resistance and for aerobic exercise are greater than the ES for
muscle stretching, suggesting the appropriateness of stretching
as a control intervention for those exercise programs (Table
4-6). However, Andrade-Lima et al. (38) reported a significant
increase of circulatory TNF-a with an ES of 0.64 after 12 weeks
(2x/week) stretching in older men with PAD or IC. This was not
found by Rodrigues-Krause et al. (39) in healthy older women
after muscle stretching (combined with breathing exercises)
once a week for 8 weeks. These differences might be explained
by an increased baseline inflammatory status of patients with
PAD or IC, as inflammation contributes to disease initiation and
progression(45). Indeed, Signorelli et al. previously showed
that patients suffering from PAD exhibit higher resting levels
of TNF-o compared to healthy controls(46). In PAD patients,
higher TNF-a levels were associated with lower ankle-brachial
index levels, reflecting a higher disease severity(47). Therefore,
the increase in TNF-a concentration in this population after
muscle stretching might reflect the disease progression over
time rather than the effect of the muscle stretching intervention.
Alternatively, it could be hypothesized that in the context of
arterial wall inflammation, which was shown to be increased in
PAD patients(48), the mechanical stress on inflamed endothelium
due to muscle stretching could potentially increase inflammatory
cytokine release such as TNF-o. However, this hypothesis is
unlikely since the expression of ICAM of VCAM, of which
TNF- o is an upstream regulator in the endothelial inflammation
cascade(49), remained unchanged after muscle stretching in PAD
patients(38). More research on the topic is needed. In contrast
to muscle stretching, a resistance training program with the
same duration and frequency in maintenance haemodialysis
patients with sarcopenia, who exhibit a comparable elevated
inflammation status at baseline, induced the opposite effect. In
general, resistance training was shown to reduce levels of TNF-a
in healthy older adults (ES up to -0.76, which is larger than the
ES observed for stretching in men with PAD and IC (ES=0.64)).
The same decrease could be observed after combined training
(50). Long-term resistance training was shown to decrease IL-6
in healthy older adults and obese older women. In contrast,
no significant changes in IL-6 were observed in healthy older
adults and an increase was observed in haemodialysis patients
with sarcopenia. Furthermore, long-term combined training
also decreased IL-6 levels (50) (Table 4). Overall, these data
suggest that a muscle stretching intervention does not affect the
protein expression levels of CRP and IL-6 in older participants,
regardless of their health status. However, TNF-a levels could
be influenced by muscle stretching in participants with an
increased inflammatory status at baseline, albeit with a smaller
ES compared to resistance or combined exercise.
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Stretching can be a potential active control group for
resistance exercise regarding antioxidant markers, such as CAT
and SOD. Andrade-Lima et al. (38) was the only group reporting
on the effects of muscle stretching on mediators that can control
oxidative stress. The authors showed a decrease in circulating
but not in muscle CAT, an enzyme mitigating oxidative stress
by decomposing hydrogen peroxide to water and oxygen (51),
in men with PAD and IC symptoms after 12-weeks of muscle
stretching exercises twice a week. Resistance exercise in a
healthy population for 12 weeks at a ratio of three sessions a
week was shown to increase in circulating CAT (no ES reported)
(50). Regarding the effect of exercise on muscle CAT, Samjoo et
al. (52) showed no effect of endurance training on muscle CAT
in sedentary obese men. Andrade-Lima et al. (38) also showed
no effect of stretching on circulating or muscle SOD. SOD has
important antioxidant properties since it mediates the production
of H202 from superoxide anion, which can be further catalyzed
to water and oxygen by catalase (53). In comparison, Bautmans
etal. (50) reported that in healthy older adults, resistance exercise
could decrease circulating SOD after 12 weeks consisting of three
sessions a week, while aerobic exercise was shown to increase
circulating SOD with a medium effect (20). The differences
between the directions of effects after aerobic and resistance
exercise suggests that the type and intensity of exercise programs
are crucial determinants for the outcome of exercise on oxidative
stress (54). Regarding muscle SOD, a recent review shows that
endurance exercise can decrease SOD in skeletal muscle of obese
sedentary men and that lifelong exercise can increase muscle
antioxidant enzymes (55).

Our review shows that the effects reported for muscle
stretching on oxidative stress markers might be influenced by
the health state of participants. However, stretching exercise
can be used as an active control group in healthy older adults
to control for confounding effects such as social environment.
In participants with specific disease characteristics, caution is
needed due to the limited extrapolation of the results. While
Andrade-Lima et al. (38) and Serra et al. (36) observed no effects
on oxidative markers MDA, ox-LDL, Nitrotyrosine, protein
carbonyls, and HNE after muscle stretching, Kato et al. (44) in
contrast, showed a decrease of oxidative stress, as measured by
ROS and MDA-LDL after four weeks of daily muscle stretching
for 20 minutes in participants with chronic heart failure. In
addition, Kato et al. (44) showed a decrease in MDA-LDL, an
oxidized form of LDL after muscle stretching. These effects of
muscle stretching were similar to effects observed after exercise,
as a 12 week intervention (three session per week lasting 120
minutes each) of Nordic walking in older adults, or 6 months
of bicycle ergometer and walking for at least twice a week in
cardiac rehabilitation, also showed a decrease on MDA-LDL
level (56, 57). No effects were observed in MDA and HNE levels
after muscle stretching (36). However, MDA levels decreased
after both aerobic exercise and resistance exercise (20, 58). The
use of stretching as an active control for exercise effects on HNE
remains unclear.

Andrade-Lima et al. (38) showed no effects on NO in men
with PAD and IC symptoms after stretching exercises, while LPO
levels in both blood and muscle tissue were increased. The review
of Ye et al. (20) showed increased levels of NO in older adults
after acrobic exercise, as well as reduced levels of circulating

oxidant marker LPO. LPO, a marker for oxidative stress related
to lipid peroxidation, was increased after muscle stretching in
men with PAD and IC symptoms. This increase can be related to
the disease onset and progression (38, 45). The increase of NO
after exercise was confirmed by the review of Arefirad et al. (59),
which also indicated higher levels of NO after aerobic exercise
compared to a control group for healthy older adults, obese older
adults, and older adults with diabetes.

No changes were observed in ox-LDL, protein carbonyls,
and nitrotyrosine after muscle stretching in chronic stroke
survivors (36). For ox-LDL, an oxidant marker, no differences
were observed after aerobic exercise (20). The oxidative
changes in LDL modify both protein and lipid components in a
complex process, resulting in the formation of ox-LDL. Ox-LDL
contributes to inflammation and is related to the development and
progression of atherosclerosis (60). Protein carbonyls are used
as marker for protein damage by ROS (36). Radak et al. (61),
showed increased serum nitrotyrosine and protein carbonyls
levels after an extreme exhaustive aerobic exercise training
program (4-day super marathon).

The cell adhesion molecules VCAM-1 and ICAM-1 in the
circulation were unchanged after muscle stretching as shown by
Andrade-Lima et al. (38) in men with PAD and IC symptoms.
Both VCAM and ICAM glycoproteins play a role in the influx of
leucocytes to the tissue via adhesion and transmigration through
the endothelium, and they are associated with inflammation (62).
Koh et al. (63) showed that resistance exercise also did not affect
these cell adhesions molecules. In contrast, low-to-moderate
intensity aerobic exercise was able to lower cell adhesion
molecule levels, while high intensity aerobic exercise was
only associated with an acute peak of these molecules, before
returning to pre-exercise levels (38, 63).

Kato et al. (44) showed no effects in PTX3 marker and a
decrease in fibrinogen after an intensive muscle stretching
exercise (seven times weekly for four weeks) in patients with
chronic heart failure (ES=-0.6). PTX3 was measured as a vascular
inflammatory marker and fibrinogen is a blood clotting factor
related to inflammatory processes and can be associated with
cardiovascular diseases (44). Zempo-Miyaki et al. (64) observed
increased PTX3 levels after an aerobic exercise intervention
of eight weeks in older adults. The review of Lin et al. (65)
showed a reduction in fibrinogen levels after vigorous exercise
intervention in both diabetes and sedentary healthy older adults.
Moreover, the review of Thompson et al. (66) observed also
lower fibrinogen levels after cardiorespiratory aerobic exercise at
both vigorous and moderate levels. At the moment, there is thus
insufficient evidence for the use of stretching as a control for the
effects of exercise on these markers of vascular inflammation,
especially in populations with chronic disease.

Iyalomhe et al. (41) stated that no gene expression changes
were observed for the investigated training-induced gene
expression profile. On the contrary, Andrade-Lima et al. (38) and
Liberman et al. (40) noticed changes in expression of several
inflammatory related genes after muscle stretching. Andrade-
Lima et al. (38) investigated mRNA levels of inflammatory
biomarkers in muscle tissue samples, in contrast to Iyalomhe et
al. (41) and Liberman et al. (40) who investigated mRNA levels
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in blood, respectively buffy coat samples and in PBMCs. At first
sight, this may indicate that muscle stretching exercise might
alter the RNA expression of inflammation related genes in the
blood circulation, but less in the muscle itself. The expression
of pro- and anti-inflammatory genes was less pronounced in
the flexibility group compared to the strength training (40) and
aerobic training (41). Iyalomhe et al. (41) performed a pathway
analysis on both inflammation and cancer related pathways and
focused on the interaction within these pathways, in contrast
to Liberman et al. (40) who excluded cancer-related pathways.
This might explain the discrepancies in gene expression between
Iyalomhe et al. (41) and Liberman et al. (40). More research on
the effects of muscle stretching on inflammatory related gene
expression is needed, since most assessed genes did not overlap,
or contradicting results were reported (e.g. IL-6) within the
included studies. Moreover, a sedentary control group was not
present.

Lastly, muscle stretching had no effect on absolute cell
count and percentage of different T-cell subsets in contrast to a
resistance endurance training where a decrease in percentages
and absolute counts was found after a six week program (42, 43).
This suggests that muscle stretching is an appropriate control for
studies investigating the effects of exercise on T-cell subsets.

In this systematic literature search we retrieved nine RCTs
measuring the effect of muscle stretching exercise programs on
the inflammatory profile in older persons. We found no major
effects of muscle stretching exercise on the inflammatory status
of (healthy) older adults. Most studies reported that muscle
stretching has no effect on inflammatory markers and markers
related to oxidative stress in older adults. Moreover, muscle
stretching exercises had no effect on outcomes related to absolute
cell count and percentage of T-cell subsets, except for populations
with chronic diseases. Overall, the pro- and anti-inflammatory
gene expression was less pronounced in the flexibility group
compared to resistance training and aerobic training. However,
inconclusive results were found for the effects on oxidative
stress markers and gene expression profiles of inflammatory
cells. Nonetheless, more dedicated research should be conducted
within this area to confirm these findings and clarify the
contradictory results. Overall, our systematic review provides
evidence for the use of stretching as a suitable control group for
exercise immunology studies in older adults. However, caution is
warranted in populations with peripheral artery disease.

This systematic review has both strengths and limitations.
The novelty of the present systematic review lies in the evaluation
of the effects of stretching exercise on the immune system (17,
50, 67). The inclusion of RCTs is a major strength, however,
only nine RCTs were identified. Of those, the quality assessment
was of some concern in three articles. No meta-analysis was
performed because of the heterogeneity regarding the study
population (healthy vs disease), duration of intervention,
outcome (cell count, gene expression, circulatory markers), and
time of assessment. However, ES-values of the muscle stretching
interventions were calculated where possible and compared to
ES after other types of physical exercise. When the exact type,
number and duration of the exercises were unclear, we contacted
the authors, but unfortunately, not all authors responded to our
inquiries. Only passive (n=4) and active (n=1) muscle stretching
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interventions were described in the nine articles included in this
systematic review, with four studies not defining the type of
muscle stretching used. Although this systematic review included
9 studies of which the majority (2/3) were of high quality,
there are still some aspects that need investigation in more
high qualitative intervention studies focusing on other types of
stretching, dose-response aspects and differences according to
presence of specific conditions.

CONCLUSION

This systematic review showed no major effects of passive and
active muscle stretching exercise on the inflammatory status
of older adults and therefore, suggest that a muscle stretching
program is a suitable active control group for aerobic and
resistance exercise programs. Nevertheless, it is important to
take caution when considering populations with peripheral artery
disease, as an exacerbation of their inflammatory profile could
occur; although it remains unclear whether this exacerbation
is due to the passive stretching intervention per se or rather
reflecting the overall disease progression.

FUNDING

This systematic review was partly funded by the Wetenschappelijk
Fonds Willy Gepts of the Universitair ziekenhuis Brussel
(grant numbers WFWG20-02 and WFWGI17-02), by the
Strategic Growth Funding by the Research Council of the Vrije
Universiteit Brussel (grant number SRP59), and by the Fonds
Wetenschappelijk Onderzoek Vlaanderen (FWO, Belgium, Grant
numbers GOA6W25N, G074221N and 12W2219N).

Conflicts of Interest:
The authors declare that they have no conflicts of interest relevant
to the content of this review.

Ethical Approval: Not applicable.
Ethics statement: Not applicable.

Data availability statement:

All data analyzed during this literature study are included in this
article. Further inquiries can be directed to the corresponding
author.

Author contribution:

EM and LS contributed to the literature search, data extraction,
data analysis, and writing of the manuscript. AG contributed the
literature search, data extraction, data analysis, and writing of the
manuscript. IK, RN and JG reviewed the manuscript. IB designed
the study, contributed to the data analysis and interpretation, and
writing of the manuscript.



Stretching as a control for exercise immunology studies in older adults 33

Supplementary materials

Supplement 1: Search key PUBMED:

((exercise, muscle stretching[MeSH Terms]) OR (range of motion,
articularfMeSH Terms]) OR (muscle stretching exercise) OR
(articular range of motion) OR (“flexibility” AND “exercise”)
OR (“stretching” AND “exercise”) OR (stretching) OR (static
stretching) OR (“flexibility” AND “exercise” OR “flexibility”
AND “training”) OR (“joint” AND “flexibility”) OR (“PNF”
AND “stretching”) OR (proprioceptive neuromuscular facilitation
stretching) OR (passive stretching) OR (relaxed stretching) OR
(static-passive stretching) OR (isometric stretching) OR (active
stretching) OR (static-active stretching) OR (ballistic stretching)
OR (dynamic stretching)) AND ((Aged[MeSH Terms]) OR (aged)
OR (older adults) OR (older person) OR (older people) OR (elderly))
AND ((inflammation[MeSH Terms]) OR (cytokines[MeSH Terms])
OR (immunity, cellularfMeSH Terms]) OR (inflammation) OR
(“inflammatory” AND “profile”) OR (inflammatory) OR (cellular
immunity) OR (“immune” AND “response”) OR (“immune” AND
“reaction”) OR (cytokines) OR (chemokine) OR (“tumor” AND
“necrosis” AND “factor”) OR (“C-reactive protein”))

Hits: 1468

Supplement 2: Search key Web of Science:

TS=((muscle stretching exercise) OR (articular range of
motion) OR (“flexibility” AND “exercise”) OR (“stretching”
AND “exercise”) OR (stretching) OR (static stretching) OR
(“flexibility” AND “exercise” OR “flexibility” AND “training”)
OR (“joint” AND “flexibility”) OR (“PNF” AND “stretching”)
OR (proprioceptive neuromuscular facilitation stretching) OR
(passive stretching) OR (relaxed stretching) OR (static-passive
stretching) OR (isometric stretching) OR (active stretching) OR
(static-active stretching) OR (ballistic stretching) OR (dynamic
stretching)) AND TS=((aged) OR (older adults) OR (older person)
OR (older people) OR (elderly)) AND TS=((inflammation) OR
(“inflammatory” AND “profile””) OR (inflammatory) OR (cellular
immunity) OR (“immune” AND “response”) OR (“immune”
AND *“reaction”) OR (cytokines) OR (chemokine) OR (“tumor”
AND “necrosis” AND “factor””) OR (“C-reactive protein”))
Hits: 418

REFERENCES

10.

11.

12.

13.

14.

15.

16.

18.

19.

Cosco TD, Howse K, Brayne C. Healthy ageing, resilience and
wellbeing. Epidemiol Psychiatr Sci. 26. England2017. p. 579-83.
Partridge L, Deelen J, Slagboom PE. Facing up to the global
challenges of ageing. Nature. 2018;561(7721):45-56.

Strasser B, Wolters M, Weyh C, Kriiger K, Ticinesi A. The
Effects of Lifestyle and Diet on Gut Microbiota Composition,
Inflammation and Muscle Performance in Our Aging Society.
Nutrients. 2021;13(6).

Sadjapong U, Yodkeeree S, Sungkarat S, Siviroj P. Multicomponent
Exercise Program Reduces Frailty and Inflammatory Biomarkers
and Improves Physical Performance in Community-Dwelling
Older Adults: A Randomized Controlled Trial. Int J Environ Res
Public Health. 2020;17(11).

Teissier T, Boulanger E, Cox LS. Interconnections between
Inflammageing and Immunosenescence during Ageing. Cells.
2022;11(3).

Ferrucci L, Fabbri E. Inflammageing: chronic inflammation
in ageing, cardiovascular disease, and frailty. Nature Reviews
Cardiology. 2018;15(9):505-22.

Franceschi C, Bonafé M, Valensin S, Olivieri F, De Luca M,
Ottaviani E, et al. Inflamm-aging. An evolutionary perspective on
immunosenescence. Ann N Y Acad Sci. 2000;908:244-54.

Lian J, Yue Y, Yu W, Zhang Y. Immunosenescence: a key player in
cancer development. ] Hematol Oncol. 2020;13(1):151.

Aw D, Silva AB, Palmer DB. Immunosenescence: emerging
challenges foranageing population. Immunology. 2007;120(4):435-
46.

Chen Y, Liu S, Leng SX. Chronic Low-grade Inflammatory
Phenotype (CLIP) and Senescent Immune Dysregulation. Clinical
Therapeutics. 2019;41(3):400-9.

Krabbe KS, Pedersen M, Bruunsgaard H. Inflammatory mediators
in the elderly. Experimental Gerontology. 2004;39(5):687-99.
Alves AS, Bueno V. Immunosenescence: participation of T
lymphocytes and myeloid-derived suppressor cells in aging-
related immune response changes. Einstein (Sao Paulo).
2019;17(2):eRB4733.

Goronzy JJ, Weyand CM. Understanding immunosenescence to
improve responses to vaccines. Nat Immunol. 2013;14(5):428-36.
Wang L, Liang Q, Ren Y, Guo C, Ge X, Cheng Q, et al.
Immunosenescence: molecular mechanisms and diseases. Signal
Transduct Target Ther. 2023;8(1):200.

Maldonado E, Morales-Pison S, Urbina F, Solari A. Aging
Hallmarks and the Role of Oxidative Stress. Antioxidants (Basel).
2023;12(3).

Luo J, Mills K, le Cessie S, Noordam R, van Heemst D. Ageing,
age-related diseases and oxidative stress: What to do next? Ageing
Res Rev. 2020;57:100982.

Mathot E, Liberman K, Cao Dinh H, Njemini R, Bautmans I.
Systematic review on the effects of physical exercise on cellular
immunosenescence-related markers - An update. Exp Gerontol.
2021;149:111318.

Cao Dinh H, Beyer I, Mets T, Onyema OO, Njemini R, Renmans
W, et al. Effects of Physical Exercise on Markers of Cellular
Immunosenescence: A Systematic Review. Calcified tissue
international. 2017;100(2):193-215.

El Assar M, Alvarez-Bustos A, Sosa P, Angulo J, Rodriguez-
Maiias L. Effect of Physical Activity/Exercise on Oxidative Stress
and Inflammation in Muscle and Vascular Aging. Int J Mol Sci.
2022;23(15).

EIR 31 2025



34 Stretching as a control for exercise immunology studies in older adults

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

Ye Y, Lin H, Wan M, Qiu P, Xia R, He J, et al. The Effects of
Aerobic Exercise on Oxidative Stress in Older Adults: A Systematic
Review and Meta-Analysis. Front Physiol. 2021;12:701151.
Donovan T, Bain AL, Tu W, Pyne DB, Rao S. Influence of Exercise
on Exhausted and Senescent T Cells: A Systematic Review. Front
Physiol. 2021;12:668327.

Turner JE, Brum PC. Does Regular Exercise Counter T Cell
Immunosenescence Reducing the Risk of Developing Cancer and
Promoting Successful Treatment of Malignancies? Oxid Med Cell
Longev. 2017;2017:4234765.

Hargreaves M, Spriet LL. Skeletal muscle energy metabolism during
exercise. Nat Metab. 2020;2(9):817-28.

Chow LS, Gerszten RE, Taylor JM, Pedersen BK, van Praag H,
Trappe S, et al. Exerkines in health, resilience and disease. Nat Rev
Endocrinol. 2022;18(5):273-89.

Pedersen BK, Febbraio MA. Muscle as an endocrine organ: focus
on muscle-derived interleukin-6. Physiol Rev. 2008;88(4):1379-
406.

Petersen AM, Pedersen BK. The anti-inflammatory effect of
exercise. J Appl Physiol (1985). 2005;98(4):1154-62.

Sharif K, Watad A, Bragazzi NL, Lichtbroun M, Amital H, Shoenfeld
Y. Physical activity and autoimmune diseases: Get moving and
manage the disease. Autoimmun Rev. 2018;17(1):53-72.

Liopeta K, Boubali S, Virgilio L, Thyphronitis G, Mavrothalassitis
G, Dimitracopoulos G, et al. cAMP regulates IL-10 production by
normal human T lymphocytes at multiple levels: a potential role for
MEF2. Mol Immunol. 2009;46(3):345-54.

Gleeson M, Bishop NC, Stensel DJ, Lindley MR, Mastana
SS, Nimmo MA. The anti-inflammatory effects of exercise:
mechanisms and implications for the prevention and treatment of
disease. Nat Rev Immunol. 2011;11(9):607-15.

Muscle Stretching Exercises. MeSH Pubmed. 2007.

Tock WL, Maheu C, Johnson NA. Considerations of Control
Conditions Designs in Randomized Controlled Trials of Exercise
Interventions for Cancer Survivors. Canadian Journal of Nursing
Research. 2022;54(4):377-91.

Waters L, Reeves M, Fjeldsoe B, Eakin E. Control Group
Improvements in Physical Activity Intervention Trials and Possible
Explanatory Factors: A Systematic Review. Journal of Physical
Activity and Health. 2012;9(6):884-95.

Ouzzani M, Hammady H, Fedorowicz Z, Elmagarmid A.
Rayyan—a web and mobile app for systematic reviews. Systematic
Reviews. 2016;5(1):210.

Rohatgi A. WebPlotDigitizer 2023 [4.6:[Available from: https://
automeris.io/ WebPlotDigitizer.html.

Sterne JAC, Savovic¢ J, Page MJ, Elbers RG, Blencowe NS, Boutron
I, etal. RoB 2: a revised tool for assessing risk of bias in randomised
trials. BMJ. 2019;366:14898.

Serra MC, Hafer-Macko CE, Robbins R, O’Connor JC, Ryan
AS. Randomization to Treadmill Training Improves Physical and
Metabolic Health in Association With Declines in Oxidative Stress
in Stroke. Arch Phys Med Rehabil. 2022;103(11):2077-84.

de Paulo TRS, Winters-Stone KM, Viezel J, Rossi FE, Simoes
RR, Tosello G, et al. Effects of resistance plus aerobic training on
body composition and metabolic markers in older breast cancer
survivors undergoing aromatase inhibitor therapy. Exp Gerontol.
2018;111:210-7.

Andrade-Lima A, Silva Junior N, Chehuen M, Miyasato R, Souza
RWA, Leicht AS, et al. Walking Training Improves Systemic and
Local Pathophysiological Processes in Intermittent Claudication.
Eur J Vasc Endovasc Surg. 2021;61(6):954-63.

EIR 31 2025

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Rodrigues-Krause J, Farinha JB, Ramis TR, Macedo RCO, Boeno
FP, Dos Santos GC, et al. Effects of dancing compared to walking
on cardiovascular risk and functional capacity of older women: A
randomized controlled trial. Exp Gerontol. 2018;114:67-77.
Liberman K, Njemini R, Forti LN, Cools W, Debacq-Chainiaux F,
Kooijman R, et al. Three Months of Strength Training Changes the
Gene Expression of Inflammation-Related Genes in PBMC of Older
Women: A Randomized Controlled Trial. Cells. 2022;11(3).
Iyalomhe O, Chen Y, Allard J, Ntekim O, Johnson S, Bond V, et
al. A standardized randomized 6-month aerobic exercise-training
down-regulated pro-inflammatory genes, but up-regulated anti-
inflammatory, neuron survival and axon growth-related genes. Exp
Gerontol. 2015;69:159-69.

Cao Dinh H, Bautmans I, Beyer I, Onyema OO, Liberman K, De
Dobbeleer L, etal. Six weeks of strength endurance training decreases
circulating senescence-prone T-lymphocytes in cytomegalovirus
seropositive but not seronegative older women. Immun Ageing.
2019;16:17.

Cao Dinh H, Njemini R, Onyema OO, Beyer I, Liberman K, De
Dobbeleer L, et al. Strength endurance training but not intensive
strength training reduces senescence-prone T-cells in peripheral
blood in community-dwelling elderly women. J Gerontol A Biol Sci
Med Sci. 2018.

Kato M, Masuda T, Ogano M, Hotta K, Takagi H, Tanaka S, et al.
Stretching Exercises Improve Vascular Endothelial Dysfunction
Through Attenuation of Oxidative Stress in Chronic Heart
Failure Patients With an Implantable Cardioverter Defibrillator. J
Cardiopulm Rehabil Prev. 2017;37(2):130-8.

Signorelli SS, Scuto S, Marino E, Xourafa A, Gaudio A. Oxidative
Stress in Peripheral Arterial Disease (PAD) Mechanism and
Biomarkers. Antioxidants (Basel). 2019;8(9).

Signorelli SS, Mazzarino MC, Di Pino L, Malaponte G, Porto C,
Pennisi G, et al. High circulating levels of cytokines (IL-6 and
TNFalpha), adhesion molecules (VCAM-1 and ICAM-1) and
selectins in patients with peripheral arterial disease at rest and after a
treadmill test. Vasc Med. 2003;8(1):15-9.

Murabito JM, Keyes MJ, Guo C-Y, Keaney JF, Jr., Vasan
RS, D’Agostino RB, Sr., et al. Cross-sectional relations
of multiple inflammatory biomarkers to peripheral arterial
disease: The Framingham Offspring Study. Atherosclerosis.
2009;203(2):509-14.

Bernelot Moens SJ, Stoekenbroek RM, van der Valk FM, Verweij
SL, Koelemay MJW, Verberne HJ, et al. Carotid arterial wall
inflammation in peripheral artery disease is augmented by type 2
diabetes: a cross-sectional study. BMC Cardiovascular Disorders.
2016;16(1):237.

Pober JS, Sessa WC. Inflammation and the blood microvascular
system. Cold Spring Harb Perspect Biol. 2014;7(1):a016345.
Bautmans I, Salimans L, Njemini R, Beyer I, Lieten S, Liberman
K. The effects of exercise interventions on the inflammatory profile
of older adults: A systematic review of the recent literature. Exp
Gerontol. 2021;146:111236.

Gebicka L, Krych-Madej J. The role of catalases in the prevention/
promotion of oxidative stress. J Inorg Biochem. 2019;197:110699.
Samjoo IA, Safdar A, Hamadeh MJ, Raha S, Tarnopolsky MA. The
effect of endurance exercise on both skeletal muscle and systemic
oxidative stress in previously sedentary obese men. Nutr Diabetes.
2013;3(9):e88.

Fukai T, Ushio-Fukai M. Superoxide dismutases: role in redox
signaling, vascular function, and diseases. Antioxid Redox Signal.
2011;15(6):1583-606.



54.

55.

56.

57.

58.

59.

60.

61.

Stretching as a control for exercise immunology studies in older adults 35

Thirupathi A, Wang M, Lin JK, Fekete G, Istvan B, Baker JS, et
al. Effect of Different Exercise Modalities on Oxidative Stress: A
Systematic Review. Biomed Res Int. 2021;2021:1947928.

Powers SK, Goldstein E, Schrager M, Ji LL. Exercise Training and
Skeletal Muscle Antioxidant Enzymes: An Update. Antioxidants
(Basel). 2022;12(1).

Takashima A, Ise T, Yagi S, Iwase T, Kimura S, Ueda Y, et al.
Cardiac rehabilitation reduces serum levels of oxidized low-density
lipoprotein. Circ J. 2014;78(11):2682-7.

Kawamoto R, Kohara K, Katoh T, Kusunoki T, Ohtsuka N, Abe
M, et al. Changes in oxidized low-density lipoprotein cholesterol
are associated with changes in handgrip strength in Japanese
community-dwelling persons. Endocrine. 2015;48(3):871-7.

Wang Y, Luo D, Jiang H, Song Y, Wang Z, Shao L, et al. Effects
of physical exercise on biomarkers of oxidative stress in healthy
subjects: A meta-analysis of randomized controlled trials. Open Life
Sciences. 2023;18(1).

Arefirad T, Seif E, Sepidarkish M, Mohammadian Khonsari N,
Mousavifar SA, Yazdani S, et al. Effect of exercise training on nitric
oxide and nitrate/nitrite (NOx) production: A systematic review and
meta-analysis. Front Physiol. 2022;13:953912.

Birukov KG. Oxidized lipids: the two faces of vascular inflammation.
Curr Atheroscler Rep. 2006;8(3):223-31.

Radak Z, Ogonovszky H, Dubecz J, Pavlik G, Sasvari M, Pucsok J, et
al. SuperImarathon race increases serum and urinary nitrotyrosine
and carbonyl levels. European journal of clinical investigation.
2003;33(8):726-30.

62.

63.

64.

05.

66.

67.

Kaur R, Singh V, Kumari P, Singh R, Chopra H, Emran TB. Novel
insights on the role of VCAM-1 and ICAM-1: Potential biomarkers
for cardiovascular diseases. Ann Med Surg (Lond). 2022;84:104802.
Koh'Y, Park J. Cell adhesion molecules and exercise. J Inflamm Res.
2018;11:297-306.

Zempo-Miyaki A, Fujie S, Sato K, Hasegawa N, Sanada K, Maeda
S, et al. Elevated pentraxin 3 level at the early stage of exercise
training is associated with reduction of arterial stiffness in middle-
aged and older adults. ] Hum Hypertens. 2016;30(9):521-6.

Lin X, Zhang X, Guo J, Roberts CK, McKenzie S, Wu WC, et
al. Effects of Exercise Training on Cardiorespiratory Fitness and
Biomarkers of Cardiometabolic Health: A Systematic Review and
Meta-Analysis of Randomized Controlled Trials. ] Am Heart Assoc.
2015;4(7).

Thompson G, Davison GW, Crawford J, Hughes CM. Exercise and
inflammation in coronary artery disease: A systematic review and
meta-analysis of randomised trials. J Sports Sci. 2020;38(7):814-26.
Salimans L, Liberman K, Njemini R, Kortekaas Krohn I, Gutermuth
J, Bautmans I. The effect of resistance exercise on the immune
cell function in humans: A systematic review. Exp Gerontol.
2022;164:111822.

EIR 31 2025



36 Exercise as an “Immune Detoxifier”

Less Inflammatory Debris, Improved Immunity from Immune Detox:
A New Perspective on the Benefits of Exercise in Chronic Disease

Asghar Abbasi (PhD), William Stringer (MD)

! Respiratory Research Center, The Lundquist Institute for Biomedical Innovation at Harbor-UCLA Medical Center, 1124 W

Carson St., Torrance, CA 90502

2 Division of Respiratory and Critical Care Physiology and Medicine, Harbor-UCLA Medical Center, 1000 W Carson St.,

Torrance, CA 90509

ABSTRACT

The immunological benefits of exercise are commonly
attributed to its immune-boosting effects such as the release
of exercise-induced factors (e.g., exerkines) and activation
of anti-inflammatory molecules. However, this may not fully
explain its benefits in chronic inflammatory conditions. We
propose a complementary view whereby exercise potentially
functions as a biological detoxifier by removing harmful
immunological debris such as damage-associated molecular
patterns (DAMPs), senescent cells, dysfunctional mitochondria
and pro-inflammatory extracellular vesicles (EVs) that drive
chronic immune activation. We highlight key mechanisms by
which exercise may reduce or remove these harmful signals,
including autophagy and mitophagy activation, enhanced
efferocytosis, reduced senescence burden, and modulation of
EV cargo. This “immune detox” model may help explain the
clinical benefits of exercise in conditions where the immune
system is overactivated, not deficient. It shifts the narrative
from immune boosting to restoring immune balance, and
could have potentially important implications for biomarker
discovery and personalized exercise prescriptions in chronic
disease.
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INTRODUCTION

Shifting the Paradigm

The immunological benefits of exercise are widely recognized
to enhance the production of beneficial signaling molecules.
From the secretion of myokines such as IL-6, IL-15, and
irisin, to systemic changes in catecholamines and lactate,
the dominant view has been that physical activity stimulates
a cascade of molecules that support immune surveillance,
repair, and immune downregulation (1). This framework
has been particularly influential in the field of exercise
immunology, leading to a continued focus on identifying and
quantifying exercise-induced biomarkers associated with anti-
inflammatory or immunomodulatory effects. However, this
model may be incomplete, especially in the context of chronic
diseases characterized by persistent inflammation and immune
dysregulation. In these persistent conditions, such as chronic
obstructive pulmonary disease (COPD), asthma, idiopathic
pulmonary fibrosis (IPF) (2-6), acute lung and liver disease
(7-9), diabetes mellitus (10, 11), cancer (12), Alzheimer’s
disease (13), autoimmune diseases (14), and aging (15, 16),
immune dysfunction appears to be less about a lack of immune
activation and more about the persistence of harmful signals.
Damaged and senescent cells accumulate in these chronic
states, releasing a spectrum of pro-inflammatory and danger-
associated molecules that chronically stimulate the immune
system (6, 17). The result is not immune deficiency, but an
immunologically overactive system that struggles to maintain
homeostasis in the face of continuous inflammatory stimuli
from internal sources. In fact, an editorial by Dr Esch et al.
(2020) highlights the widespread clinical use of monoclonal
antibody therapies specifically designed to neutralize
unregulated secretion of circulating proinflammatory cytokines
for the treatment of diverse autoimmune syndromes (18).
These therapeutic approaches highlight the clinical relevance
of persistent inflammatory signals.

In this perspective article, we hypothesize that regular
physical exercise contributes to immune rebalancing, not
only by inducing beneficial exercise-induced factors, but
also by reducing or removing pro-inflammatory cellular
byproducts such as DAMPs, senescent signals, dysfunctional
mitochondria, and inflammatory EVs, that we collectively



refer to as “inflammatory debris” or “immune clutter”. This
concept which we describe as “immune detox” emphasizes
a “subtractive model” of immune regulation, where exercise
promotes immune homeostasis by removing internal drivers
of chronic inflammation. These terms are used metaphorically
throughout the manuscript to describe biological processes that
reduce harmful immunological molecules and restore balance.

The Immunological Burden on Chronic Disease

Chronic diseases are increasingly recognized as states of
sustained immunological stress, driven not only by pathogens
or external insults, but by the persistent accumulation of
endogenous danger signals. DAMPs are released or exposed
during a variety of cellular processes, including injury,
necrosis, mitochondrial dysfunction, or senescence. Rather
than resolving over time, DAMPs remain elevated in many
chronic conditions including COPD, obesity, type 2 diabetes,
autoimmune diseases and aging, resulting in prolonged immune
activation and systemic inflammation. The most well described
and accepted DAMPs are nucleic acids such as mitochondrial
DNA (mtDNA) (13, 19-21), HMGBI1 (high mobility group box
1) (18, 22), histones (23), and S100 proteins (24). Other nuclear
or cytosolic components, when misplaced or mispackaged,
also signal tissue damage. Given the similarities between
DAMPs and pathogen-associated molecular patterns (PAMPs),
it should be no surprise that DAMPs are sensed by innate
immune receptors such as toll-like receptors (TLRs) and NOD-
like receptors (NLRs), initiating inflammatory cascades that
perpetuate low-grade but chronic immune stimulation (25-29).

Senescent cells also contribute to this inflammatory load
by releasing a complex mix of pro-inflammatory factors,
collectively known as senescence-associated secretory
phenotype (SASP)(30), which includes cytokines (e.g., IL-6,
IL-8), chemokines (e.g., CXCL1, CCL2), matrix remodeling
enzymes (e.g., MMPs), and growth factors. Their persistence in
tissues adds another layer to immune dysregulation, especially
in the aging population (6, 11, 16). One or more SASP
components likely mediate chronic inflammation and affect
the growth and survival of tumor cells (30, 31). Its regulation
occurs at multiple levels, including chromatin remodeling and
activation of transcription factors such as C/EBP and NF-«kB.
Nevertheless, SASP components can also support tissue repair,
immune clearance, and wound healing, making them promising
targets for therapeutic modulation (31, 32).

Mitochondria are bacterial endosymbionts that have evolved
to be vital organelles in cellular energy production. Despite this,
mitochondria are frequent sources of immune-activating signals
when damaged (27). Mitochondrial DNA (mtDNA), which has a
bacterial-like, double-stranded circular structure, can be released
into the cytosol or extracellular space under cellular stress such
as ATP or LPS stimulation, where it acts as a potent DAMP that
activates the innate immune system via receptors like TLR4 or
TLRY (20, 33). Among the best-characterized mitochondrial
genes that trigger immune responses are MT-ND1, MT-ND2,
MT-ND4 and MT-CO1 (34). Human neutrophils exposed to
purified mtDNA released matrix metallopeptidases MMP-8 and
MMP-9 (35), and incubation of human embryonic kidney cells
with serum from acute myocardial infarction patients contains
elevated levels of mtDNA induced TLR9-dependent NF-xB
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activity (36). Together, these findings highlight the potent
immunostimulatory capacity of mitochondrial components,
particularly mtDNA, and underscore their emerging role as key
inflammatory mediators.

A less often discussed, but increasingly important
componentofthisimmunological milieuis EVs. Long considered
vehicles of intercellular communication, EVs also serve as a
mechanism for exporting unwanted or harmful cellular contents
in a protected fashion. EVs often carry inflammatory cargo in
chronic diseases, including damaged nucleic acids, oxidized
lipids, and dysfunctional mitochondrial proteins (37). Emerging
evidence suggests that these vesicles are not merely messengers
but active participants in immune signaling, especially when
their cargo consists of DAMP-like molecules. Several studies
have demonstrated that EVs mediate inflammatory responses
by delivering mtDNA (37). mtDNA levels are elevated in EVs
and the release of mtDNA into EVs is suggested to coincide
with an increase in the expression of markers associated with
DNA damage, proinflammatory cytokines and senescence (27,
38, 39). Besides mtDNA, mitochondrial RNAs (e.g., tRNAs and
rRNAs), which are recognized as key DAMPs and involved in
triggering inflammation, are also carried by EVs (40, 41). Like
mtDNA, mitochondrial RNAs (mtRNAs) can originate from
mitochondrial fragments of stressed or damaged cells and once
delivered to target cells via EVs, they can activate TLRs and
trigger inflammatory pathways (42, 43). Hough and colleagues
(2018) demonstrated that EVs can transfer mitochondria to
target T cells and integrate with their mitochondrial network,
leading to increased production of reactive oxygen species
(ROS) and activation of inflammatory signaling pathways
within the T cells (44). These findings suggest that the mtRNA
and mtDNA content within EVs may hold clinical relevance and
could serve as potential diagnostic and prognostic biomarkers
for chronic inflammatory diseases.

Thus, the immune system in chronic disease settings
appears to be burdened not only by defective regulation, but
also by the sheer volume of inflammatory signals that sustain
its activation. Addressing this “inflammatory debris” may be
a more effective strategy for restoring immune balance than
further stimulating a system that is already overwhelmed.

Exercise as an Immune Detoxifier

Exercise involves a diverse set of molecular and cellular
pathways that enhance tissue renewal, metabolic homeostasis,
and immuno-regulation. Importantly, many of these pathways
directly contribute to the clearance of harmful cellular
byproducts. In contrast to the conventional view of exercise
as a stimulator of beneficial exerkines, an equally powerful
role may lie in the potential for exercise to enhance clearance
mechanisms, acting as a biological detoxifier.

A cornerstone of this detoxifying effect is the activation
of autophagy and mitophagy, as shown by He et al. (2012)
and Laker et al. (2017), where exercise upregulated muscle
autophagy and mitochondrial quality control mechanisms,
respectively (45, 46). Indeed, exercise-induced autophagy
and mitophagy seem to be involved in mediating many of
the beneficial effects of exercise. These conserved pathways
are responsible for the degradation and recycling of damaged
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organelles and proteins. Exercise, particularly aerobic and
endurance-based exercise, increases autophagic capacity by
upregulation of key regulators such as AMP-activated protein
kinase (AMPK), forkhead box O (FOXO), transcription factor
EB (TFEB), sirtuin 1 (SIRT1), and peroxisome proliferator-
activated receptor-gamma  coactivator-lalpha (PGC-1a)
(47). Exercise-induced AMPK can also suppress mammalian
target of rapamycin (mTOR), which is a known suppressor of
autophagy (47). The role of exercise-induced autophagy has
been investigated by inhibiting autophagy using the lysosomal
inhibitor chloroquine, administered 5 days per week for 16
weeks in an animal model (48). This intervention has led to the
development of sporadic inclusion body myositis, a condition
characterized by muscle weakness and wasting (48). Resistance
exercise training prevented chloroquine-induced increases in
ATG6 (Beclin-1) and p62 (48), thereby improving autophagy,
muscle strength, and preventing myositis.

Through mitophagy, exercise facilitates the removal of
dysfunctional mitochondria, thereby reducing the leakage
of ROS and mtDNA, which are both potent DAMPs that
drive immune activation. This process is mediated by key
molecular pathways, particularly the PINK1/Parkin axis (49).
Upon mitochondrial damage, PINK1 accumulates on the outer
mitochondrial membrane and recruits the E3 ubiquitin ligase
Parkin, which ubiquitinates outer membrane proteins and marks
the mitochondria for degradation via lysosomal autophagosomes
(49). By selectively clearing damaged mitochondria, exercise-
induced mitophagy preserves mitochondrial quality and
supports cellular homeostasis.

Another critical mechanism is enhanced efferocytosis, the
process by which phagocytic cells, particularly macrophages,
clear apoptotic cells (e.g., neutrophils) to maintain tissue
homeostasis. In chronic diseases such as COPD, asthma,
atherosclerosis, lupus, cystic fibrosis, rheumatoid arthritis,
neurodegenerative diseases (e.g., Alzheimer’s, Parkinson’s),
type 2 diabetes, obesity, and some cancers, efferocytosis is
often impaired, resulting in secondary necrosis and the release
of additional pro-inflammatory contents (50-56). While direct
evidence regarding the effects of either acute or chronic
exercise on macrophage efferocytosis is currently lacking,
exercise training has been shown to reprogram macrophages
toward a more efficient, anti-inflammatory phenotype, thereby
enhancing their ability to resolve inflammation (57). Since
timely clearance of apoptotic cells prevents the release of
inflammatory DAMPs (58), interventions that reduce DAMPs
(such as exercise) may indirectly support and improve apoptotic
cell clearance.

Senescence is another target of exercise-mediated immune
detox. Studies in aging and metabolic disease models have
demonstrated that regular exercise reduces the number of
exhausted/senescent cells as well as circulating SASP factors
(59, 60). In addition, increased cardiorespiratory fitness can
protect against the production/accumulation of senescent cells,
including immune cell populations (60, 61). For example, it
has been demonstrated that individuals with an above-average
cardiorespiratory fitness measured by VO,max (47.3 ml/kg/
min) had 37% fewer KLRG1+/CD57+ and KLRG1+/CD28—
senescent T cells than individuals with an average or below-
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average VO,max (43.0 and 34.4 ml/kg/min, respectively) (62).
Whether reduced senescent cells are due to direct effects on
cellular senescence or enhanced immune clearance of senescent
cells remains under investigation, but the result is a measurable
reduction in pro-inflammatory signaling (63, 64).

A particularly intriguing detoxification pathway involves
the modulation of EVs. As previously noted, beyond transporting
secreted exerkines and immunoregulatory molecules, EVs can
also carry harmful cargo including mtDNA, pro-inflammatory
cytokines and chemokines, nuclear debris, and dysfunctional
proteins, all of which contribute to immune activation. Exercise
has been shown to change not only the abundance of circulating
EVs, but also their molecular cargo (65-68). In both animal
models and human studies, exercise appears to shift EV profiles
away from pro-inflammatory content toward those enriched in
regulatory or restorative molecules (69-72). This may reflect
a functional reorganization of the EV system, shifting from
disseminating inflammatory signals to exporting intracellular
waste, depending on physiological context. Recently, we
observed a reduction in the EV content of mitochondrially
encoded transcripts, including MT-ND1, MT-ND2, MT-NDP28,
MT-ND3 and MT-RNRI, at peak exercise compared to rest,
following exercise training interventions in two different
patient groups (COPD and long COVID) (4bstract published
(73), and manuscripts currently under review). These findings
support the idea that exercise facilitates the clearance or
suppression of harmful mitochondrial-derived EV cargo,
representing a potential mechanism for immune restoration. In
addition, exercise-induced EVs may contribute to macrophage
efferocytosis. EVs can enhance macrophage efferocytosis
by modulating macrophage polarization, thereby improving
apoptotic cell clearance and promoting inflammation resolution
(74, 75). Specifically, EVs may increase the expression
of efferocytosis receptors such as Tim4 on macrophages,
enhancing their capacity to engulf apoptotic cells (74). EVs
can also deliver functional molecules like milk fat globule-
EGF factor 8 (MFGES), which further promote efferocytosis
(76). Notably, we recently found that C1q proteins are elevated
in serum EVs from smoke-exposed mice following 1 hour of
aerobic exercise compared to their non-exercised counterparts
(Abstract published (77)). Clq, a well-known component of
the classical complement system, also acts as a pro-efferocytic
signal, enhancing the uptake of apoptotic cells while limiting
TNFa production by mouse and human macrophages (78-80).
The unpublished data from our lab, although preliminary, add
empirical support to the proposed detoxification hypothesis,
and are the focus of ongoing mechanistic investigations.

Collectively, these mechanisms illustrate how exercise acts
as a biological clean-up mechanism (see Figure 1), leading to
reduced immune activation. Rather than merely introducing
beneficial factors, exercise also diminishes the presence of
harmful or inflammatory ones. In principle, this could alleviate
chronic immune stimulation and allow the system to return
to a more responsive and regulated state. We hypothesize
that exercise, including acute bouts, reduces the EV content
of mitochondrially-encoded RNAs (e.g., MT-ND1, MT-ND2,
MT-ND3, MT-RNR1, MT-RNR2) by enhancing mitochondrial
quality control via coordinated activation of AMPK, PGC-
la, FOXO, and SIRT! signaling pathways. Although direct
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Figure 1. Exercise-induced autophagy, mitophagy, macrophage pro-resolving function and modulation of EV content contribute to cellular
detoxification and immune resolution. Exercise activates key signaling molecules such as AMPK, PGC-1a, SIRT1, and FOXO, which initiate the
ULK1-Beclin-1-LC3 autophagy machinery. This promotes the formation of autophagosomes and enhances mitophagy, mitochondria-specific
autophagy. Dysfunctional mitochondria produce excess reactive oxygen species (ROS) and release mitochondrial DAMPs such as mtDNA and
mtRNAs, which may be exported via EVs. Exercise reduces the abundance of EVs and DAMPs, while increasing the production of EVs laden
exerkines that influence immune cells. In particular, exercise-induced EVs can promote macrophage polarization toward an M2-like phenotype,
enhancing phagocytosis, efferocytosis, and PPARy signaling, while reducing foam cell formation. Collectively, these pathways support a
coordinated detoxification response, contributing to improved mitochondrial quality and immune homeostasis by removing inflammatory debris.
EV: Extracellular vesicles; MAC: macrophage; DAMP: danger-associated molecular patterns; ROS: reactive oxygen species.

evidence is currently lacking, it is plausible that exercise-
induced activation of signaling molecules such as AMPK, PGC-
la, FOXO, or SIRT1 contributes to the observed reduction in
mtRNA and mtDNA content in EVs. This reduction may reflect
improved mitochondrial integrity, turnover, or reduced cellular
stress, rather than direct pathway-specific modulation. Future
studies are needed to dissect these mechanisms.

Reframing the Concept of Exercise-Induced Benefits

If we embrace the view that exercise reduces harmful
inflammatory immunological burden rather than simply
enhancing beneficial signals, it will require a fundamental shift
in how we understand, study, and prescribe physical activity,
particularly in the context of chronic disease. The traditional
narrative has emphasized the “addition” model, in which
exercise increases anti-inflammatory cytokines, mobilizes
immune cells, and releases myokines and metabolites that
enhance host defense and tissue repair. While these phenomena
are well-documented, they do not appear to fully account for
the therapeutic effects observed in individuals with chronic
inflammatory conditions. In such individuals, the immune

system is overactive, bombarded by DAMPs, senescent
signaling, and pro-inflammatory EVs. In this context, the value
of exercise may lie in its potential to remove the drivers of
this chronic activation, essentially dampening the background
noise so that productive immune responses can emerge. This
subtractive or detoxifying model reframes exercise not as a
simple immune stimulant, but as a homeostatic regulator that
clears internal debris and restores equilibrium.

This perspective may also help explain why modest doses of
exercise, sometimes even below the recommended thresholds,
can result in profound clinical improvements in populations
with chronic illness or immunosenescence. These populations
may not need more immune activation; they need less immune
distraction. By reducing the load of pro-inflammatory signals,
exercise may restore immune precision and functional
reserve. Importantly, this conceptual shift has implications for
biomarker development and exercise prescription. Biomarkers
of benefit should not be limited to increased levels of known
anti-inflammatory mediators but should also include reductions
in molecules that reflect immune clutter (e.g., circulating
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mtDNA, senescence-associated transcripts, SASP factors, and
inflammatory EVs). Similarly, exercise prescriptions could be
personalized not only by intensity and volume, but also by the
individual’s inflammatory burden and capacity to engage in
immune restoration.

In sum, this reframing opens the door for a more nuanced,
mechanism-informed understanding of exercise in chronic
disease. It positions physical activity as a systemic regulator of
immune tone, not merely by boosting the system, but rather by
clearing the path for it to function effectively.

It is important to recognize that the immune-activating
and immune-detoxifying effects of exercise are not mutually
exclusive but may function synergistically depending on the
physiological context. For instance, during acute infection
or immunosuppression, the stimulatory effects of exercise
on immune surveillance and effector functions may be
advantageous. In contrast, in chronic disease conditions (which
are characterized by sustained immune activation and systemic
inflammation) the ability of exercise to attenuate immunological
burden through clearance of pro-inflammatory mediators may
be more therapeutically relevant. This integrated framework
acknowledges that exercise exerts both immunostimulatory and
immunoregulatory effects, with their relative predominance
shaped by factors such as disease type, biological age, physical
fitness, and metabolic status.

While the detox model presents a compelling framework,
it is important to recognize its potential limitations. Under
certain conditions, excessive autophagy or mitophagy may
be maladaptive, leading to cellular dysfunction or energy
depletion (81-85). Furthermore, in some chronic diseases,
clearance pathways such as efferocytosis or autophagy may
be too impaired to fully respond to exercise stimuli, limiting
the detox potential (11, 20, 51, 86). Finally, if immune activity
is overly affected, it could potentially suppress essential
immune surveillance. These limitations underscore the need for
mechanistic validation and the identification of optimal exercise
thresholds that balance immune restoration with necessary
immune vigilance.

Future Directions and Therapeutic Potential

The idea that exercise promotes immune health by reducing
cellular waste and inflammatory burden presents a number
of promising avenues for future research and therapeutic
innovation. While preclinical and in vitro studies have provided
strong foundational evidence, direct clinical validation of
these detoxification mechanisms, particularly exercise-induced
EV cargo modulation and enhanced efferocytosis, in human
populations remains limited. Future studies in animal models and
human populations with chronic diseases are needed to confirm
whether these mechanisms translate into measurable therapeutic
effects.

As this detoxification framework gains traction, several
key areas deserve focused investigation. First, the development
of biomarkers of immune inflammatory debris or clutter could
greatly enhance our ability to assess exercise responsiveness in
chronic disease populations. Current research predominantly
measures increases in exercise-induced factors, but equally
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important may be reductions in circulating DAMPs (e.g.,
HMGBI1, mtDNA), senescence-associated transcripts (e.g.,
pl6, IL-6, CXCL1), dysfunctional mitochondria markers, and
pro-inflammatory EVs. Standardizing these metrics could help
identify individuals most in need of “immune unloading” and
track their physiological response to training.

Second, this perspective opens the possibility for therapeutic
synergy. Interventions aimed at reducing immune burden such
as senolytics, mitophagy enhancers, or anti-inflammatory diets
may act synergistically with exercise to accelerate immune
restoration. Rather than viewing exercise as a standalone tool, it
could be strategically integrated into multi-modal treatment plans
that combine physical activity with agents targeting cellular
senescence, mitochondrial health, or vesicle biogenesis.

Third, understanding individual variability in “immune
detox” capacity will be essential. Some individuals, due to age,
disease state, or genetic predisposition, may exhibit impaired
efferocytosis (e.g., in COPD), sluggish autophagy, or dysregulated
EV release. These individuals might require longer or differently
structured training regimens to achieve the same immunological
benefits. Investigating the molecular “non-responder” phenotype
in this context could be particularly valuable.

Finally, the detox model has clear relevance in emerging areas
such as long COVID, immunosenescence, and cancer-related
immune exhaustion. These conditions are all marked by a buildup
of internal danger signals and impaired immune resolution.
Exercise interventions tailored to reduce this load may provide a
safe and scalable strategy to restore immune resilience in diverse
clinical populations. Together, these directions underscore the
potential of a more refined, mechanism-based application of
exercise as a therapeutic agent, not just to stimulate immunity,
but to improve removal of inflammatory debris.

CONCLUSION

The conventional narrative of exercise as an immune booster has
advanced our understanding of how physical exercise supports
health. However, in the context of chronic diseases characterized
by immune overactivation and persistent inflammation, this
perspective may be incomplete. We propose that a major,
underappreciated benefit of exercise lies in its ability to reduce
harmful cellular byproducts, what we term ‘inflammatory debris’
or clutter. By promoting autophagy, enhancing efferocytosis,
reducing senescence, and reshaping extracellular vesicle cargo,
exercise acts as a biological detoxifier that restores immune
balance. This framework offers a compelling explanation for the
broad clinical benefits of exercise rehabilitation, especially in
populations where the immune system is not underperforming,
but is overactive. Although promising, this model remains
a hypothesis and further clinical validation is essential.
Recognizing and measuring this detoxifying role opens the door
for new biomarkers, personalized interventions, and therapeutic
strategies that position exercise and exercise rehabilitation as a
precision tool for immune restoration.
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ABSTRACT

Exercise represents a non-pharmacological strategy capable
of concurrently modulating tumor metabolism and immunity.
Regular physical activity reprograms systemic and tumor-
localized metabolic networks, including glucose, lactate,
amino acid, and lipid pathways, while enhancing innate and
adaptive immune responses. Exercise-induced myokines (e.g.,
IL-6, IL-15, irisin, SPARC) and improved vascularization
contribute to reshaping the tumor microenvironment (TME),
mitigating immunosuppressive metabolite accumulation, and
promoting T cell and NK cell infiltration. Mechanistically,
exercise activates integrated signaling networks including
AMPK-mTOR-HIFla, PGC-1o—ERRa, and IL-6/STAT3 axes,
supporting metabolic flexibility and anti-tumor immunity.
Translational and clinical studies suggest exercise can
enhance chemotherapy and immunotherapy efficacy, while
precision exercise prescriptions based on FITT principles,
biomarkers, and patient-specific tolerance may maximize
therapeutic benefits. This review summarizes the molecular and
systemic mechanisms of exercise-induced metabolic-immune
reprogramming and outlines strategies for clinical translation
in oncology.
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INTRODUCTION

Cancer is a multifactorial disease driven by intricate genetic,
epigenetic, and environmental influences. Among its hall-
marks, metabolic reprogramming and immune evasion are
recognized as key contributors to tumor initiation, progres-
sion, and resistance to therapy (1, 2). Tumor cells undergo
profound metabolic adaptations to sustain rapid prolifera-
tion and survive under nutrient-deprived, hypoxic condi-
tions. These changes—encompassing glycolysis, amino acid
metabolism, and lipid utilization—reshape the TME and
directly impair the function of various immune cell types,
including CD8" T cells, Natural killer (NK) cells, and den-
dritic cells (DCs), thereby facilitating immune escape (3-5).

Central to tumor metabolic reprogramming is the War-
burg effect, wherein cancer cells favor aerobic glycolysis,
leading to excessive lactate production and acidification of
the TME (6, 7). Lactate accumulation not only suppresses
effector T and NK cell function but also promotes regula-
tory T cell differentiation and tumor-associated macrophage
polarization (8). Similarly, altered amino acid metabolism
(e.g., glutamine, serine, tryptophan) and lipid metabolism
contribute to immune dysfunction and support tumor growth
4,9, 10).

The immunosuppressive TME created by these meta-
bolic shifts represents a major barrier to effective anti-tumor
immunity and limits the efficacy of immunotherapies (11-
14). As a result, targeting the metabolism-immunity axis is
gaining traction as a promising therapeutic strategy (15).

Exercise, a well-established modulator of systemic
metabolism and immune function, has recently emerged as a
potential non-pharmacological intervention to disrupt tumor
metabolic networks and restore immune competence (16-20).
Studies suggest that exercise may improve glucose and lipid
metabolism, reduce lactate accumulation, and reprogram
amino acid utilization within tumors. Concurrently, exercise
enhances the mobilization and cytotoxicity of immune effec-
tor cells, modulates immune checkpoint expression, and may
synergize with immunotherapy (16-20).
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However, important knowledge gaps remain. The impact
of exercise varies across tumor types and individual patients
due to molecular and physiological heterogeneity (21, 22).
Moreover, the optimal parameters of exercise—type, dura-
tion, intensity—required to achieve therapeutic benefits in
cancer contexts are not yet fully defined (22, 23).

This review aims to provide a comprehensive overview
of how tumor metabolic reprogramming drives immune
suppression and how exercise may counteract these effects
through systemic and tumor-local immunometabolic modu-
lation. We further explore emerging evidence supporting the
integration of exercise into anti-cancer strategies and high-
light directions for future research focused on precision exer-
cise oncology.

HALLMARKS OF TUMOR METABOLISM:
MECHANISMS AND IMPACT OF
METABOLIC REPROGRAMMING

Tumor cells are distinguished by their profound metabolic
alterations, a phenomenon first noted by Warburg, where can-
cer cells preferentially produce energy via glycolysis rather
than relying on mitochondrial oxidative phosphorylation
(OXPHOS)—even under aerobic conditions (24). This met-
abolic shift, commonly known as the Warburg effect, leads
to an increased rate of glucose uptake and lactate production,
providing the essential building blocks and energy required for
rapid proliferation (24-27). The excessive lactate accumula-
tion in the TME not only fuels tumor growth but also contrib-
utes to acidification, which in turn supports immune evasion
and promotes angiogenesis (7, 8).

Beyond glycolysis, tumors exhibit extensive reprogram-
ming of other metabolic pathways. Alterations in amino acid
metabolism—such as the enhanced utilization of glutamine,
serine, and glycine—enable cancer cells to replenish sub-
strates for biosynthesis and sustain energy production even
under nutrient-limited conditions (28-30). Similarly, modifi-
cations in lipid metabolism, including increased uptake and
oxidation of fatty acids (FAs) and cholesterol, further support
the structural and energetic needs of malignant cells (28, 29).
These adaptive changes collectively not only meet the meta-
bolic demands of tumor cells but also reshape the surrounding
microenvironment to favor tumor survival and progression.

Moreover, the metabolic reprogramming of cancer cells
has broader implications. The interplay between altered cancer
cell metabolism and the diverse cell types within the TME—
ranging from immune cells to stromal cells—creates a compet-
itive landscape for nutrients. This competition can exacerbate
immune suppression by depriving effector cells of vital met-
abolic substrates, thereby reinforcing mechanisms of immune
escape (31, 32). Understanding these metabolic adaptations is
therefore critical, as they reveal potential targets for therapies
aimed at disrupting the tumor’s metabolic network and restor-
ing anti-tumor immunity (13-15).

IMMUNOMETABOLIC INTERACTIONS:
HOW TUMOR-DERIVED METABOLITES
REGULATE TUMOR PROGRESSION
AND IMMUNE FUNCTION

Mounting evidence indicates that tumor metabolic reprogram-
ming not only facilitates malignant cell survival and prolif-
eration under hostile microenvironmental conditions but
also promotes immune evasion, thereby accelerating tumor
progression (15, 33, 34). Within the TME, cancer cells and
immune cells coexist in a metabolically competitive and often
suppressive landscape. Tumor-derived metabolites, such as
glucose, lactate, and amino acids, play dual roles: they sus-
tain cancer cell metabolism while simultaneously impairing
anti-tumor immunity.

In this section, we examine how these metabolites influ-
ence immune cell function, alter metabolic pathways within
the TME, and contribute to immunosuppression. We further
explore strategies that may restore immune function by tar-
geting these metabolic vulnerabilities (Figure 1 and Table 1).

GLUCOSE AND LACTATE: DUAL ROLES IN
FUELING TUMORS AND
SUPPRESSING IMMUNITY

Glucose metabolism: Competition between tumor and
immune cells in the TME

Glucose is a critical energy substrate for both tumor cells and
immune cells. Cancer cells reprogram their glucose metabolism
by enhancing glycolysis, the tricarboxylic acid (TCA) cycle,
the pentose phosphate pathway (PPP), and the serine synthesis
pathway (SSP), thereby supporting biosynthesis and prolifera-
tion (68). This metabolic flexibility enables tumor cells to adapt
to hypoxia and nutrient stress, in part by maintaining transcrip-
tional programs such as the yes-associated protein (YAP)/tran-
scriptional coactivator with PDZ-binding motif (TAZ) axis that
drive oncogenic growth and invasiveness (69).

However, immune cells within the TME—particularly
CDS8* T cells and tumor-associated macrophages (TAMs)—
also depend on glucose to sustain their effector functions (34,
70). Studies have shown that TAMs, especially the M2-like
subtype, consume substantial amounts of glucose, promoting
pro-tumoral behavior via O-GlcNAcylation of cathepsin B
and facilitating chemoresistance and metastasis (70). In addi-
tion, tumor-derived metabolites such as D-2-hydroxyglutarate
(D-2HG), produced through mutant isocitrate dehydrogenase
(IDH), can impair glycolysis in CD8" T cells, suppressing their
proliferation and cytotoxicity (71).

Pharmacologic or genetic interventions that inhibit gly-
colysis in tumor cells can, paradoxically, restore immune sur-
veillance. For instance, inhibition of Glucose Transporter 1
(Glutl) enhances Cytotoxic T Lymphocyte (CTL) -mediated
Tumor Necrosis Factor-alpha (TNFa) release and tumor cell
lysis (39). Moreover, GLUT10 has been identified as a selec-
tive regulator of glucose uptake and effector function in CD8*
T cells, making it a potential therapeutic target (35).
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Table 1. Immunosuppressive effects of tumor-associated metabolites and their molecular targets in preclinical studies.

Immune-Metabolic

in tumors.

Metabolites Immune Cells . Effects/Mechanism on Immune-Metabolic Interaction References
Interaction Targets

Glucose CD8+ T cells GLUT10 GLUTIQ regulates glucose u_ptake gnd is essential for CD8" T-cell proliferation, effec- (33
tor function, and anti-tumor immunity.
Deletion of the glucose/NSUN2/TREX?2 axis activates cGAS/STING signaling,

"

Glucose CD8+ T cells NSUN2 increases CD8" T-cell infiltration, and enhances anti-PD-L1 response. (36)
PERK-driven glucose metabolism enhances macrophage immunosuppressive activity

Glucose MDM GLUTI via histone lactylation, inhibiting T-cell function and promoting tumor growth. G7)

Glucose NK cell MICA/B High glucose inhibits MICA/B expression through the AMPK-Bmil-GATA?2 axis, 38)
reducing NK cell-mediated cytotoxicity.

Glucose CTL Glutl and Gpil CDeelllclsuency of Glutl or Gpil enhances cytotoxic T-cell-mediated killing of tumor (39)

Glucose bC STING signal Glycglysls activates STING signaling in dendritic cells, enhancing their anti-tumor (40)
activity in lung cancer.

Glucose DC NCoR1 NCoR1 r'egulates the blalan(,te bétW§en tolerfn}ce and inflammation by modulating @1
glycolysis and fatty acid oxidation in dendritic cells.

Glucose B Cells PP2A PP?A Aredlrects glucose metabolism from glycolysis to the PPP to protect B cells from @2, 43)
oxidative stress.

LA CDS8 T cells GLUT10 ngh lz'wtate binds GLUT10 fmd blocks glucose uptake, suppressing CD8" T-cell (35)
activation and effector function.

LA MDM, T cells PERK-ATF4 axis Lactate mduces hlsto_ng lactylation and IL-10 expression in macrophages, suppressing 7
T-cell anti-tumor activity.

LA Treg MCTI Lactate‘enh.ances PD-1 expression on Tregs, reducing effector T-cell function and (44)
promoting immune escape.

. . Tumor-derived lactate enhances glycolysis and OXPHOS in B cells, leading to glu-
LA B cells, T cells mTOR signaling pathway cose deprivation and T-cell inhibition. @3)
LA M2 macrophages, Mye Myc promotes lactate-induced Gpr132-dependent M2 polarization and suppresses (46)
CDS8 T cells ¥ CD8" T-cell function in ovarian cancer.

LA NK cell CaMKK2 La}ctgte regulates CaMKK2 expression, promoting NK cell survival and proliferation 7
within tumors.

LA NK cell MCT1/4, GLUT1 Tumor-derived lactatcA lowcrs AI\IAK—ccllAmtraccllAular pH, induces mitochondrial stress, @8)
and promotes apoptosis, impairing anti-tumor immunity.

Lactate DC SREBP2 Lactate activates the SRﬁBPZ ;')athway'm DCsl, driving their transition to a regulatory (49)
phenotype and suppressing anti-tumor immunity.

Lactate T cell MCT4 gsactate accumulation through MCT4 inhibits T-cell function and anti-tumor respons- (50)

Lactate T ex cells MCT11 Uprk?gulatlon of MCT11 'by lactate increases T-cell sensitivity to high-lactate TME, 1)
leading to T-cell exhaustion.

Sodium lactate CD8+ T cell Histone deacetylase Sodium lactate enhances CD8" T-cell stemness and anti-tumor immunity in a pH-in- (52)
dependent manner.

D-Lactate macrophage PI3K/AKT pathway D-lactate interacts \.Vlth. TLR2/TLRY, inhibits PI3K-AKT, activates NF-kB, and (53)
promotes M1 polarization.

Asn CD8+ T cell NRF2 Asl'aaragme'restnct.lon activates NRF2, enhances CD8" T-cell proliferation, and boosts (54)
anti-tumor immunity.

Leucine Teell LRIG1, VISTA LRIGI binds AVISTA, suppressing TCR signaling and CTL amplification, leading to (55)
immune evasion.

. Valine enhances CD8" T-cell recognition of tumor cells lacking TAP function via
Valine CD8+ T cell HLA-A2 improved HLA-A2 binding. (56)
. CircTRPS1/miR-141-3p/ Tumor exosomal circTRPS1 modulates glutamine metabolism and ROS homeostasis,
+

Glutamine CD&* T cells GLSI axis limiting CD8" T-cell exhaustion. S

Glutamine ¢DCls, CDS T cell SLC38A2 Qlutalﬁlne supports cDC1-CD8" T-cell metabolic crosstalk to sustain anti-tumor (58)
immunity.

Glutamine T cell and NK cell TNF-q, IL2 GlutamlAne‘ supplementaAtlon ephances T-cell activation, NK-cell cytotoxicity, and (59)
apoptosis in tumor-bearing mice.

Kynurenine T eell D-kynurenine D—kypurenlne modulates T-cell metabolism and proliferation, limiting immunosup- (60)
pression.

Tryptophan CD8+ T cell AhR IntratL_lmoral I3A from .tryptophan metabolism activates AhR and enhances the effica- 1)
cy of immune checkpoint therapy.

Serine Regulatory T Cell GSH Serln§ regulatgs GSH synthesis and one-carbon metabolism, modulating Treg sup- ©2)
pressive capacity.

Arginine TAM, CD8+ T cell Collagen Argln}ne fiepletlon by TAMs promotes fibrosis and suppresses CD8" T-cell responses, (63)
reducing immunotherapy efficacy.

Fatty acid Regulatory T Cells PI3K-AKT-mTOR signaling RHOA mutatlons‘mcrease fatty acid production, enhancing Treg accumulation and (64)

pathway immune suppression.

Fatty acid CTL FAO, CPTIA Fatl}{ acids inhibit CPT1A, reducing T-cell cytotoxicity and promoting immune (65)
evasion.

Cholesterol Mo ABCAI Cholesterol accumulation promotes immunosuppressive macrophage differentiation (66)
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Figure 1. Metabolic reprogramming in tumors and its bidirectional crosstalk with the immune system.

(A) Carbohydrate metabolism: Tumor cells consume excessive glucose via GLUT transporters, converting it to lactate through aerobic glycolysis.
Lactate suppresses T and NK cell function, promotes M2 macrophage polarization, and facilitates immune evasion. Inhibitors such as 2-DG and
BAY-876 target glycolysis and glucose transport. (B) Amino acid metabolism: Tumor cells exploit glutamine, arginine, and tryptophan to support
proliferation and evade immunity. Enzymes like IDO1 degrade tryptophan to kynurenine, activating Tregs and suppressing CD8+ T cells. Targeted
therapies (e.g., Sulfasalazine, NCT-503) aim to restore immune function.

(C) Lipid metabolism: Tumor cells uptake fatty acids and cholesterol to fuel membrane synthesis and survival under stress. Lipid byproducts
suppress NK and T cell activity through pathways such as COX2/PGEZ2. Inhibitors like Ezetimibe and other lipid regulators can improve immune
responses.

(D) Immune Factors: Cytokines such as IFNy, TNF, and IL-6 reshape cellular metabolism, which in turn modulates immune function. For instance,
IFNy enhances glycolysis in effector T cells, TNF affects lipid metabolism in macrophages, and IL-6 drives tumor glycolytic flux—all contributing
to the balance between anti- and pro-tumor immune responses

Abbreviations: GLUT1: Glucose Transporter 1; GLUT10: Glucose Transporter 10; CAIX: Carbonic Anhydrase IX; MCT: Monocarboxylate
Transporter; LAT1: L-type Amino Acid Transporter 1; CAT1: Cationic Amino Acid Transporter 1; ASCT1: Alanine: Serine: Cysteine Transporter
1; ASCT2: Alanine: Serine: Cysteine Transporter 2; PHGDH: 3-Phosphoglycerate Dehydrogenase; FATP: Fatty Acid Transport Protein; NPC1L1:
Niemann-Pick C1-Like 1 Protein; SREBP-1: Sterol Regulatory Element-Binding Protein 1; SREBF-1: Sterol Regulatory Element-Binding Factor
1; LDs: Lipid Droplets; COX2: Cyclooxygenase 2; M2 macrophage: M2-Type Macrophage; Vy9Vs2 T cell: Vy9Vs2 T cell; DCs: Dendritic Cells; NK
cell: Natural Killer Cell; Treg cell: Regulatory T Cell; CD8+ T cell: CD8 Positive T Cell; HLA-A2: Human Leukocyte Antigen A2; IDO1: Indoleamine
2,3-Dioxygenase 1; GZMB: Granzyme B; IFNy: Interferon Gamma; PGE2: Prostaglandin E2; MDSCs: Myeloid-Derived Suppressor Cells; TCA
cycle: Tricarboxylic Acid Cycle (Krebs Cycle); HK: Hexokinase; LDHA: Lactate Dehydrogenase A; LDHB: Lactate Dehydrogenase B; PI3K:
Phosphoinositide 3-Kinase; mTORC1: Mammalian Target of Rapamycin Complex 1; Akt: Protein Kinase B; TNF: Tumor Necrosis Factor; IL-5:
Interleukin-5
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Future studies should explore how exercise impacts glu-
cose availability and utilization in both tumor and immune
cells, particularly regarding GLUT transporter expression,
glycolytic flux, and nutrient competition in the TME (36-38,
40-43).

Lactate:

A key mediator of immune suppression and tumor survival
Lactate, the terminal product of aerobic glycolysis, has emerged
as a multifunctional metabolite central to tumor growth and im-
mune evasion. Tumor cells produce lactate primarily via lactate
dehydrogenase A (LDHA), and extracellular lactate is imported
through monocarboxylate transporters such as Monocarboxylic
acid transporter 1 (MCT1) and MCT#4 (8). Far from being a mere
waste product, lactate supports cancer cell survival as a metabol-
ic substrate and functions as a signaling molecule that shapes the
TME.

One of the most critical roles of lactate is its capacity to reg-
ulate protein function through post-translational modification.
Accumulated lactate can enter the nucleus and participate in lac-
tylation, a novel epigenetic modification that influences protein
stability, DNA repair, and transcriptional regulation (72, 73). In
lung cancer cells, lactate-induced lactylation of autophagy-relat-
ed proteins such as Unc-51 Like Autophagy Activating Kinase 1
(ULK1), Phosphatidylinositol 3-Kinase Catalytic Subunit Type
3 (PIK3C3), and UV Radiation Resistance Associated Gene
(UVRAG) promotes endosomal-lysosomal degradation path-
ways, contributing to tumor adaptation and growth under stress
conditions (74).

Lactate also plays a major role in shaping the immunosup-
pressive TME. It impairs the cytotoxic function of CD8" T cells
by disrupting pyruvate metabolism, reduces NK cell viability, and
promotes polarization of TAMs toward an M2 phenotype (35,
50, 52). Additionally, lactate can upregulate immunosuppressive
cytokines like IL-10 and TGF-B, further reinforcing immune eva-
sion. These effects collectively contribute to diminished anti-tu-
mor immune surveillance and enhanced tumor progression.

Interestingly, the immunoregulatory effects of lactate appear
to vary depending on pH. In tumor tissues, cancer cells highly
express LDHA and produce large amounts of lactate through gly-
colysis. This process is accompanied by H* extrusion, leading to
acidic lactate accumulation that acidifies the TME and suppress-
es anti-tumor immunity (75). Among these factors, acidity is a
dominant feature of the TME—it can inhibit cytosolic extracel-
lular signal-regulated kinase (ERK) activity, block oncogene-in-
duced mitochondrial fragmentation, and promote mitochondrial
fusion. Consequently, it enhances mitochondrial respiration and
supports cancer cell adaptation to various metabolic stresses, al-
lowing sustained proliferation even under harsh conditions (76).
At physiological pH, lactate primarily exists in its anionic form
(lactate’), and sodium lactate does not contribute to acidification.
Notably, lactate can serve as a metabolic substrate for CD8" T
cells, promoting oxidative metabolism and thereby enhancing
T cell stemness and persistence (77). For instance, sodium lac-
tate—administered in a neutral-pH form—has been shown to
promote CD8" T cell stemness and improve anti-tumor immunity
in preclinical models (52). Intraperitoneal injection of sodium
lactate (2 g/kg) in mice reduces tumor growth in breast cancer,
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cutaneous melanoma, Lewis lung cancer (LLC) and colon ade-
nocarcinoma models, and this effect is dependent on T cells (78).
Helene et al. also reported that in a mouse breast cancer model, 2
g/kg sodium lactate treatment increased the number of tumor-in-
filtrating immune cells, specifically CD3* T cells, including CD4*
and CD8" T cells (79). In contrast, administration of a lower dose
(1 g/kg) of sodium lactate shortened the survival of tumor-bear-
ing mice (79). Therefore, it is essential to distinguish between the
immunosuppressive effects driven by acidic lactate accumulation
and the immunoenhancing effects induced by neutral sodium lac-
tate supplementation (44-49, 51, 53).

In summary, lactate is a central mediator linking tumor me-
tabolism with immune dysfunction (Figure 2). Future studies
should investigate how exercise modulates lactate dynamics,
particularly its influence on lactylation, immune cell metabolism,
and lactate transporter expression (e.g., MCT1/MCT4). Under-
standing these mechanisms may provide new opportunities to
exploit exercise as an adjuvant strategy in metabolic-immuno-
therapy.

Amino acid metabolism: Modulating tumor growth and im-
mune cell activity

Amino acids are essential substrates for cell growth, functioning
as both nitrogen and carbon donors in biosynthetic pathways, sig-
nal transduction, and epigenetic regulation. Tumor cells exploit
amino acid metabolism to bypass nutrient limitations and sustain
rapid proliferation. Key amino acids involved include glutamine,
arginine, tryptophan, serine, glycine, and asparagine (Asn), all of
which contribute to tumor biosynthesis and redox balance (80,
81). Glutamine, although classified as non-essential, becomes
conditionally essential for many tumors, especially under hy-
poxic conditions where it replaces glucose as a primary carbon
source in the TCA cycle (82). Altered glutamine metabolism acti-
vates oncogenic pathways such as PI3K/AKT/mTOR, promoting
tumor progression, as shown in hepatocellular carcinoma models
(83). Similarly, high arginine levels drive metabolic remodeling
and support tumor proliferation (84).

Immune cells also depend on amino acids for survival, pro-
liferation, and effector function. CD8" T cells, macrophages, and
neutrophils require distinct amino acid pools to execute anti-tu-
mor responses (55-63) . For example, restricting Asn triggers
NRF2-mediated stress responses that reduce glucose and gluta-
mine consumption while boosting nucleotide synthesis, there-
by enhancing CD8" T cell proliferation and cytotoxicity (54).
Moreover, tryptophan catabolism via kynurenine—a ligand for
the aryl hydrocarbon receptor (AhR)—promotes differentiation
of immunosuppressive regulatory T cells (Tregs), dampening in-
flammation and immune surveillance (61).

Future research should examine how exercise influences
amino acid metabolism in both tumor and immune compart-
ments. Understanding exercise-induced changes in glutamine,
arginine, and tryptophan pathways may provide novel opportuni-
ties to overcome metabolic suppression and improve anti-tumor
immunity.

Lipid metabolism:
Supporting tumor adaptation and immune escape
Lipids serve multiple biological functions including energy stor-
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Figure 2. Multifaceted roles of lactate in tumor progression and immune suppression.

This figure summarizes the pleiotropic effects of lactate in the TME, highlighting its metabolic, signaling, and immunoregulatory functions.

(A) Lactate shuttle. Tumor cells generate lactate via LDHA and export it through MCT1/4 transporters. Lactate circulates between cells and organs,
serving as a substrate and signaling molecule.

(B) Lactylation modification. Lactate-mediated protein lactylation represents a novel post-translational modification mechanism that extensively
participates in critical biological processes including gene expression regulation, DNA damage repair, and protein stability maintenance. This
modification not only provides survival and proliferation advantages for tumor cells but more importantly, induces resistance to chemotherapy,
radiotherapy, and targeted therapies, thereby significantly enhancing tumor immune evasion. Research indicates that lactylation modification can
alter the immunogenicity of tumor cells through epigenetic regulation, serving as a crucial molecular bridge connecting aberrant tumor metabolism
with immunosuppressive microenvironments.

(C) Lactate in the TME. High lactate concentrations acidify the TME, upregulate immunosuppressive cytokines (e.g., IL-10, TGF-f), and impair
CD8* T cell and NK cell function. Lactate also promotes polarization of tumor-associated macrophages (TAMs) toward an M2 phenotype and
increases Treg recruitment.

Overall, lactate acts as a central mediator of metabolic-immune crosstalk, shaping an immune-suppressive and tumor-promoting environment.
Abbreviations: GLUT: Glucose Transporter; MCT1: Monocarboxylate Transporter 1; MCT2: Monocarboxylate Transporter 2; MCT4: Monocarboxylate
Transporter 4; LDHA: Lactic Acid Dehydrogenase A; LDHB: Lactic Acid Dehydrogenase B; Acetyl-CoA: Acetyl Coenzyme A; Lactyl-CoA: Lactyl
Coenzyme A; AARST: Alanyl-tRNA Synthetase 1 ; CBP: CREB Binding Protein; NBS1: Nibrin Protein 1; PIK3C3: Phosphoinositide 3-Kinase
Catalytic Subunit 3; UVRAG: UV Radiation Resistance-Associated Gene Protein; IL-10: Interleukin 10; TGF-f: Transforming Growth Factor Beta;
TNF-a: Tumor Necrosis Factor Alpha; IFN-y: Interferon Gamma; IL-12: Interleukin 12; IL-16: Interleukin 16; IL-6: Interleukin 6; VEGF: Vascular
Endothelial Growth Factor; ROS: Reactive Oxygen Species; SOD1: Superoxide Dismutase 1; SOD2: Superoxide Dismutase 2.
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age, membrane synthesis, and intracellular signaling. In cancer,
dysregulated lipid metabolism—particularly involving FAs and
cholesterol—is a hallmark of tumor progression (85). Tumor
cells exploit lipid pathways to meet increased energy demands,
enhance membrane biosynthesis, and support metastatic potential
under fluctuating nutrient availability in the TME (86). Upregu-
lation of lipid-regulatory transcription factors such as SREBF1
and SREBP-1 promotes autophagy-mediated lipid droplet break-
down, enabling efficient mobilization of cholesterol and FAs for
membrane synthesis and rapid growth (87).

Lipid metabolism is also reprogrammed in stromal and im-
mune cells within the TME. FAs enhance OXPHOS in resting
DCs, skew macrophage polarization, suppress cytokine produc-
tion in NK cells, and contribute to T cell exhaustion (65, 66).
Cholesterol accumulation in the TME further promotes immune
dysfunction by inducing T cell depletion (64, 67).

Despite increasing insights, the precise mechanisms through
which lipid metabolism affects immune modulation remain poor-
ly defined. Future studies should explore how exercise modifies
lipid metabolic pathways in both tumors and immune cells. In-
vestigating fatty acid oxidation (FAO), lipid signaling, and mem-
brane remodeling in response to physical activity could reveal
novel therapeutic strategies for restoring immune competence in
cancer.

IMMUNOMETABOLIC INTERACTIONS:
IMPACT OF IMMUNE-DERIVED FACTORS
ON TUMOR METABOLISM.

Immune-derived factors, such as interferons (IFNs), TNF-a, and
interleukin-15 (IL-15), act as key mediators of immunometabolic
reprogramming within the TME. These signaling molecules not
only modulate immune responses but also remodel tumor cell
metabolism, collectively influencing tumor progression and ther-
apeutic outcomes.

IFN:

Driven Crosstalk Between Tumor Metabolism and Immune
Editing

IFNs are broadly classified into type I and type II families. Type |
IFNs include IFN-a, IFN-B, and IFN-o, which all signal through
a common cell-surface receptor, whereas IFN-y is the sole type
II interferon that engages a distinct receptor complex (88). Type
I interferons (IFN-Is) are central coordinators of tumor—immune
interactions(88). One preclinical study has shown that persistent
IFN-I signaling and the chronic activation of interferon-stimu-
lated genes (ISGs) may paradoxically promote tumor progres-
sion. For instance, the ISG mediates the pro-tumorigenic effects
of IFN-I by enhancing mRNA translation and reprogramming lip-
id metabolism, thereby driving cancer growth (89). Conversely,
IFN-I can also induce tumoricidal metabolic responses. One study
demonstrated that [FN-I promotes OXPHOS and triggers autoph-
agy-dependent Adenosine triphosphate (ATP) release, with extra-
cellular ATP subsequently activating P2X7-dependent dendritic
cell signaling, leading to enhanced anti-tumor T cell responses
(90). Beyond its classic immune-modulatory roles, IFN-o has
been shown to suppress the key metabolic regulator FBJ murine
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osteosarcoma viral oncogene homolog B (FosB) in an Interferon
regulatory factor 1 (IRF1)-dependent manner, concurrently inhib-
iting downstream HIF-1a signaling. This downregulation of gly-
colysis-related genes sensitizes hepatocellular carcinoma cells to
anti-PD-1 immunotherapy, providing a promising combinatorial
strategy for advanced liver cancer (91). IFN-y, a hallmark cyto-
kine produced by activated T cells, profoundly shapes tumor met-
abolic phenotypes. In melanoma models, T cell-derived I[FN-y
upregulates c-Myc expression in tumor cells, driving metabolic
reprogramming that favors immune evasion (92). Intriguingly,
recent evidence suggests that IFN-y signaling may paradoxical-
ly activate tumor-intrinsic compensatory pathways during im-
mune checkpoint blockade. IFN-y—induced secretion of fibroblast
growth factor 2 (FGF2) promotes PKM2 phosphorylation, inhib-
its glycolysis, and lowers intracellular NAD" levels. The result-
ing IFNy-FGF2—B-catenin axis integrates immune, metabolic,
and proliferative pathways, representing a potential biomarker
and therapeutic target to prevent hyperprogressive disease (HPD)
during immunotherapy (93).

TNF-a:

Linking inflammation, mitochondrial bioenergetics, and im-
mune suppression

TNF-a acts as a central regulator of both metabolism and in-
flammation within the TME, where it exhibits paradoxical roles.
Preclinical research indicates that TNF-o—mediated activation of
NF-«B regulates the expression of LYRM?7, affecting mitochon-
drial supercomplex assembly and reactive oxygen species (ROS)
production—key drivers of metabolic reprogramming (94).
Moreover, TNF-a derived from TAMs can enhance tumor glycol-
ysis and upregulate PD-L1 expression, thereby diminishing the
efficacy of PD-L1 blockade therapy (95). Beyond cancer, macro-
phage-secreted TNF-a and IL-1p contribute to insulin resistance
and B-cell dysfunction, establishing a mechanistic link between
systemic metabolic disorders and chronic inflammation (96). In
early-stage breast cancer, infiltration of innate immune cells se-
creting IL-6 and TNF-a into the liver suppresses HNF4a, leading
to hepatic metabolic reprogramming and systemic inflammation
that together promote tumor initiation (97).

IL-15:

Sustaining lymphocyte metabolic fitness and therapeutic
persistence

IL-15, a ye-family cytokine produced by bone marrow, dendrit-
ic, and muscle cells, is a master regulator of T cell and NK cell
homeostasis, effector function, and memory formation. In addi-
tion to these immunologic roles, IL-15 enhances mitochondrial
biogenesis through activation of the PGC-1a pathway, increases
spare respiratory capacity (SRC), and promotes FAO via upregu-
lation of CPT1A, collectively favoring oxidative metabolism over
glycolysis (98). IL-15-induced memory-like CD8* T cells display
enhanced OXPHOS and mitochondrial fusion mediated by car-
diolipin remodeling (98, 99). In adoptive cell therapy, IL-15—ex-
panded CAR-T cells (CAR-T/IL15) retain a stem cell-like memo-
ry phenotype (Tscm) characterized by CD62L*CD45RACCR7*
expression, reduced exhaustion, and improved mitochondrial fit-
ness. Mechanistically, IL-15-mediated suppression of mTORCI
activity maintains metabolic quiescence while enhancing in vivo
antitumor efficacy.

IL-15 also modulates NK cell metabolism and anti-cancer



Rewiring the Tumor-Immune Metabolome Through Exercise 51

activity. High IL-15 levels stimulate NK cell metabolism through
mTOR activation, boosting cytotoxic function (100). However,
dosing strategies are critical: continuous IL-15 exposure induc-
es NK cell exhaustion, functional decline, and reduced fatty acid
metabolism (101). Together, these findings highlight IL-15 as a
pivotal regulator of immune cell metabolic resilience, offering a
promising avenue for optimizing next-generation immunothera-
pies (102).

EXERCISE-INDUCED REGULATION
OF TUMOR METABOLISM AND
IMMUNE RESPONSES:
MECHANISMS AND THERAPEUTIC
POTENTIAL

Emerging evidence highlights the capacity of exercise to modulate
both systemic and tumor-localized metabolism, while simultane-
ously reprogramming immune responses. These dual effects posi-
tion exercise as a promising adjunctive approach to cancer therapy
(103, 104). Regular physical activity has been shown to inhibit
tumor growth by altering tumor cell metabolic networks, enhanc-
ing immune surveillance, and improving treatment responsiveness
(109).

Mechanistically, exercise impacts tumor progression through
three major pathways: (1) regulation of tumor metabolite avail-
ability (e.g., glucose, lactate, FAs), (2) enhancement of innate
and adaptive immune cell function, and (3) modulation of im-
mune-metabolic interactions within the TME. Exercise repro-
grams systemic energy metabolism and modulates cytokines in-
volved in tumor biology, such as interleukin-6 (IL-6) (106-108).
The exercise-induced modulation of metabolic hormones and their
impact on tumor signaling pathways are discussed in the following
section.

Moreover, endurance training has been shown to alter expres-
sion of lactate metabolism-related factors (e.g., MCT1, LDHA,
Estrogen-Related Receptor Alpha (ERRa)), reduce tumor acidity,
and restore immune cell infiltration (109). Myokines such as IL-6,
irisin, and Secreted Protein Acidic And Cysteine Rich (SPARC),
secreted by skeletal muscle during exercise, further modulate tu-
mor metabolism, epithelial-mesenchymal transition (EMT), and
immune activation (110, 111).

As such, understanding the mechanisms of exercise-induced
metabolic reprogramming may lead to novel intervention strate-
gies that reshape the TME, limit nutrient competition, and restore
anti-tumor immunity. This section explores how these systemic
and local effects translate into potential clinical benefits.

Systemic effects of exercise on organ metabolism and immune
homeostasis

The anti-tumor effects of exercise are partly attributable to its abil-
ity to induce metabolic and immune remodeling across multiple
organs. Key systems—including skeletal muscle, cardiovascu-
lar system, liver, and gastrointestinal tract—respond to exercise
through metabolic reprogramming and immune regulation, which
in turn can influence tumor progression (20, 112, 113). We have
compiled a summary of this research in Figure 3.

As the primary site for nutrient storage and energy utilization,
skeletal muscle plays a central role in the physiological adaptations
to exercise, particularly in the regulation of metabolism, angiogen-
esis, and immune responses (114). A single bout of exercise can
directly enhance amino acid and glucose uptake in skeletal mus-
cle, while during the recovery phase, it promotes muscle protein
synthesis and improves insulin-stimulated glucose disposal (115).

Exercise-induced improvements in cardiorespiratory fitness
(CRF) are mediated by multiple mechanisms, including modula-
tion of sympathetic nerve activity, increased myocardial contrac-
tility, reduced oxidative stress, promotion of physiological cardiac
hypertrophy, enhancement of stroke volume and heart rate, and
regulation of non-coding RNAs and their signaling pathways (116,
117). A preclinical study demonstrated that exercise elevates the
abundance and/or activity of antioxidant enzymes—such as super-
oxide dismutases (SOD1, SOD2), glutathione peroxidase, and cat-
alase—in mitochondria isolated from ventricular cardiomyocytes.
These changes reduce myocardial ROS and enhance cardiac anti-
oxidant capacity (118)

The liver, as the major metabolic organ, also exhibits signifi-
cant adaptive responses to exercise. Accumulating evidence indi-
cates that regular physical activity improves systemic metabolism
and insulin sensitivity, induces adaptations in glucose and lipid
metabolism, and markedly reduces the risk of chronic metabolic
diseases such as alcoholic fatty liver and metabolic dysfunction—
associated fatty liver disease (MAFLD) (119-121). Exercise-in-
duced fibronectin (FN1) acts as a circulating metabolic factor that
triggers hepatic autophagy and systemic insulin sensitization via
the hepatic a5f1 integrin—-IKKo/B—JNK1-BECNI signaling path-
way, thereby promoting protein and organelle turnover and sys-
temic metabolic adaptation (122).

The gut is a dynamic environment, and the gut microbiota
plays an important role in human biology, including metabolism,
endocrine, neuronal, and immune functions (123, 124). A recent
study found that proper exercise can increase the diversity of gut
microbes and the number and activity of beneficial bacteria, in-
directly affecting the body’s metabolism and immunity, thereby
having a positive impact on health (123, 125).

Exercise regulation of tumor-associated metabolites and en-
zymes: pathways to enhanced anti-tumor immunity

Exercise represents a powerful, non-pharmacologic intervention
capable of reshaping the tumor metabolic landscape and restoring
immune competence. Tumor cells display altered metabolic pro-
files, with enhanced glycolysis, glutaminolysis, and lipid metab-
olism that facilitate rapid proliferation and immune evasion (6, 8,
28, 86). These same pathways, however, can be modulated by ex-
ercise to limit nutrient availability to tumor cells while supporting
immune cell activation. The dual impact of exercise on metabo-
lism and immunity makes it a unique tool in anti-cancer strategies,
particularly in the context of immunotherapy (16, 103, 104) .

This section outlines how exercise regulates tumor metabo-
lism (5.2.1), reshapes immune function (5.2.2), and exercise and
immune-metabolic crosstalk: mechanistic integration of tumor
suppression (5.2.3), highlighting the mechanistic foundations and
therapeutic relevance of these interactions. We have compiled a
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Figure 3. The effects of exercise on different organs.

(A) Exercise might improve liver metabolic function, promotes metabolic balance, and enhances gluconeogenesis and lipid metabolism.

(B) Exercise could enhance muscle metabolic function, improves energy metabolism and insulin sensitivity, and helps maintain muscle mass.

(C) Exercise probably improves blood circulation and metabolic capacity of the heart, promoting cardiovascular health.

(D) Exercise can improve lung function, increasing oxygen intake and carbon dioxide expulsion efficiency.

(E) Exercise may promote gut microbiome diversity, improves gut health and immune function, and reduces the risk of metabolic diseases.
Abbreviations: FN1-a581- IKKa/B-JNK1-BECN1 pathway: Fibronectin 1-a5p1-KKa/B-JNK1-Beclin1 autophagy-related protein pathway;
Hepatic steatosis: Liver fat degeneration; 3HB: 3-Hydroxybutyrate; Gpld: Glycosylphosphatidylinositol-specific Phospholipase D; PP2A: Protein
Phosphatase 2A; IFN-1: Interferon 1; IRF: Interferon Regulatory Factor; PGC1a: Peroxisome Proliferator-Activated Receptor Gamma Coactivator 1
Alpha; PPARa: Peroxisome Proliferator-Activated Receptor Alpha; PPARy: Peroxisome Proliferator-Activated Receptor Gamma; Acute myocardial
infarction: Acute myocardial infarction (heart attack); ROS: Reactive Oxygen Species; SOD1: Superoxide Dismutase 1; SOD2: Superoxide
Dismutase 2; Glutathione peroxidase: Glutathione Peroxidase; HIF1a: Hypoxia-Inducible Factor 1 Alpha; VEGF: Vascular Endothelial Growth
Factor; IL-1K: Interleukin 1 Beta; IL-6: Interleukin 6; MCP-1: Monocyte Chemoattractant Protein 1; NRF2 pathway: Nuclear Factor E2-Related

Factor 2 pathway

summary of this research in Table 2 and Figure 4.
Reprogramming tumor metabolism through exercise: Glu-
cose, lactate, and growth factor pathways

Tumor cells rely on a high rate of aerobic glycolysis, consum-
ing excessive glucose and secreting lactate into the TME. This
metabolic phenotype—known as the Warburg effect—not only
supports anabolic processes but also creates a hostile, acidic mi-
croenvironment that suppresses immune activity (6, 7). Lactate
impairs T and NK cell functions, enhances regulatory T cell ex-
pansion, and polarizes macrophages toward immunosuppressive
phenotypes (8, 35, 50).

Exercise can reverse several aspects of this metabolic imbalance.
Endurance and moderate-intensity exercise improve whole-body
glucose homeostasis, lower insulin and IGF-1 levels, and reduce
the availability of metabolic substrates to tumors (106-108).
GLUT4-mediated glucose uptake in skeletal muscle is enhanced
during exercise, effectively reducing systemic glucose concen-
trations and limiting tumor access to this critical nutrient (134).
Additionally, exercise modulates lactate dynamics within the
TME (109). Furthermore, exercise may offer a non-pharmaco-
logic strategy to mitigate lactate-mediated immune suppression.
Preclinical studies have shown that endurance training reduces
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lactate accumulation in tumors by enhancing systemic lactate
clearance and downregulating key lactate transport and meta-
bolic regulators such as LDHA, MCT1, and ERRa (109). These
adaptations can shift the TME from immunosuppressive to im-
mune-permissive.

Beyond glycolysis, exercise also affects amino acid and lipid
metabolism. For example, exercise reduces tumor glutamine up-
take by downregulating glutamine transporters and modulating
MYC- and mTOR-dependent pathways that drive glutaminolysis
(82-84). These changes impair nucleotide synthesis and antiox-
idant defense in cancer cells. Similarly, exercise enhances FAO
in multiple tissues and reduces lipid accumulation within tumors,
decreasing the metabolic flexibility and survival advantage of
cancer cells under stress (86, 87).

As a systemic modulator, exercise influences metabolic hor-
mones, including insulin and IGF-1. Downregulation of the insu-
lin/IGF-1 axis leads to inhibition of the PI3K/AKT/mTOR path-
way, reducing cancer cell proliferation and resistance to apopto-
sis (107). These systemic effects synergize with local metabolic
changes in the TME, collectively creating a metabolically hostile
environment for tumors while preserving immune cell function.



Rewiring the Tumor-Immune Metabolome Through Exercise 53

Figure 4. The potential mechanisms through which exercise affects tumors by regulating metabolism and immunity.

(A) Exercise Modulates Metabolic Pathways Exercise regulates the levels of metabolites such as glucose, lactate, and fatty acids, thereby
increasing the metabolic rate of tumor-associated organs. This limits nutrient availability to tumors, reducing their risk and progression. Exercise
also influences metabolism-related growth factors or cytokines, modulating tumor-related metabolic pathways to inhibit tumor cell proliferation
and survival. (B) Exercise Modulates Immune Responses Exercise enhances tumor-associated immune responses by modulating the number
and function of immune cells in both the innate and adaptive immune systems. This improvement strengthens anti-tumor immunity. In the innate
immune system, exercise increases the activity of NK cells, neutrophils, macrophages, and dendritic cells. In the adaptive immune system, exercise
enhances the function of T cells and B cells, promoting anti-tumor immune responses. (C) Exercise Modulates Immune-Metabolic Interactions
Exercise reduces tumor immune escape and suppresses tumor progression by modulating immune-metabolic interactions. For instance, in
animal models of pancreatic cancer, exercise promotes immune cell mobilization and tumor infiltration, enhancing the immune system’s anti-
tumor effects. Furthermore, exercise may affect tumor progression by modulating iron metabolism and tumor extracellular matrix. This includes
selectively targeting tumor cells and promoting muscle-derived extracellular vesicles, such as miR-29a-3p, to inhibit the tumor extracellular matrix
and facilitate immune cell infiltration.

Abbreviations: NK cell: Natural Killer Cell; M2 Macrophages: M2 Type Macrophages; CD8+ T cell: CD8 Positive T Cell; IL-15 RaK: Interleukin 15
Receptor Alpha Chain; IL-15: Interleukin 15; miR-29a-3p: MicroRNA-29a-3p; EVs: Extracellular Vesicles; WAT: White Adipose Tissue; BDNF:
Brain-Derived Neurotrophic Factor; P21: Cyclin-Dependent Kinase Inhibitor 1A; AMPK: AMP-Activated Protein Kinase; mTORC1: Mammalian
Target of Rapamycin Complex 1; PI3K: Phosphoinositide 3-Kinase; HIF-1X: Hypoxia-Inducible Factor 1 Alpha; VEGF: Vascular Endothelial Growth
Factor; Wnt: Wnt Signaling Pathway;X-Catenin: Beta-Catenin; IkB: Inhibitor of Nuclear Factor Kappa B; NF-XB: Nuclear Factor Kappa B; MDSCs:
Myeloid-Derived Suppressor Cells; CXCR3: CXC Chemokine Receptor 3; CXCR9,10,11: CXC Chemokine Receptor 9, 10, 11; FOXP3+CD4+ T cell:
Forkhead Box Protein P3 Positive CD4 Positive T Cell; CD19+ B cell: CD19 Positive B Cell; TNF-X: Tumor Necrosis Factor Alpha; IFN-K: Interferon
Gamma
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Table 2. Summary of the potential regulatory mechanisms of exercise on metabolic and immune function in preclinical models.

Cancer type

Research sub-
ject

Parameters of exer-
cise

Metabolites

Immune cells

The effect of exercise on meta-
bolic-immune regulation

References

NSCLC

Mouse

Voluntary wheel
running

Collagen, miR-
29a-3p

T cells

Voluntary exercise could increase
T cell infiltration via the collagen
inhibition orchestrated inflamma-
tory TIME.

(126)

Melanoma
Liver cancer,
Lewis,

Lung Cancer

Mouse

Voluntary wheel
running

Epinephrine

NK cells

Regular exercise probably enhanc-
es immune function through epi-
nephrine - and IL-6-mediated NK
cell mobilization and infiltration,
thereby inhibiting tumor growth
and reducing tumor incidence and
risk of recurrence.

(127)

Pancreatic
cancer

Rat

Moderate Intensity
Training Program (8
weeks)

Glucose
and glutamine

Lymphocytes
and
macrophages

Moderate-intensity exercise can
improve the survival of tu-
mor-bearing rats by modulating
glucose and glutamine metabolism
in immune cells (e.g., lympho-
cytes and macrophages), promot-
ing increased aerobic metabolism,
and improving immune function.

(128)

Breast cancer

Mouse

Running wheels

TCA Metabo-
lites

CDS8 T cell

Exercise could alter the central
carbon metabolism of CD8+ T
cells by inducing the production
and secretion of metabolites in
skeletal muscle, which in turn
enhances their antitumor effects.

(129)

Pancreatic
cancer

Rat

High-intensity
treadmill training (10
weeks, 5 days/week,
30 minutes/day, 85%
VO2 max)

Glucose
and glutamine

Lymphocytes
and
macrophages

High-intensity exercise would
promote anti-tumor effects by
modulating immune function and
tumor cell metabolism (e.g., glu-
cose and glutamine metabolism),
and thus may be an effective
strategy against cancer.

(130)

Lymphoma

Mouse

Voluntary wheel
running

Epinephrine

NK cell

Voluntary wheel running could
mobilize cytotoxic immune cells
and prevents tumor progression
through 2-adrenergic receptor
signaling, suggesting that com-
bining physical activity with ad-
renergic modulation can enhance
anti-tumor immune responses.

(131)

GvL

Mouse

Voluntary wheel
running

Genes related to
metabolic
processes

Lymphocytes

Voluntary wheel running could
downregulates genes related to
mitochondrial function, protein
synthesis, and metabolism in
tumors, and improves donor
lymphocyte infusion outcomes by
enhancing graft-versus-leukemia
effects while reducing graft-ver-
sus-host disease, partially through
metabolic reprogramming of
leukemia cells

(132)

PDA

Mouse

Treadmill, 30min, per
day at 15cm/s, Sdays/
week.

Epinephrine

CD8+ T cells

Exercise possibly promotes im-
mune mobilization and accumula-
tion of tumor-infiltrating IL15Ra+
CDS8 T cells and inhibits tumor
growth.

(133)
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Collectively, these adaptations suggest that exercise repro-
grams the tumor’s metabolic network, reducing nutrient access
and interfering with biosynthetic pathways essential for malig-
nant progression.

Modulation of innate and adaptive immunity by exercise
Exercise exerts robust immunomodulatory effects, influencing
both the quantity and functionality of innate and adaptive im-
mune cells. Acute exercise mobilizes immune cells into circula-
tion, including NK cells, monocytes, neutrophils, and DCs, while
chronic training induces sustained enhancements in immune sur-
veillance and anti-tumor immunity (126-128, 131, 132) .

In the adaptive compartment, exercise improves the cytotoxicity
of CD8" T cells by increasing granzyme B, perforin, and IFN-y
production, while reducing the expression of exhaustion markers
like Programmed Death-1 (PD-1), TIM-3, and LAG-3 (19, 108).
These functional improvements translate to enhanced killing of
tumor cells and improved responsiveness to immune checkpoint
blockade therapies. Exercise has also been shown to promote
CD8" memory T cell differentiation and expansion, thereby es-
tablishing long-term immune protection (108, 110, 111).

NK cells are particularly sensitive to exercise stimuli. Phys-
ical activity increases NK cell mobilization and infiltration into
tumors, improves their activation status, and enhances the re-
lease of cytolytic molecules such as FasL and TRAIL (126, 129).
These changes contribute to both early detection and control of
tumor growth.

Exercise also impacts myeloid cell populations in the TME.
It can reduce the accumulation of immunosuppressive my-
eloid-derived suppressor cells (MDSCs), which otherwise inhibit
T cell responses through arginase production and ROS genera-
tion (130). Moreover, exercise skews macrophage polarization
from the M2 phenotype toward an MI-like, pro-inflammatory
phenotype, enhancing antigen presentation and promoting an-
ti-tumor immunity (126).

Importantly, exercise also improves the trafficking and in-
filtration of immune cells into tumors, a process often hindered
by the dense extracellular matrix and abnormal vasculature. Ex-
ercise-induced vascular remodeling and reduced tumor fibrosis
facilitate immune cell access and improve immune—tumor en-
gagement (110, 111, 129).

These immunological benefits collectively enhance immune
readiness and support long-term tumor control, particularly when
combined with immunotherapies.

EXERCISE AND IMMUNE-METABOLIC
CROSSTALK: MECHANISTIC INTEGRATION
OF TUMOR SUPPRESSION

Macro-functional overview: Exercise reshapes tumor metab-
olism and immunity

The functional outcomes of anti-tumor immunity are intimately
linked to metabolic support. Within the TME, nutrient competi-
tion between tumor and immune cells often leaves effector lym-
phocytes functionally impaired. For example, glucose depletion

impairs T cell proliferation and cytokine secretion, while trypto-
phan degradation via IDO1 leads to Treg induction and CD8* T
cell suppression (61).

Exercise can shift this metabolic competition in favor of the
immune system. By reducing tumor consumption of glucose,
glutamine, and lipids, exercise helps preserve these nutrients
for immune cell activation (133). Moreover, exercise activates
AMPK signaling in immune cells, enhancing their metabolic
flexibility and mitochondrial function, allowing them to sustain
cytotoxicity even under nutrient stress (135).

Exercise also attenuates tumor-derived suppressive metabo-
lites such as lactate and kynurenine. Reduced lactate levels in the
TME improve CD8" T cell viability, increase effector cytokine
secretion, and inhibit lactate-mediated polarization of TAMs (8,
52). Meanwhile, suppression of tryptophan catabolism and ky-
nurenine production by exercise may limit AhR signaling, reduc-
ing Treg differentiation and restoring immune surveillance (61).

Myokines secreted during physical activity—including IL-
6, IL-7, IL-15, irisin, and SPARC—further modulate immune
metabolism and function (110, 111). For example, IL-15, a key
regulator of lymphocyte metabolic fitness as detailed in section
4.3, may mediate several exercise-induced benefits on immune
cells. Irisin has been shown to inhibit tumor cell proliferation and
EMT, and may play a role in modifying stromal cell behavior
(110, 111).

Exercise-induced improvement in tumor vasculature, per-
fusion, and oxygenation also plays a vital role in immune-met-
abolic synergy. Better oxygen delivery reduces hypoxia-driven
immunosuppression and restores OXPHOS in T cells. Combined
with improved immune cell trafficking, these effects enhance the
depth and durability of anti-tumor responses.

Together, these findings illustrate how exercise simultane-
ously remodels the metabolic and immunological landscape of
tumors. A deeper understanding of this bidirectional regulation
may facilitate the development of individualized exercise regi-
mens as adjuncts to immunotherapy or metabolic-targeted cancer
treatments.

AMPK-mTOR-HIF1a axis

AMPK serves as a central energy sensor and regulator of cellu-
lar homeostasis. The AMPK-mTOR-HIF1la signaling axis not
only governs tumor metabolic plasticity but also enhances mi-
tochondrial function in T cells and NK cells, thereby supporting
immune effector activity and energy supply (136). One preclin-
ical study demonstrates that regular exercise markedly activates
AMPK and its downstream phosphorylation targets, leading to
the suppression of tumor proliferation (137). Mechanistically,
exercise-induced AMPK activation suppresses mTOR signaling,
reduces tumor glycolysis and HIFla-driven lactate accumula-
tion, and enhances mitochondrial oxidative capacity in T and NK
cells—forming a core framework of “energy sensing—metabolic
reprogramming—immune activation”(138). In melanoma mod-
els, exercise improves tumor vascular architecture and oxygen-
ation via an ERKS-dependent mechanism, which increases CD8*
T-cell infiltration, reprograms myeloid cell phenotypes, and de-
stabilizes HIF1a under reduced hypoxic stress (139). Similarly,
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aerobic exercise improves tumor perfusion and oxygen supply
while decreasing mitochondrial ROS accumulation, further pro-
moting HIF1la inactivation (140). In breast cancer models, in-
hibition of the mTOR pathway by exercise reverses metabolic
reprogramming, limits glucose and glutamine utilization, and
induces tumor cell apoptosis (141).

At the systemic level, exercise also counteracts the prolif-
erative stimulus of a high-fat diet. For instance, in MCF7 cells,
exercise-activated AMPK upregulates p27, downregulates pAkt,
and increases AdipoR1 expression, thereby promoting cell-cycle
arrest in an intensity-dependent manner—high-intensity training
(>3 km/day) completely abolishes HFD-induced proliferation
(142). Furthermore, exercise enhances NK cell activity accom-
panied by upregulation of PIK3R1, which supports NK cell mat-
uration, trafficking, and cytotoxic functions (143).

PGC-10-ERRa axis

The PGC-lo—ERRa axis represents a crucial molecular bridge
connecting exercise, mitochondrial function, and immunometa-
bolic adaptation (144). PGC-1a (peroxisome proliferator-activat-
ed receptor gamma coactivator 1-alpha) is a master transcriptional
coactivator regulating mitochondrial biogenesis and oxidative me-
tabolism, and it plays a central role in muscle fiber type switching
(145). Acting as a metabolic sensor of environmental stress (146),
exercise-induced activation of PGC-la enhances mitochondrial
health, promotes OXPHOS, and maintains energy homeostasis
(147). Beyond its direct metabolic role, PGC-1a regulates the se-
cretion of myokines such as irisin and IL-15, which convey sys-
temic signals that reshape the metabolic flexibility of tumor and
immune cells (148). Through this endocrine-like mechanism, exer-
cise not only improves systemic energy balance but also indirectly
enhances the metabolic fitness of immune effectors. Within tumor
cells, PGC-1a enhances OXPHOS and restrains glycolysis (149),
while in skeletal muscle it contributes to whole-body metabolic sta-
bility (150).

Meanwhile, ERRa functions downstream of PGC-1a to con-
trol oxidative gene networks. Genetic enhancement of ERRa in-
creases exercise endurance and fatigue resistance by globally re-
modeling DNA binding and transcriptional programs, leading to in-
creased oxidative fiber proportion, mitochondrial biogenesis, FAO,
and lactate homeostasis (151). Targeting ERRa has thus emerged
as a strategy to develop exercise mimetics, which can improve mi-
tochondrial respiration and mitigate age-related or disease-induced
muscle dysfunction(152). Importantly, ERRa also regulates lactate
and energy metabolism in tumors; exercise can inhibit its aberrant
activation, reduce TME acidification, and restore immune cell
function (153).

Together, these findings define the PGC-10~ERRa axis as a
mechanistic bridge between exercise, mitochondrial function, and
immune metabolism, serving as a central node of exercise-mediat-
ed metabolic regulation in cancer.

IL-6/STAT3 axis

The IL-6/STAT3 pathway constitutes another key interface be-
tween exercise and immunometabolic regulation. In non-small cell
lung cancer (NSCLC), sustained activation of IL-6—STAT3 signal-
ing contributes to CD8" T-cell exhaustion and tumor progression
(154). However, exercise modulates this pathway in an opposite,
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transient, and beneficial manner.

One clinical study has shown that resistance training increases
plasma levels of anti-inflammatory cytokines and simultaneously
activates STAT3 signaling in peripheral blood mononuclear cells
(PBMCs), highlighting a potential mechanism by which resistance
exercise enhances immune anti-inflammatory capacity (155). Ex-
ercise-induced IL-6 primarily acts as a myokine—a cytokine se-
creted from skeletal muscle—whose short-term elevation improves
insulin sensitivity, activates STAT3-dependent mobilization path-
ways, and promotes the trafficking of NK and CD8" T cells from
circulation to tissues (156). This transient cytokine surge represents
a rapid immunometabolic mobilization mechanism underlying the
systemic benefits of exercise.

During exercise, both skeletal muscle and stromal or immune
cells within the TME release IL-6. Short-term elevations of myo-
kine-derived IL-6 improve insulin sensitivity, stimulate anti-in-
flammatory cytokine production, recruit cytotoxic immune cells,
and transiently activate IL-6 signaling within the TME. Long-term
regular exercise lowers basal intratumoral IL-6, correlating with
smaller tumor size, while maintaining metabolic and immune ho-
meostasis (157-159).

The biological outcome of IL-6 signaling thus depends criti-
cally on exercise intensity and duration: moderate, transient 1L-6
elevations are immunometabolically beneficial, whereas chronic or
pathologically sustained IL-6 activation may promote tumor pro-
gression (160).

EXERCISE PRESCRIPTION PARAMETERS
INFLUENCING TUMOR METABOLISM
AND IMMUNITY

According to the FITT principle (Frequency, Intensity, Time, and
Type), the design of exercise interventions should comprehensively
consider key parameters such as exercise type, intensity, frequency,
and duration. However, some patients with advanced malignancies
may not tolerate evidence-based FITT protocols; therefore, exer-
cise prescriptions should be adjusted according to individual phys-
ical capacity and treatment tolerance (161).

Different exercise types can activate distinct metabolic and
immune signaling pathways to exert anticancer effects. Forced
treadmill running—a common modality in preclinical studies—can
regulate gut microbiota-derived metabolites such as formate, there-
by enhancing tumor antigen-specific CD8" T-cell effector functions
and improving the efficacy of immune checkpoint inhibitors (ICIs)
through an Nrf2-dependent mechanism in melanoma (162).In con-
trast, voluntary wheel running elevates the level of skeletal mus-
cle—derived extracellular vesicle (EV) miR-29a-3p, which targets
COL1A1 to suppress collagen deposition in the tumor stroma, pro-
moting T-cell infiltration and augmenting immunotherapy response
(163).Resistance training improves metabolic health in cancer
survivors by reducing adiposity and preserving lean muscle mass
(164).In addition, traditional Eastern exercise modalities such as
Taoist Qigong and Yoga also show immune-modulatory potential:
Qigong alters B-cell and monocyte proportions, while Yoga reduc-
es pro-inflammatory cytokines (TNF-a, IL-6), increases IL-10, and
ameliorates oxidative stress (165).
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Among the FITT components, intensity appears to be the most
critical determinant of anticancer efficacy. Based on the percent-
age of maximal running capacity in mice, exercise can be classi-
fied as low (~30%), moderate (~60%), or high (~90%) intensity.
Both low- and moderate-intensity training promote tumor vascular
normalization; however, only moderate-intensity exercise signifi-
cantly enhances intratumoral CD8" T-cell infiltration and effector
molecule expression (CD69, IFNy, GzmB) (166).A systematic re-
view further demonstrated that a single bout of moderate-to-vig-
orous aerobic exercise could suppress tumor cell proliferation via
increased secretion of myokines and hormones (167).Nonetheless,
the benefits of intensity follow a U-shaped curve: excessive or ex-
haustive training may blunt immune surveillance. In a comparative
preclinical study, high-intensity interval training (HIIT) and mod-
erate-intensity continuous training (MICT) both improved cardio-
vascular fitness and quality of life in breast cancer patients, but no
significant differences were observed in metabolic or inflammatory
biomarkers (168).However, prolonged exhaustive high-intensity
exercise (HIE) was shown to elevate anti-inflammatory cytokines
and Treg proportions, potentially increasing infection susceptibility
and impairing antitumor immunity (169).Collectively, these find-
ings suggest that moderate-intensity exercise maximizes immune
activation while minimizing immunosuppression, thereby repre-
senting the optimal balance for anticancer effects.

Exercise frequency also shapes metabolic and immune out-
comes by regulating skeletal muscle circadian genes such as
PPARS. Regular training reinforces the synchronization between
muscle clocks and metabolic pathways, improving glucose—lipid
balance, mitochondrial efficiency, and redox homeostasis, while
reducing tumor-related metabolic dysregulation (170).Epidemio-
logical evidence indicates that total weekly exercise duration ex-
ceeding 280 minutes more effectively improves systemic inflam-
matory markers such as TNF-o and IL-8 (171).Moderate-to-high
frequency programs (2—4 sessions per week) with moderate total
load appear most efficient in eliciting short- to mid-term immune
cell mobilization and metabolic benefits (171).After a single bout
of training, leukocyte and NK-cell mobilization are positively cor-
related with intensity, and frequent repetition of such transient re-
sponses can lead to cumulative enhancement—an “EX-BOOST”
phenomenon. Therefore, at least two sessions of moderate-to-vig-
orous exercise per week are recommended to maintain sustained
immune activation (172).

Exercise duration determines whether adaptations remain tran-
sient or consolidate into long-term immunometabolic remodeling.
A comprehensive review showed that short-term (4—12 weeks),
medium-term (13-24 weeks), and long-term (>24 weeks) interven-
tions each exert distinct physiological impacts (167).Short-term
exercise primarily triggers acute leukocyte and NK-cell mobiliza-
tion pathways (172) enhances glucose—lipid metabolism, and mod-
ulates myokine secretion (e.g., irisin, myostatin) (173). In contrast,
long-term, regular training stabilizes immune homeostasis, reduces
chronic inflammation, and enhances chemotherapy tolerance and
efficacy (171).Immediately after acute exercise, serum IL-4, IL-6,
and IL-10 levels rise transiently and return to baseline within one
hour. Chronic moderate-to-high intensity training, however, de-
creases TNF-a, IL-6, and CD4/CD8 ratio, while increasing 1L-10
after 24 weeks (174).These patterns suggest that long-term exercise
establishes a persistent “immunometabolic memory” at the organ

and systemic levels, and interventions lasting over 24 weeks may
produce durable antitumor immune adaptations (175).

Overall, optimization of exercise prescription following the
FITT framework is essential for achieving maximal therapeutic
benefit in oncology. Exercise type defines the molecular entry point
(e.g., Nrf2, myokine, or collagen remodeling pathways), intensity
dictates the immune activation threshold, frequency governs rhyth-
mic and cumulative adaptations, and duration determines the per-
sistence of immunometabolic reprogramming. Properly calibrated,
these parameters synergize to transform exercise into a form of
precision metabolic-immune modulation, offering a non-pharma-
cological strategy to complement chemotherapy and immunother-
apy in cancer treatment.

TRANSLATIONAL AND CLINICAL
PERSPECTIVES:
TOWARD PRECISION EXERCISE ONCOLOGY

With the rapid advancement of data analytics and personalized
medicine, Precision Exercise Oncology is emerging as an import-
ant component of cancer rehabilitation and adjuvant therapy. The
core principle is to design precise and dynamic exercise prescrip-
tions based on tumor type, metabolic phenotype, immune status,
and individual physiological characteristics, leveraging big data
and intelligent monitoring to maximize patients’ metabolic homeo-
stasis and immune function (176).

Extensive clinical studies consistently indicate that exercise is
safe and beneficial for most cancer patients, including those under-
going chemotherapy or radiotherapy (16-20).In parallel, preclinical
evidence increasingly suggests that exercise combined with meta-
bolic or immunotherapy can significantly enhance antitumor effica-
cy (133, 135).Currently, several clinical trials are investigating the
synergistic effects of exercise with immuno- or metabolic therapies
(Table 3), and a systematic review evaluating the role of exercise
in modulating immunity and immunotherapy outcomes in cancer is
forthcoming (177).However, most trials are ongoing, and the defin-
itive therapeutic outcomes remain to be established.

Despite its potential benefits, exercise interventions must con-
sider patients’ physical capacity and metabolic reserve. Patients
with cachexia, anemia, or immunosuppression may not tolerate
standard exercise regimens. Given the variability in cancer types,
treatment modalities, and potential cardiovascular risks, medical
evaluation and clearance are generally required prior to initiating
exercise programs.

For cachectic patients, a systematic review of randomized and
non-randomized controlled trials indicated that exercise interven-
tions are overall safe and can improve body composition and mus-
cle strength (178). However, excessive whole-body exercise may
exacerbate energy imbalance and weight loss in this population
(179).Therefore, low-intensity resistance training combined with
high-protein, energy-dense nutritional support, and dynamic ad-
justment of training loads based on body weight and muscle mass
is recommended to ensure safety (180, 181).

For anemic patients, multiple studies demonstrate that aerobic
exercise can maintain red blood cell levels and oxygen-carrying
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Table 3. Summary of Ongoing Clinical Trials on Exercise Interventions Targeting Immune-Metabolic Regulation in Cancer.

Immune-Metabolic | Exercise Planned .
Cancer Type | NCT Number Interaction Intervention Enrollment Expected Outcome / Endpoint
Adverse events at treatment initiation
Self-reported .
Melanoma NCT06627595 | Immunotherapy . . 160 and 6 months, assessed via [PAQ
physical activity . .
questionnaire
Urological Immunothera Regular physical E;(rlzloer?tti(\)/rgs Se;[;lg};s nerr)fe;[llli?s
& NCT06152926 24 activity or 12 Perspes  exper
Cancers (e.g., ICD . regarding exercise during
planned exercise .
immunotherapy
. . Feasibility of acute exercise
+ -
Metastatic | \opg4676009 | Immunotherapy + | Acute 35-min 1, ¢ immediately before immunotherapy
NSCLC Chemotherapy physical exercise
and chemotherapy
Triple. Chemotherapy = | X Cin
Negative NCT06672120 Immunotherapy supervised 120 Inmdenge pf CTRCD and ICl-related
(checkpoint myocarditis at 24 and 52 weeks
Breast Cancer N endurance &
inhibitors) . ..
resistance training
Checkpoint . .
Melanoma NCT05358938 | blockade 30-m1.n moderate ” Exerc1se. to enhance response to
. exercise checkpoint blockade therapy
immunotherapy
Chemo- and/or Stens per week Evaluate predictors and correlation
Lung Cancer | NCT06993896 PSP 38 with patient-reported outcomes (pain,
Immunotherapy (walking) . .
distress, fatigue)
Cutancous Checkpoint Moderate pace Feasibility of exercise intervention;
NCT06008977 | blockade rate pace, 20 preliminary data on day-of-therapy
Cancers . 30 min/day .
immunotherapy exercise effects
Resistance
. training 30 . .
ol crusisses CARTCH e 20| Bl coris g s
£ 24 moderate aerobic preparing 24
>3 days/week
Feasibility and comparison of immune
12-week training: activity, cardiorespiratory fitness,
Lung Cancer | NCT06026111 | Immunotherapy HIIT, MICT, or 30 physical function, immunotherapy-
usual care related adverse events, and patient-
reported outcomes
Aerobic interval Aerobic interval training to improve
NSCLC NCT06983899 | Immunotherapy trainin 100 oxygen utilization and immune
& activity, enhancing treatment response
Assess ADT effects on basal muscle
Prostate NCT03440879 | ADT Strength training | 23 protein turnover and strength trgmmg
Cancer response; secondary: postprandial
glucose/insulin differences
Impact of targeted nutrition + exercise
Nutritional Physical activity on metabolic and immune-related
Breast Cancer | NCT06928701 supplement per WHO and 160 gene expression in early breast cancer
PP EUSOMA criteria patients undergoing neoadjuvant
therapy
Aerobic + Diet and exercise intervention to
Prostate strength/ mitigate metabolic and physiologic
Cancer NCT04870515 | ADT resistance 40 changes caused by ADT and
exercise radiotherapy
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capacity during breast cancer chemoradiotherapy. Moderate-in-
tensity, regular aerobic exercise improves treatment-related ane-
mia and encourages participation (182-186).Nevertheless, anemia
severity, cancer type, treatment regimen, and exercise type and
intensity all influence safety and tolerance (182).A systematic
review suggested that platelet counts >20 x 10°L are generally
safe for exercise and daily activities, whereas <10 x 10%/L warrants
caution or contraindication; hemoglobin <70-80 g/L may increase
the risk of adverse events during exercise (187).Thus, pre-exercise
evaluation of cardiopulmonary function and symptoms is essential
for anemic patients, and HIE should be delayed if Hb <7-8 g/dL or
hypoxic symptoms are present, with preference for static, breath-
ing, or functional training modalities to ensure safety (161, 181).

Exercise has been shown to regulate the TME and enhance
immune cell function, potentially ameliorating cancer-associated
immunological dysfunction (188-190). Nevertheless, infection
risk must be considered, particularly in immunocompromised pa-
tients such as those with HIV or post-transplant status (191). In
these populations, exercise programs should be professionally su-
pervised, prioritize low-intensity, progressive training, and adopt
home-based or one-on-one formats, avoiding high-exposure envi-
ronments while dynamically adjusting exercise load to optimize
immune and metabolic benefits safely (192, 193).

Achieving truly precision exercise interventions requires the
development of a biomarker-based framework that dynamically
reflects metabolic and immune status, guiding exercise frequency,
intensity, type, and duration, and predicting individual responsive-
ness. Although no standardized system exists, several candidate
markers have been proposed:

Metabolic biomarkers: Lactate levels and LDHA expression
may serve as immediate indicators of exercise intensity and tu-
mor metabolic response, helping to avoid excessive acidification
of the TME (194, 195). Circulating insulin concentrations provide
long-term assessment of exercise tolerance and metabolic benefits
(196). Exercise-induced changes in tryptophan metabolites (ky-
nurenine) and gut microbiota-derived formate reflect modulation
of CD8&" T-cell function and immunosuppressive metabolic envi-
ronment (162, 197). Mitochondrial regulator PGC-1a is implicat-
ed in the protective effects of physical activity on colorectal can-
cer, as its activity is positively stimulated by exercise and inversely
correlated with cancer risk (144).

Immune biomarkers: Neutrophil-to-lymphocyte ratio (NLR),
CD4", CD8", NK cells, Treg, and MDSCs—both absolute and rel-
ative levels—can identify patients suitable for exercise interven-
tion and serve as dynamic predictors of response (198). Short-term
exercise-induced immune activation can be monitored via IFN-y,
Granzyme B, and Perforin (199). Exercise mobilizes IL-15-depen-
dent immune cells and promotes accumulation of tumor-infiltrat-
ing IL-15Ra’ CD8* T cells, which exhibit potent antitumor activ-
ity, highlighting IL-15 as a potential therapeutic target in exercise
oncology (133). Concurrently, exercise-induced IL-6 enhances
insulin sensitivity, stimulates anti-inflammatory factor secretion,
mobilizes immune cells, and reduces DNA damage, synergistical-
ly preventing tumor initiation and progression (200). Moreover,
circulating NK cell activity, intratumoral NK cell infiltration, and
IL-6 levels can serve as biomarkers of exercise-induced antitumor
immune activation and may be used to monitor and optimize exer-

cise interventions in cancer models (127).

In summary, precision exercise oncology offers a viable strat-
egy for rehabilitation and adjuvant therapy in cancer patients,
while providing new avenues for individualized optimization of
metabolic and immune therapies. Future research should integrate
multi-omics, physiological monitoring, and Al algorithms to con-
struct a biomarker-feedback—based closed-loop exercise interven-
tion system, achieving truly personalized and dynamically adap-
tive exercise prescriptions for cancer therapy.

CONCLUSION AND FUTURE PERSPECTIVES:
EXERCISE AS A METABOLIC-IMMUNE
MODULATOR IN CANCER THERAPY

Tumor metabolic reprogramming and immune evasion are two
central hallmarks that synergistically sustain cancer progression
and therapeutic resistance. As highlighted in this review, exercise
represents a promising, low-cost, and non-pharmacological strat-
egy capable of concurrently modulating tumor metabolism and
enhancing anti-tumor immunity. By reshaping the tumor metabol-
ic microenvironment—including reducing lactate accumulation,
reprogramming amino acid and lipid metabolism, and improving
systemic glucose homeostasis—exercise may indirectly restore
immune function and strengthen host anti-tumor defenses.

Importantly, the influence of exercise extends beyond skeletal
muscle to organs such as the liver, heart, and gut, each contributing
to the metabolic and immune landscape of the TME. These sys-
temic effects offer a unique opportunity to leverage exercise as an
adjunct therapy in oncology.

However, significant challenges remain. Current knowledge
on how exercise influences immune-metabolic pathways in dif-
ferent tumor types and molecular subtypes is still limited. More-
over, the optimal parameters of exercise—such as type, intensity,
frequency, and duration—may vary significantly across patients,
cancer types, and stages of treatment. Future studies should aim
to establish precision exercise prescriptions that consider tumor
heterogeneity, host fitness levels, and treatment context (e.g., im-
munotherapy vs. chemotherapy). Additionally, integrating wear-
able technology and real-time metabolic monitoring may enable
dynamic adjustment of exercise protocols for individual patients.

In conclusion, exercise has the potential to become an inte-
gral component of personalized cancer therapy by targeting the
immunometabolic vulnerabilities of tumors. Advancing this field
requires translational and clinical research that bridges molecular
mechanisms with practical implementation, ultimately enabling ev-
idence-based, individualized exercise strategies in oncology care.
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ABSTRACT

Background: Emerging data indicates that enrichment of
peripheral blood with T lymphocytes during exercise and
their associated changes in function are underpinned by
modulation of cellular bioenergetics. However, there is a
dearth of literature examining these responses using metabolic
thresholds to prescribe exercise intensity or providing single
cell resolution on immunometabolic outcome measures.
Objectives: The current study was designed to examine the
metabolic phenotypes and real-time bioenergetic responses
to activation of enriched naive helper (CD4") and cytotoxic
(CD8*) T cells and peripheral blood mononuclear cells
(PBMCs) in response to prolonged cycling. Methods: Ten
aerobically trained males and females (mean + SD: age
21 + 1 years; maximal oxygen consumption: 53.9 + 9.8 ml
- kg - min') undertook a 2-hour bout of continuous cycling
at a power output eliciting 95% lactate threshold-1. Blood
samples were collected at rest, immediately (post), and 2 hours
after cycling cessation (recovery). Using injection sequences
of cell respiration modulators and a CD3/CD28 activator,
bioenergetic profiles of PBMCs and enriched naive CD4* and
CD8" T cells were determined using extracellular flux analysis.
Mitochondrial membrane potential (4¥m) was examined using
flow cytometry. Results: Despite cycling evoking significant
fluctuations in peripheral blood T cell numbers, there were
no changes in absolute or relative measures of mitochondrial
respiration, glycolytic flux and ATP synthesis rate post and
recovery vs rest. Contribution of mitochondrial respiration to
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ATP production was greater than glycolysis in naive T cells
across all timepoints, but not PBMCs in recovery. This was
despite absolute and relative changes in AWm of memory T cells
being greater in recovery vs. rest. Bioenergetic responses to ex
vivo T cell activation were not different between cell types or
timepoints. Conclusion: These data indicate that the metabolic
phenotypes of naive T cells and PBMCs were largely unaltered
within 2 hours of prolonged moderate intensity cycling.
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INTRODUCTION

Single bouts of exercise promote the preferential mobilisation
of lymphocytes primed for migration to central and peripheral
tissues. These include skeletal muscle (16) and work in ani-
mals indicates that lymphoid sites of foreign antigen encoun-
ter, such as the lung and Peyer’s patches accumulate T cells
after exercise cessation (37). Trafficking of lymphocytes in this
manner is believed to facilitate remodelling of these tissues;
however, the underpinning mechanisms are unclear. In 1958,
it was first reported using respirometry that moderate intensity
exercise increased peripheral blood mononuclear cell (PBMC)
oxygen consumption in humans (5). Recent advances in re-
al-time extracellular flux analysis (EFA) have permitted more
comprehensive profiling of substrate metabolism from intact
immune cells by measuring oxygen flow in response to various
mitochondrial agents. In PBMCs isolated immediately after vs.
before exercise, it has been reported that swimming exercise to
exhaustion increased basal respiration (72) and low-intensity
cycling (~35% VOzpeak)increased basal and fatty acid-depen-
dent respiration (41). Other studies have reported no chang-
es in PBMC respiratory states immediately after steady state
(75) and exhaustive exercise (72), notably when normalised
to the number of PBMCs within peripheral blood. PBMCs
are composed of diverse sub-populations of lymphocytes and
monocytes with unique functions and distinct metabolic pro-
files (8, 12, 20, 46, 66). Moreover, bouts of exercise evoke an
immediate increase in peripheral blood lymphocyte concen-
trations, followed by a decrease in recovery (=1-3 hours) as
differentiated lymphocytes with a cytotoxic phenotype leave
the bloodstream. This presents a challenge when sampling
cells for evaluation of their metabolism and conclusions have
largely been drawn from mixed cell populations, i.e., PBMCs.
One study by Lu et al, 2022 demonstrated that maximal and
reserve oxygen consumption rate (OCR) were increased in im-
munomagnetically enriched natural killer (NK) cells isolated
from the PBMC fraction after vs. before exhaustive cycling.
This study also reported that after 6 weeks of regular exercise
training, maximal and reserve OCR were increased in NK cells
at rest (42). Other studies have similarly documented a rela-
tionship between aerobic fitness and basal and maximal PBMC
respiration (2, 32) and mitochondrial mass was higher in naive
cytotoxic (CD8") T cells isolated from active vs. inactive indi-
viduals (1). Immune cell metabolism is evidently remodelled
with exercise training; however, due to marked compositional
shifts in PBMCs, limited work has examined cell-by-cell bio-
energetic changes in response to single bouts of exercise, no-
tably in T cells.

Helper (CD4") T cells serve broadly to orchestrate immune
response via cytokine signalling (e.g., interleukin (IL)-2, inter-
feron-gamma and tumour necrosis factor-alpha), whereas CD8*
T cells eliminate cancerous or virus infected cells through the
release of cytotoxic molecules. It is now established that cel-
lular metabolism is modulated to meet the bioenergetic and
biosynthetic demands needed to govern these T cell processes
(81). The metabolic pathways used to generate ATP in T cell
subsets are dependent on the degree of antigen experience (56).
Naive T cells are antigen inexperienced cells generated in the
thymus that mostly rely on mitochondrial respiration to fulfil
their primary function of recirculating through lymphoid tis-

sues to survey for antigens (47). Upon T cell receptor (TCR)
engagement and co-stimulatory CD28 ligation, a pronounced
glycolytic shift facilitates T cell effector functions and subse-
quent differentiation into memory T cells (24, 57, 80). Antigen
encounters therefore result in central memory (CM), effector
memory (EM) and terminally differentiated effector memory
(TEMRA) T cells exhibiting increasingly greater reliance on
glycolysis than naive T cells for basal respiration (TEMRA
> EM > CM > naive). Enrichment of peripheral blood with
antigen experienced T cells with higher basal respiration may
therefore influence the metabolic activity of the PBMC fraction
during exercise and make changes within individual T cell sub-
sets difficult to discern (72). Perturbations in T cell energetics
are permissible given the multiple immunological stressors as-
sociated with exercise at the cellular, systemic, and tissue level.
A recent study employing single cell RNA sequencing reported
that genes associated with metabolic regulation were enriched
in CD4" and CD8" T cells after maximal exercise, most notably
in EM (3). These changes were aligned with upregulation of
genes associated with cell migration, antigen binding, and cy-
tokine production. Other data indicate that exercise-mobilised
T cells are primed to uptake energy substrates such as glucose
(75), and this may facilitate modulation of their metabolic ac-
tivity to fulfil these effector functions.

Most studies examining immunometabolic responses to
exercise have evaluated changes in PBMCs immediately after
bouts <1 hour. A recent scoping review specifically highlighted
that there is a dearth of literature examining immunometabol-
ic responses in individual T cell subsets after prolonged exer-
cise into recovery (63). By using prior cell sorting, EFA can
provide this single cell resolution (38, 58, 64). Furthermore,
contemporary flow cytometry permits interrogation of cellular
metabolism by coupling metabolic indicators of mitochondrial
membrane potential (A%¥m) to T cell immunophenotyping, pro-
viding cell-by-cell measurements (25).

This study was designed to examine the metabolic sen-
sitivity of T cell subsets to prolonged moderate intensity cy-
cling compared to the PBMC fraction. Naive CD4" and CD8"
T cells were a specific focus of EFA given that these cells are
mobilised into peripheral circulation during exercise, abundant
within the PBMC fraction and metabolically adaptable to ex-
ercise training (1), thus providing a robust single cell model
to examine immunometabolic responses to exercise. Previous
studies in this area have largely prescribed exercise intensity
based on a fixed proportion of maximal oxygen consumption
(VOZmEX) (32, 42); however, this doesn’t account for inter-in-
dividual variability in substrate uptake and oxidation during
exercise, which might govern subsequent immunometabolic
responses. Prescribing intensity at the upper limit of moderate
exercise intensity domain, demarcated by lactate threshold-1
(LT1 - exercise intensity at which there is a measurable in-
crease in blood lactate concentration) would facilitate compa-
rable relative metabolic stress between participants (30, 31,
40). Accordingly, the aims of this study were to 1) evaluate the
metabolic phenotypes of immunomagnetically enriched naive
CD4* and CD8" T cells and PBMCs using extracellular flux
analysis; 2) quantify A¥m of these T cell subsets using flow
cytometry; 3) examine real-time metabolic, morphological and
cytokine responses to ex vivo T cell activation and 4) draw as-
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sociations of these outcomes with circulating T cell substrates
(glucose, glutamine, and triglycerides) in response to 2 hours
of cycling at 95% LT1.

MATERIALS AND METHODS

Participants

Ten participants (5 males and 5 females) gave written informed
consent to take part in this study (Table 2). Participants under-
went screening prior to enrolment to include individuals who
were physically active as defined by the General Practice Physi-
cal Activity Questionnaire (GPPAQ) (21), and exceeded an aero-
bic fitness threshold for males (> 50 ml - kg - min™") and females
(> 35 ml - kg’ - min") (77). All experimental visits for female
participants were conducted at the same phase of menstrual cycle
to prevent the influence of estrogen on immunometabolic mark-
ers (52). Participants were excluded if they were smokers, cur-
rently taking medication/s, eating a ketogenic diet, had donated
blood in the last 3 months, or had a history of cardiovascular,
metabolic, neurological, or inflammatory disease.

Study Design

The study was a randomised crossover design, comprising four
morning visits at the School of Sport, Exercise and Rehabilita-
tion Sciences at the University of Birmingham, conforming to the
Declaration of Helsinki, except for prior registration on a public-
ly accessible database (85). After an initial screening visit to de-

termine LT and VOZmax, participants undertook three randomised
visits, consisting of two identical cycling trials (CT-1 and CT-2)
and one rest trial (REST), each separated by 7 days (Figure 1).
Our preliminary data indicated differences in real-time glycolytic
responses to T cell activation based on blood sample processing
(0-4 hours after collection) and temperature (room temperature
or 37°C) of metabolic assays (data not shown). Given that T cell
metabolism was to be examined over a 4-hour period, the study
protocol was designed to equalise time spent preparing T cell
metabolic assays and eliminate the effect of blood ‘sitting time’.
Therefore, primary blood samples were collected on different tri-
als at rest or ‘Pre-Ex’ (REST), immediately after or ‘Post-Ex’
(CT-1), and 2 hours after or ‘Recovery’ (CT-2) cycling and pro-
cessed immediately at room temperature. CT-1 and CT-2 were
differentiated only by the timing of these blood sample with-
drawals after cycling cessation, and conducted under identical
conditions, with the aim of eliciting comparable physiological
and immunological responses. These were confirmed by moni-
toring gas exchange data and drawing secondary blood samples
at every timepoint throughout CT-1 and CT-2 respectively (de-
tails below). Between all trials, lifestyle factors that might in-
fluence immunity were subjectively monitored, including illness
symptoms, anxiety, and sleep quality.

All visits started at the same time of day for each participant
(range: 6:30-8.00 AM) and were conducted under stable climatic
conditions (temperature (°C): 21.0 + 0.6, humidity (%): 39.1 £
10.0 and barometric pressure (hPa): 1002.1 + 12.7). Participants
were asked to refrain from vigorous exercise, and the consump-

Figure 1. Study schematic illustrating a time axis for each of the 4 laboratory visits. On visit 1, a cycling ramp test to exhaustion was used to

determine lactate threshold-1 (LT1) and maximal oxygen consumption (VO

L)+ Participants then undertook 3 randomised trials, including Rest

(RT) and cycling trials 1 and 2 (CT-1 and CT-2). Blood sampling is indicated with small droplets (1 mL) for samples collected for determination
of complete blood cell count and large droplets (77 mL) for all other outcomes. Key indicates when breakfast, questionnaires, warm-up and rest

periods took place. Created with BioRender.com.
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tion of caffeine and alcohol for 48 hours prior to attending each
visit. Furthermore, to standardise nutrition, participants were
asked to record their food intake for 24 hours before the first
visit and to replicate this diet for all subsequent visits, as well
undertaking an overnight fast from 10pm, consuming only water
(ad libitum) during this period. Participants were provided with
a breakfast of oats mixed with semi-skimmed milk (normalised
for carbohydrate content: 1 g - kg™ body mass) (6, 76) to ensure
the energy and macronutrient intake across trials and between
participants was standardised.

Screening Visit (Visit 1)

Participants attended the laboratory for screening and determina-
tion of LT and VOZmaX. Body mass (Ohaus CD31, New Jersey,
USA), height (Seca Alpha, Hamburg, Germany) and resting blood
pressure (Thuasne BP 3W1-A, Taipei, Taiwan) were recorded. An
exercise tolerance test was then conducted on an electromagnet-
ically braked cycle ergometer (Excalibur, Lode, Netherlands).
After a warm-up for 5 minutes at a rating of perceived exertion
(RPE) of 8-10 using the Borg scale (61), participants commenced
cycling at 70 watts and then 30-watt increments were added every
4 minutes until volitional exhaustion (RPE = 20). A breath-by-
breath system (Vyntus, Vyaire Medical, IL, US) was used for con-
tinuous measurement of oxygen uptake, and fingertip blood lac-
tate measurements were made at the end of every 4-minute stage
(Lactate Pro 2, Arkray, Kyoto, Japan). Participants were asked to
maintain a pedal cadence > 60 and encouragement was given by
the research team. VOZmax was calculated using gas exchange data
from the final stage and expressed relative to body weight (ml -
kg' - min') (28). Participants were provided with breakfast and
during this time, LT software (36) was used to determine the pow-
er output that elicited a 0.5 mmol - L' increase in lactate above
baseline value, thus defining LT1 (30, 31). A 15-minute familiari-
sation was then conducted at a power output eliciting 95% of LT1
and a final blood lactate measurement made to confirm the correct
intensity for subsequent trials.

Experimental Trials (Visits 2-4)

In the morning of each trial (REST, CT-1, and CT-2), partici-
pants were asked to complete questionnaires evaluating illness
symptoms (48) state and trait anxiety (71) and sleep efficiency
(percentage of time asleep relative to the amount of time spent in
bed) (11) during a 30-minute period of rest (Pre-Ex). During this
time, blood pressure and body mass were also measured. A stan-
dardised breakfast was provided as described above and then a
catheter (Becton, Dickson & Company, Oxford, UK) inserted into
the antecubital vein of the forearm to obtain a resting blood sam-
ple 15 minutes after feeding. Each exercise trial commenced with
a S-minute warm-up at a RPE of 8§8-10, followed by 2-hours of
continuous-cycling at a power output eliciting 95% LT1 (CT-1 or
CT-2). Every 15 minutes during CT-1 and CT-2, exercise intensity
was confirmed by measuring \'/O2 uptake for 3 minutes and heart
rate (H10, Polar Electro, Finland), RPE and the affective response
(26) recorded. Energy expenditure, carbohydrate and fat oxida-
tion were calculated based on gas exchange data (33). Following
completion of CT-1 and CT-2, participants remained seated in the
laboratory for a 2-hour recovery period.

Blood Sampling
A total of seven blood samples were taken across the 3 trials,
including a single blood draw during REST (Pre-Ex) and 3 blood

draws during CT-1 and CT-2 (Pre-Ex, Post-Ex, and Recovery).
The catheter was kept patent through regular flushes with saline
(0.9% NaCl, Becton, Dickson & Company, Oxford, UK). The
volumes of blood drawn at each timepoint varied depending on
the trial (Figure 1). During REST (Pre-Ex), immediately after
CT-1 (Post-Ex) and 2 hours post-exercise in CT-2 (Recovery),
70 mL of blood was collected into sodium heparin vacutainers
(Becton, Dickson & Company, Oxford, UK) for isolation of pe-
ripheral blood mononuclear cells (PBMCs). Additionally, 6 mL
of blood was collected into K,EDTA vacutainers (Becton, Dick-
son & Company, Oxford, UK) and 4 mL into clotting vacutainers
(Becton, Dickson & Company, Oxford, UK) for isolation of plas-
ma and serum at these 3 timepoints, respectively. Across all seven
timepoints, 1 mL of blood was collected into K,EDTA vacutain-
ers (Greiner Bio-One, Frickenhausen, Germany) to obtain a com-
plete blood cell count using an automated haematology analyser
(Yumizen H500, Horiba, Kyoto, Japan). These data were obtained
to ensure comparable leukocyte counts at rest (REST vs. CT-1 vs.
CT-2) and in response to prolonged cycling (CT-1 vs. CT-2).

Blood Processing and Immunomagnetic Separation of Naive
T Cells

PBMCs were isolated by density gradient centrifugation and then
naive CD4" and CD8" T cells enriched using magnetic activated
cell sorting (MACS) microbead isolation kits (Cat #130-045-
101 and Cat #130-093-244, Miltenyi Biotec, Bergisch Gladbach,
Germany) (82). Purity of each cell fraction was confirmed using
flow cytometry. All methods and the gating strategy for naive,
CM, EM and TEMRAT cells are presented in Supplemental Fig-
ure 1. Whole blood in clotting tubes was left for 15 minutes at
room temperature and then centrifuged alongside K,EDTA blood
collection tubes for 10 minutes at 1,525 x g at 4 °C for isolation
of serum and plasma respectively. Both serum and plasma were
then aliquoted and stored at -80 °C until subsequent analysis.

Immunophenotyping and Assessment of Mitochondrial
Membrane Potential

Assay Conditions

Fluorescently conjugated antibodies and the mitochondrial indi-
cator (MI) MitoSpy Orange chloromethyl-tetramethylrosamine
(MSO, Cat# 424804, Biolegend) were combined to quantify the
A¥m of naive, CM, EM and TEMRA CD4" and CD8" T cell
subsets using nine-colour flow cytometry (Beckman Coulter,
California, USA) (25, 54). Peripheral blood T cell concentra-
tions (cells/uL) were also determined and adjusted for changes in
blood volume (44). MSO is a cationic compound that passively
diffuses across the plasma membrane and accumulates in mito-
chondria based on its electrochemical gradient, thus serving as
a surrogate for mitochondrial activity. A separate sample was
stained under identical conditions, but with BAM-15 to uncouple
mitochondria and permit measurement of baseline MSO mean
fluorescence intensity (MFI). MSO was monitored by the A610
nm laser and A585/42nm detector. MitoView Green (Cat # 70054,
MVG, Cambridge Biosciences) was monitored on the A488 nm
laser and A525/40nm detector to quantify mitochondrial mass.
Full details of antibody and MI staining and flow cytometry gat-
ing are described in supplementary materials.

Calculations (Cell concentrations and AVm)

Peripheral blood cell concentrations were calculated by combin-
ing automated haematology analysis (lymphocyte concentration)
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with individual T cell subset frequencies determined by flow cy-
tometry. All concentrations were adjusted for changes in blood
volume using the formula proposed by Matomaki et al, 2000 (44)
and expressed as cells per pL. Within each cell subset, AYm was
expressed as a ratio of the raw MFI of MSO to the BAM-15 treat-
ed control. Both absolute and relative changes (vs. Pre-Ex) in
AW¥m were then calculated. Mitochondrial mass was monitored
across timepoints by quantifying the MFI of MVG within each
T cell subset.

Real-time metabolic profiling

Experimental assays were carried out using the Seahorse XFe96
extracellular flux analyser and pre-designed using Seahorse an-
alytics software 1.0.0-570 (Agilent Technologies, USA). A met-
abolic profiling assay (Figure 3A-B) was used to examine the
bioenergetic profile of PBMCs, enriched naive CD4" and CD§*
T cells (via OCR and ECAR measurement) using an injection
sequence of different cell respiration modulators (Oligomycin,
BAM 15, Rotenone and Antimycin A) (45). A T cell activation
assay (Figure SC-E) was coupled to this by injecting anti-human
CD3/CD28 soluble antibody complexes to evaluate real time bio-
energetic responses, measured via changes in PER and OCR (35,
47). The assay preparation and injection strategies are outlined
separately below for simplicity.

Mito Stress Assay

Preparation

A Seahorse XFe96 sensor cartridge was hydrated in 200 pL/well
of XF Calibrant in a non-CO, incubator overnight at 37°C. The
day after, Seahorse XFe96 extracellular flux analyser was cali-
brated for minimum 5 hours prior to starting the assay. PBMCs,
enriched naive CD4" and CD8" T cells (2 x 10° cells/well) were
suspended in 50 pL of pre-warmed Seahorse XF RPMI assay
medium (supplemented with 10 mM glucose, | mM pyruvate,
and 2 mM glutamine, pH = 7.4, Agilent Technologies, USA) and
seeded onto a Seahorse XFe96 cell culture microplate (Agilent
Technologies, USA). A total of 4 technical replicates were used
for each assay. Each well was pre-coated with sterile Cultrex
Poly-D-lysine (Bio-techne, Minneapolis, USA). The plate was
centrifuged at 300 x g for 5 minutes at room temperature with the
brake off and the plate rested for 1 hour in a non-CO, incubator
at 37°C. Assay medium (130 pL) was added 15 minutes prior to
starting experiments.

Assay Injection Strategy

Injected reagents (20 pL/well) were prepared including 2 pg -
mL' Oligomycin (Sigma-Aldrich, Merck, UK) in port A, 3 uM
BAM 15 (TOCRIS, Minneapolis, USA) in port B and a mixture
of 2 uM Rotenone + 2 uM Antimycin A (Sigma-Aldrich, Merck,
UK) in port C. The experimental plate was then inserted into the
analyser, and an induced real-time ATP rate (pmol - min™') assay
was performed. Following the pre-design experimental assay,
OCR (pmol - min') and ECAR (mpH - min') were measured
14 minutes after the assay begun reflecting the baseline measure-
ment (3 cycles) and following each of 3 consecutive injections
over a 40-measurement period (Figure 3B). Injections of Oligo-
mycin (port A, 3 cycles) after 15-28 minutes, BAM 15 (port C,
3 cycles) after 29—41 minutes and a mixture of Rotenone + Anti-
mycin A (port C, 3 cycles) after 42—54 minutes were implement-
ed to provide a detailed metabolic profile including mitochondri-
al respiration, glycolytic and ATP synthesis rate for each sample.
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Calculations

Data are resented in absolute values per 2 x 103 cells as OCR
(pmol O, - min™), Glycolytic PER (pmol H" - min™') and ATP syn-
thesis rate (pmol ATP - min™'). Calculations were then performed
to define respiratory parameters, which are provided in Table 1
and visually depicted in Figure 3A. Absolute values for naive
CD4" and CD8" T cells were coupled to T cell frequencies de-
termined by flow cytometry to calculate the contribution of naive
CD4" and CDS8" T cells to each metabolic outcome within the
PBMC fraction. In addition, relative contributions of OCR (%
of total and % of maximum) and ATP synthesis rate (% of total)
were determined separately for each cell fraction.

Table 1. Calculation of respiratory parameters measured by Seahorse
extracellular flux analyser

Parameter Calculation

Basal mitochondrial respi-
ration

OCR without any injections minus OCR
after addition of rotenone and antimycin A.

Proton leak OCR after oligomycin injection minus
OCR after addition of rotenone plus

antimycin A.

Maximal mitochondrial
respiration

OCR after injection of BAM15 minus OCR
after addition of rotenone plus antimycin A

Spare respiratory capacity

Maximal mitochondrial respiration minus
basal mitochondrial respiration

ATP-linked respiration

Basal mitochondrial respiration minus
proton leak

Non-mitochondrial respi-
ration

OCR after the injection of rotenone plus
antimycin a

Mitochondrial PER Basal mitochondrial respiration (OCR)
multiplied by 0.61 (CO, contribution
factor)

Glycolytic PER Total PER minus mitochondrial PER

Mitochondrial ATP synthe-
sis rate

ATP-linked respiration (corrected for a
10% overestimation of proton leak due to
oligomycin-induced hyperpolarisation of
mitochondrial inner membrane) multiplied
by 5.45 (P/O, ratio for glucose) plus basal
mitochondrial respiration multiplied by
0.242 (P/O, ratio for TCA flux). We have
accounted for mitochondrial ATP driven
by reducing equivalents generated during
both glycolysis and the oxidation reactions
of pyruvate dehydrogenase plus the
tricarboxylic acid cycle, and substrate-level
phosphorylation at succinyl-CoA synthe-
tase during activity of the tricarboxylic
acid cycle.

Glycolytic ATP synthesis
rate

Glycolytic PER (pmol H*/min) using 1:1
stoichiometry for H" and lactate. We did
not include pyruvate oxidation to bicarbon-
ate in glycolytic ATP calculations.

ATP synthesis rate

Glycolytic ATP synthesis rate + mitochon-
drial ATP synthesis rate

oxygen.

Abbreviations: OCR, oxygen consumption rate; ATP, adenosine triphos-
phate; PER, proton efflux rate; P/O ratio, phosphorylated per atom of

T cell Activation Assay

Assay Injection Strategy

A T cell activation assay was used to examine real-time meta-
bolic responses to activation and followed identical preparation
procedures to the Mito stress assay. PER (pmol - min') and OCR
(pmol O,. min™') were measured 14 minutes after the assay base-
line measurement (3 cycles) and following each of 2 consecutive
injections over a 100-minute period (Figure SC-E). A human Im-
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munoCult CD3/CD28 activator (Catalog # 10991, STEMCELL
Technologies, Cambridge, UK) or assay media were injected at
20 pL/well (port A, 10 cycles) after 15-79 minutes and then the
glucose analog 2-Deoxy-D-glucose (2-DG, Thermo Scientific,
UK) injected after 80—120 minutes (port B, 4 cycles). The in-
jection of 2-DG caused a rapid inhibition of glycolysis and sub-
sequent decrease in PER, thus providing confirmation that prior
changes in PER were primarily due to glycolysis (70).

Calculations

Data were presented in absolute values per 2 x 10° cells as Gly-
colytic PER (pmol H* - min'), ATP-linked respiration based on
OCR (pmol O,. min™'), and ATP synthesis rate (pmol ATP - min™').
Data were calculated following the formula provided in Table 1
and visually depicted in Figure SC-E).

Ex Vivo T-cell Stimulation

Under sterile conditions, PBMCs and enriched naive CD4" and
CDS8" cells (2 x 10° cells/well) were suspended in 180 pL of
pre-warmed ImmunoCult-XF T-cell expansion medium (STEM-
CELL Technology, UK) and seeded onto a non-treated 96-well
round bottomed microplate (Fisher Scientific, UK). Into each
well, 20 pL of ImmunoCult human CD3/CD28 T-cell activator
(Catalog # 10991, STEMCELL Technologies, Cambridge, UK)
or 20 pL of expansion medium (control well) was gently mixed
with the cells and incubated for 12 hours at 37 °C (5% CO,). All
cell suspensions were centrifuged at 300 x g for 5 minutes at
room temperature to harvest cells for measurement of post-ac-
tivation diameter (M) using a dual fluorescence cell counter
(Nexcelom Bioscience, Massachusetts, USA), and quantify inter-
leukin 2 (IL-2) in the supernatant from activated naive T cells us-
ing high sensitivity ELISA kits (Bio-techne, Minneapolis, USA,
Cat# HS200).

Metabolic Substrates

The concentrations of glucose and glutamine in plasma, and tri-
glyceride in serum were quantified at all timepoints using biolu-
minescent rapid assay kits (Promega, Madison, USA). Lactate
was measured at Rest and throughout CT-1 and CT-2, but not
Recovery (Lactate Pro 2, Arkray, Kyoto, Japan).

Statistical Analysis

GraphPad Prism 10.2.2 analysis software (San Diego, CA) was
used to perform statistical analysis and graph creation. Data
were assessed for normal distribution using the Shapiro-Wilk
test. Normally distributed variables were analysed across exer-
cise trials (REST, CT-1, and CT-2), timepoints (Pre-Ex, Post-Ex,
and Recovery) and cell types (PBMCs, naive CD4" and CD8* T
cells) by mixed-effects two-way analysis of variance (Two-way
ANOVA). Post hoc analyses of any interaction effects (e.g., Trial
x Time or Time x Cell Type) were performed by a test of multiple
comparisons, with either Tukey test, depending on variable nor-
mality. One-way analysis of variance (One-way ANOVA) was
used to analyse peripheral blood immune cell concentrations,
immunometabolic outcomes and metabolic substrates between
timepoints (Pre-Ex, Post-Ex, and Recovery). In addition, t-tests
were used to analyse the differences in physiological data be-
tween CT-1 and CT-2. Data that were not normally distributed
were analysed using Wilcoxon or Kruskal-Wallis’s test. Statis-
tical significance was accepted at the p < 0.05 level. All values
are presented as means + standard deviation (SD). To assist with

interpretation of changes in immunometabolic outcomes, 95%
confidence intervals (CI) and effect sizes (Cohen’s d) were com-
puted and presented in Supplementary Materials. Effect sizes of
0.2, 0.5 and 0.8 were considered small, moderate and large re-
spectively (13, 43).

RESULTS

Participant Characteristics, Sleep Efficiency and Anxiety
Mean participant characteristics including anthropometrics, car-
diorespiratory fitness, maximal and LT1 power output are report-
ed in Table 2. A repeated measures ANOVA showed no signifi-
cant differences in sleep efficiency (F 1,11 =1.87, p=10.20), state
anxiety (F 2,15 = 0.69, p = 0.49) or trait anxiety (F 2,17 = 0.23,
p =0.79) (Table 3). Sleep efficiency and anxiety were therefore
not included as covariates in subsequent statistical analyses of
primary and secondary variables.

Physiological Responses to Exercise and Workload Measure-
ments

Physiological data, estimates of energy expenditure and subjec-
tive perceptions during CT-1 and CT-2 are presented in Table 4.
A paired T-test revealed no significant differences in average HR
(t(9) = 0.83, p = 0.43), absolute \702 uptake (t(9) = 0.84, p =
0.42), relative VO, uptake (t(9) = 0.84, p = 0.42), total energy
expenditure (t(9) = 0.38, p = 0.71), carbohydrate oxidation (t(8)
=0.22, p = 0.83), fat oxidation (t(8) = 0.30, p = 0.77), affective
response (t(9) = 1.77, p = 0.11) or RPE (t(9) = 0.56, p = 0.59)
between CT-1 and CT-2, demonstrating consistent physiological

Table 2. Participant characteristics

Variable Male (n =5) Female (n =5)
Age (years) 20.60 = 1.14 20.80+1.10
Height (cm) 185.70 + 5.94 164.80 +4.16
Body mass (kg) 69.81+£9.03 61.89+5.07
BMI (kg - m?) 20.17 +1.47 22.79 +1.70
VO, (mL-kg' min) 60.26 +2.74 47.63 £ 10.40
Maximum Power output (W) | 299.10 + 43.74 225.78 £33.61
Power output at LT-1 (W) 156.42 +31.54 142.40 +23.29

For consistency of all tables, SDs and significance lists have 1-line spac-
ing form abbreviation. Example: Data displayed as mean + SD.

Abbreviations: BMI, body mass index; VO
uptake; LT, lactate threshold.

maximum rate of oxygen

2max’

Table 3. Sleep efficiency and state and trait anxiety score prior to each
experimental trial

Experimental Trial

Variable RT CT-1 CT-2 p-Value
Sleep Effi- 83.80 + 83.83 £ 8.06 | 88.60 +4.48 | >0.05
ciency (%) 11.74

Anxiety 44.40+2.07 | 45.80£4.87 | 45.40+3.41 | >0.05
State (S, ....)

Anxiety 45.00+5.50 | 45.10£5.26 | 4420+3.97 | >0.05
Trait (Tﬂme‘y)

Data displayed as mean = SD. p > 0.05 indicates no significant differences
between trials.

Abbreviations: RT, rest trial; CT-1, cycling trial 1; CT-2, cycling trial 2.
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and metabolic responses between trials.

Table 5. Differences in Peripheral Blood Immune Cell Concentrations
(cells/pL)

Table 4. Mean Physiological responses during identical cycling trials Experimental Trial
Experimental Trial Immune cell Pre-Ex Post-Ex Recovery | p-Value
subset
Variable CTl T2 p-Value WBCs 5700 + 9330 + 9463+ | <0.001
HR (bpm) 137+ 16 135+ 16 >0.05 10802 1937 1135°
RPE 11.05+1.92 10.84 +1.54 | >0.05 Neutrophils 2913 + 6056 + 6852 + <0.001
Affective Response | 2.10+1.13 2.50 +0.64 >0.05 794 1782! 11352
Average VO, Uptake | 2311+337 | 2268+333 | >0.05 Lymphocytes | 1960 +£457 | 2222+ 1803+ | <0.01
(mL - min™) 5823 5083
Total Energy Expen- | 1363 =207 1351+ 198 | >0.05 Monocytes 490+ 1371 1 691220 T =001
diture (kcal) 127
Relative VO, Uptake | 67 + 11 66+ 11 >0.05 T cells 701£50% | 1248 & 246 & <0.05
(%VO, ) 507'3 4623
2max
Respiratory Ex- 0.89 + 0.03 0.90 + 0.02 >0.05 CD4+ T cells 435+ 364 722 + 3043 300 £ <0.001
change Ratio 279’
Carbohydrate Oxida- | 1.86+0.36 | 1.86+0.38 | >0.05 N 2832280 | 430£230° | 177+ <0.001
tion (g/min) 184°
Fat Oxidation (g/ 041+0.16 |038=0.12 |>0.05 ™M 53 35! 108+£47" | 42+£32% | <0.05
min) EM 92+52 172+ 135 | 76+ 61 >0.05
Data displayed as mean + SD. p > 0.05 indicates no significant differences TEMRA 7+5 12+6° 5+6° <0.05
between trials. 1
CD8+ T cells 183 £ 140 348 + 139+ <0.01
13 3
Abbreviations: CT-1, cycling trial 1; CT-2, cycling trial 2; HR, heart rate; 165 107
RPE, rating of perceived exertion; VO,, rate of oxygen uptake. N 98 £ 75! 171 £95% | 70+£48° | <0.05
CM 77 11+7 5+4° <0.05
EM 63 £ 59! 116 £77" | 49+£51° | <0.05
Effects of CT-1 and CT-2 on Total White Blood Cell Concen- TEMRA 15+ 14! 50443 | 15+15° | <0.05
trations ) ) Data displayed as mean + SD. p > 0.05 indicates no significant differences
The average blood volume adjusted total white blood cell con- between trials.
centrations throughout CT-1 and CT-2 are displayed in Table 5. ; Sﬁgnﬁgcam difference Eetween Pre-Ex and Post-Ex (P < 0.05)
< : < , significant difference between Pre-Ex and Rec-Ex (P < 0.05)
Total WBC (p 0'0.01)’ n.eut.rophll (p 0.001) and monocyte 3, significant difference between Post-Ex and Rec-Ex (P < 0.05)
(p <0.01) concentrations significantly increased Post-Ex and re-
mained elevated at Recovery. There was no signiﬁcant increase Abbreviations: Pre-Ex, pre-exercise; Post-Ex, post-exercise; Rec-Ex,
in 1ymphocyte concentration Post-Ex (p =03 3)’ and concentra- Recovery-Exercise; WBC, white blood cel.l; N, Ne}'l've; CM, central mem-
tions were similar between Pre-Ex and Recovery. There were no | °%: EM effector memory; TEMRA, terminally differentiated effector
memory.

significant differences in any subset between trials or timepoint
(p > 0.05), demonstrating consistent immunological responses
between CT-1 and CT-2.

Effects of Cycling on T Cell Concentrations

To further examine the composition of the lymphocyte population,
specifically T cell memory subsets, flow cytometry was subsequent-
ly employed. Blood volume adjusted concentrations of CD4" and
CD8* T cells and their sub-populations (N, CM, EM, and TEMRA)
are reported in Table 5 across REST, CT-1 and CT-2 to represent
Pre-Ex, Post-Ex and Recovery respectively. There were increases
in total CD3* (p = 0.03) and CD8" (p = 0.008), but not CD4" (p
=0.07) T cell concentrations. Within the CD8"* population, these
changes were driven by naive (p < 0.05), EM CD8" (p = 0.03),
and TEMRA CD8" (p = 0.02), but not CM T cells (p = 0.33). The
concentrations of all CD4" (p = 0.02) and CD8" (p < 0.04) T cell
subsets, except CD4" EM, significantly decreased at Recovery rel-
ative to Post-Ex, but these were not different to Pre-Ex (p > 0.05).
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Mitochondrial Membrane Potential

A¥m for each T cell populations at Pre-Ex are reported in Sup-
plementary Figure 2, expressed as a ratio of the raw MSO-MFTI to
the BAM-15 treated control. There were no differences between
total lymphocytes, CD3", CD4" and CD8" T cells. Within CD4" T
cells, EM exhibited greater A¥Ym than naive cells (p = 0.03) and
within CD8* T cells, A¥m was greater in CM than naive cells (p
=0.01).

Relative changes in total CD4" and CD8" T cell AYm (and as-
sociated daughter subpopulations) in response to prolonged cycling
are shown in Figure 2A-D. There were no changes in AYm between
Pre-Ex and Post-Ex, except for an increase in naive CD8* T cells (p
=0.02, Figure 2D). In Recovery relative to Pre-Ex, A¥m increased in
total CD3" T cells (p = 0.002, Figure 2B), and this change was driv-
en by increases within CD8* CM (p = 0.03), CD4* CM (p = 0.02)
and EM (p = 0.008) subsets (Figures 2C-D). For absolute changes,
there was an increase in AYm of CD4* T cells between Pre-Ex and
Recovery only (p = 0.01), driven by CM (p = 0.03) and EM (p =
0.01) subsets (Supplementary Figure 3B). There were no changes in
mitochondrial mass in any cell type across any timepoint (p > 0.05).
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Figure 2. Relative changes in the mitochondrial membrane potential of T Cell subsets in response to prolonged cycling. A¥Ym was expressed
as a ratio of the raw mean fluorescence intensity (MFI) of MitoSpy Orange (MSO) to the BAM-15 treated control. (A) Representative histograms
depicting MSO-MFI of gated central memory CD4* T cells treated with MSO (red) and BAM-15 + MSO (green). Changes in A¥m immediately and
in recovery from cycling were expressed relative to Pre-Ex (Increase vs. Pre-Ex >100, Decrease vs. Pre-Ex <100) in total lymphocytes (light grey),
CD3* (purple), CD4* (red) and CD8* (dark grey) T cells (B). A¥m of naive, CM, EM and TEMRA subsets (progressively darker colour representing
antigen experience: TEMRA > EM > CM > naive) for (C) CD4+ (red) and (D) CD8* T cells (grey) are also depicted. * represents significant differences

between cell subsets: *p < 0.05, **p < 0.01.

Changes in the Metabolic Profile of PBMCs and Isolated
Naive T cells in Response to Prolonged Cycling

Purity of Enriched CD4" and CD8" Naive T cells

The purity of naive CD4* and CD8"* T cells were confirmed by
flow cytometry. Prior to enrichment, naive (CD45RA* CCR7)
CD4" and CD8* T cells composed 67.15% = 16.08 and 52.12%
+ 14.69 of the total T cell fraction respectively. After MACS en-
richment, the mean frequencies of naive CD4" and CD8" T cells
were 98.85% + 1.18 and 99.84% =+ 0.14 respectively, indicating
purity in line with manufacturer standards (> 95%). Subsequently,
absolute (Figure 3) and relative (Figure 4) changes in the metabolic
phenotypes of PBMCs and enriched naive CD4" and CD8" T cells
in response to prolonged cycling are presented. Immunometabol-
ic outcomes for naive CD4" and CD8" T cells are presented as a
proportion of the PBMC fraction, based on compositional shifts in
lymphocytes and monocytes elicited by cycling (Figure 3C-D). A
full description of the latter is reported in Supplementary Materials.

Absolute Changes in Metabolic Parameters

Live-cell absolute measurements of OCR in response to modula-
tors of mitochondrial respiration are presented in Figure 3B and
used to calculate parameters of mitochondrial function (Figure
3E-I). There were no significant differences in basal, ATP-linked,

maximal respiration, proton leak or spare respiratory capacity in
naive CD4" and CD8" T cells or PBMCs between Pre-Ex, Post-Ex
and Recovery (p > 0.05). Real-time measurements of glycolytic
flux (Figure 3J) and rates of ATP synthesis rates (Figure 3K-L)
were not significantly changed in naive CD4" and CD8" T cells,
or PBMCs across timepoints. Across all absolute measurements,
OCR, glycolytic PER and rates of ATP synthesis were significant-
ly higher in PBMCs than all naive T cells (p < 0.0001). To assist
with data interpretation, 95% confidence intervals of the mean dif-
ferences, effect sizes (Cohen’s d) and F-statistics are presented in
Supplementary Tables 1 and 2. There were consistent trends for
an increase in all metabolic variables between Pre-Ex and Post-
Ex for all cell subsets, demonstrating small (0.2 - 0.5) to moderate
(0.5 — 0.8) effect sizes. Furthermore, there were consistent trends
for a decrease in the same variables between Pre-Ex and Recovery,
demonstrating moderate (0.5 — 0.8) to large effect sizes (> 0.8).
However, the large confidence intervals indicate variable responses
between participants.

Relative Changes in Metabolic Parameters

Measurements of OCR and PER in response to modulators of mi-
tochondrial respiration were used to calculate the relative contribu-
tions of mitochondrial parameters within each cell fraction (Figure
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Figure 3. Mitochondrial profile of naive CD4* and CD8* T cells within 200 x 10° seeded PBMCs/well. (A) Schematic representation of changes in
oxygen consumption rate (OCR) monitored using a Seahorse XFe96 Analyzer when oligomycin, BAM 15 and rotenone + antimycin A + monensin
were injected. Basal (yellow), ATP-linked (grey), maximal respiration (blue), proton leak (red), and spare respiratory capacity (blue) were calculated.
(B) Representative live traces of OCR within naive CD4* T cells (red circles), CD8* T cells (grey circles) and PBMCs (blue circles). OCR was
measured continuously throughout the experimental period at baseline followed by the addition of the 3 indicated drugs. (C) A heat map presents
the proportions of immune cell populations determined using flow cytometry within Pre-Ex, Post-Ex and Recovery PBMC samples. N.B. monocyte,
B cell and NK cell frequencies were calculated from negative populations acquired during flow cytometry analysis and not directly using antibody
conjugates. (D) Frequencies of naive CD4* and CD8* T cells in seeded PBMCs from each timepoint for OCR measurement are graphically
depicted. (E) Basal, (F) ATP-linked respiration, (G) Proton leak, (H) Maximal respiration, and (l) Spare respiratory capacity (J) Glycolytic PER, (K)
Mitochondrial and (L) Glycolytic ATP production rates are presented for naive CD4* T cells (red stacked bars), CD8* T cells (grey stacked bars)
and PBMCs (total bar). N.B. Blue stacked bars represent values for ‘PBMC — naive CD4* and CD8* T cells’. Data presented as the mean + SD of
10 participants x 3 timepoints. * indicates significant differences between Pre-Ex and Post-Ex or Recover, and + indicates significant differences
between Post-Ex and Recovery: p > 0.05, *p < 0.05, *p < 0.01, +p < 0.05, ++p < 0.01, +++p < 0.001, ++++p < 0.0001. All immunometabolism
outcomes were significantly greater in PBMCs vs. naive T cells, but not indicated on every graph.
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Figure 4. Relative changes in metabolic parameters (% maximal OCR)
within isolated naive CD4+ and CD8* T cells vs. PBMCs in response
to prolonged cycling. (A) Coupling Efficiency, (B) Spare Respiratory
Capacity, (C) Differences in proton leak, ATP-linked respiration, and
spare respiratory capacity and (D) ATP synthesis rate (% total). Data
presented as the mean + SD of 10 participants. * indicates significant
differences between ATPmito and ATPglyc: p > 0.05, *p < 0.05, **p <
0.01, **p < 0.001, ****p < 0.0001.

4). There were no significant differences in coupling efficiency (%
basal OCR, Figure 4A) or spare respiratory capacity (% maximal
OCR, Figure 4B) across timepoints (p > 0.05). Similarly, there were
no changes observed in the proportional contributions of proton
leak, ATP-leaked respiration and spare respiratory capacity (Fig-
ure 4C) in any cell type or between timepoints (p > 0.05). When
comparing the relative contribution of glycolysis and mitochondri-
al respiration to ATP synthesis rate (Figure 4D), total ATP produc-
tion was driven by mitochondrial respiration relative to glycolysis

across all cell types (p < 0.0001), with the contribution greater in
naive T cells vs. PBMCs (p = 0.0004). This pattern was present
across all timepoints, except PBMCs at recovery (% contribution,
Pre-Ex: 62.8 £ 9.73, Post-Ex: 57.3 = 11.88, and Recovery: 51.3 +
20.27, p=0.29). Although this indicates a shift in metabolic energy
phenotype at this timepoint, there were no differences in mitochon-
drial or glycolytic driven ATP production between timepoints for
naive CD4" (p = 0.87), naive CD8" (p = 0.61) T cells or PBMCs
(p=0.29). Tabular data, including 95% confidence intervals, effect
sizes (Cohen’s d) and F-statistics are presented in Supplementary
Tables 2 and 3.

Effect of Prolonged Cycling on Ex vivo T cell Metabolic Profile
upon Activation

Absolute Changes in Metabolic Parameters upon Stimulation

To determine real-time metabolic responses to T cell activation in
collected blood samples, enriched naive T cells and PBMCs were
incubated with a CD3/CD28 activator. All samples were seeded at
2 x 105 cells per well, thus enriched naive CD4" and CD8" T cell
numbers were equal across Pre-Ex, Post-Ex and Recovery. Howev-
er as expected, there were significant differences in the number of
T cell subsets within the PBMC fraction across timepoints (Time x
Cell subset Interaction: F 24,234 = 6.78, p < 0.0001). These differ-
ences are graphically depicted in Figure SA and a full description of
the statistics given in Supplementary Tables 4 and 5.

In response to activation, there were significant increases in
glycolytic PER (Figure 5SF-H) and Supplementary Table 4) in all
cell types at all timepoints and significant increases in glycolytic
ATP synthesis rate, but not mitochondrial, across all timepoints
for naive CD4" and Naive CD8" T cells but not PBMCs (Figure
5L-N and Supplementary Table 5). Across all timepoints, absolute
PER was significantly greater in PBMCs (average pmol H - min":
267.84 + 129.41) vs. naive CD4" (average pmol H* - min™': 70.01
+ 32.20) and CD8" (average pmol H* - min™: 41.49 + 23.55) T
cells (F 2,54 = 79.67, p < 0.0001, Figure 5F-H). There were no
exercise effects found for any variable from any cell type as values
remained unaltered between timepoints (p > 0.05).

Prolonged Ex Vivo T-cell Stimulation

Two further indicators of naive T cell activation upon ex vivo stim-
ulation are increases in cell diameter (74), and secretion of IL-2,
measured in the cell supernatant (10). In response to 12-hours of
CD3/CD28 activation, the mean diameter of naive CD4" (um, con-
trol: 6.37 = 0.49 vs. activation: 7.50 £+ 0.53, Main Effect of Condi-
tion: p<0.0001) and CD8" (um, control: 6.05 £ 0.59 vs. activation:
7.95 £+ 0.54, Main Effect of Condition: p < 0.0001) T cells sig-
nificantly increased across all timepoints (Figure 6A—B), but there
were no differences between timepoints (p = 0.13). The concen-
tration of IL-2 (pg/mL) measured in the supernatant isolated from
naive CD4" and naive CD8" T cells did not change after activation
across all timepoints, (F 2,20=0.29,p=0.75and F 2,29=0.20,p=
0.82) (Figure 6C-D). There were no significant differences across
timepoints (p = 0.18) and no correlation between changes in IL-2
concentration and PER in any cell type (Figure 6E-F).

Effect of Prolonged Cycling on Metabolic Substrates

To evaluate changes in circulating nutrient availability in response
to prolonged moderate-intensity cycling, the concentrations of lac-
tate, glucose, glutamine, and triglycerides were quantified (Figure
7A—-C). There was no significant increase in lactate concentration
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Figure 5. Real-time metabolic responses to CD3/CD28 activation within enriched naive CD4* and naive CD8* T cells, and PBMCs. (A) a stacked
graph presents the numbers and (B) a heat map shows the frequency of T cell subsets within the seeded PBMC fraction for the activation assay.
Representative traces of Glycolytic PER vs. Mitochondrial OCR upon activation of (C) Naive CD4+, (D) Naive CD8* T cells, and (E) PBMCs were
recorded with a Seahorse XFe96 Analyzer. CD3/CD28 activation beads were injected at 14 — 20 minutes, and PER was measured continuously
throughout the experimental period after 3 measurements at baseline. (F-H) PER and (I-K) ATP-linked respiration of activated naive CD4* (red
bars), naive CD8* (grey bars) T cells, and PBMCs (blue bars) vs. control (white bars) were then calculated. Differences in ATP synthesis rate
between mitochondrial respiration (blue bars) and glycolysis (red bars) on (L) Naive CD4+, (M) Naive CD8* T cells, and (N) PBMC. Data presented as
the mean + SD of 10 participants. # indicates significant differences between Pre-Ex and Post-Ex, and * indicates significant differences between
timepoints or condition: p > 0.05, #p < 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.
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Figure 6. (A-B) Changes in cell diameter and (C-D) IL-2 secretion from naive CD4* T cells (red bars) and naive CD8* T cells (grey bars) after
prolonged activation or control (white bars). A Pearson correlation between IL-2 concentration and PER are then indicated for (E) naive CD4* T
cells (red circles) and (F) naive CD8* T cells (grey circles). Data presented as the mean + SD of 10 participants. * indicates significant differences
between control and activation: p > 0.05, **p < 0.001, ***p < 0.0001.
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Figure 7. Concentrations of (A) glucose, (B) glutamine, and (C) triglycerides in response to prolonged cycling. (D-F) Representative correlations
between each metabolite and basal respiration are provided. Data presented as the mean + SD of 10 participants. * indicates significant differences

between timepoints: p > 0.05, *p < 0.05.

from Rest (Pre-Ex: 1.83 + 0.54 mmol/L) to the prescribed LT-1 exer-
cise intensity domain (Average during exercise: 2.09 + 0.39 mmol/L,
p = 0.25). There were no differences in glucose (F 2,27 = 1.89, p =
0.17) and triglyceride (F 2,25 =2.17, p = 0.14) concentrations across
timepoints, but glutamine concentration (Figure 7B) significantly de-
creased at Recovery compared to Pre-Ex (F 2,27 = 4.17, p = 0.03).
There were no significant correlations between changes in plasma
glucose, glutamine or triglyceride concentration and metabolic out-
comes in all cell types across any timepoints.

DISCUSSION

This study investigated changes to the bioenergetic profile of T cells
in response to prolonged moderate intensity cycling. The primary
finding was that relative to rest, 2 hours of cycling at 95% LT1 elic-
ited no marked changes to the immunometabolic profiles of naive
CD4" and CD8" T cells, or PBMCs immediately after and 2 hours
into recovery. Using XF analysis, absolute and relative measures
of mitochondrial respiration, glycolytic flux and ATP synthesis rate
were similar across all timepoints. The contribution of mitochondrial
respiration to ATP production was greater than glycolysis in naive T
cells across all timepoints and Pre-Ex and Post-Ex in PBMCs, but not
Recovery. Using flow cytometry to further examine the mitochondrial
activity of each T cell subset, the AYm of CD8" and memory CD4" T
cells was observed to be greater in Recovery vs. Rest. Functional T
cell responses were preserved across all timepoints, with no changes
in cellular bioenergetic responses after ex vivo CD3/CD28 activation
in all cell fractions. Collectively, these data indicate that the metabol-
ic phenotype and ex vivo responses to activation of the total PBMC
fraction and isolated naive T cells were largely unaltered within 2
hours of prolonged moderate intensity cycling.
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The current study demonstrated an expected exercise-in-
duced lymphocytosis (7, 23, 62, 79), with significantly greater
concentrations of CM CD4" (+204%), and naive (+174%), EM
(+184%) and TEMRA CD8" T cells (+333%) in peripheral blood
immediately after prolonged cycling at 95% LT], relative to rest
(Table 5). A pattern of preferential mobilisation of antigen ex-
perienced T cells was present for CD8* (TEMRA > EM > N),
but not CD4* T cells. The mobilisation of antigen experienced
T cells during bouts of exercise has been a reproducible finding
in the field of exercise immunology (7, 29, 82) and relates to
higher cell surface expression of beta-2 adrenergic receptor (19).
The subsequent redeployment of these cells from the circulation
is believed to govern immunosurveillance during recovery (37,
62, 67) and shifts in cellular metabolism have been proposed to
facilitate this (3, 23, 34, 51, 72). Data from the present study in-
dicate no marked changes in the bioenergetic profile of the total
PBMC fraction immediately after prolonged moderate intensity
cycling. This corroborates previous data indicating limited effect
of moderate-to-vigorous intensity cycling (30 minutes at 65-70%
VOZmaX) (75) or maximal swimming (72) on the mitochondrial
respiratory function of PBMCs on a cell-by-cell basis. Interest-
ingly, low-intensity cycling (~35% \'/Ozpeak) for 1 hour has been
reported to increase fatty acid-dependent respiration in PBMCs
(41), indicating metabolic sensitivity of PBMCs to acute exer-
cise. When contrasting the current study design to Liepinsh et
al, 2020, participants in our study were more aerobically trained
(VOZW: 539+vs333+ 1.3), exercised at a substantially higher
relative exercise intensity (VO,  :66.1+11.1vs.36.0+1.8) and
this resulted in less contribution of fat oxidation (Fat: Carbohy-
drate Oxidation Ratio: 0.22 + 0.44 vs. 0.59 + 0.43). Examination
of fatty acid specific respiration (41) vs. real-time measurements
of mitochondrial and glycolytic energy metabolism and carbohy-
drate specific respiration in other studies (72, 75) in part, explain
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the observed inverse relationship between exercise intensity and
PBMC respiration. However, lower intensity exercise would
have perturbed peripheral blood immune composition to a less-
er degree than in the present (Table 5, Figure 3C) and previous
studies (72, 75). Examining cell-by-cell changes after more in-
tense bouts of exercise, where leukocyte ingress/ egress is more
marked and not uniform (23, 55, 62) makes examination of the
cells of interest more challenging. Analysis 2 hours into recovery
was a novel element of the present study design and our data
indicate modulation of energy phenotype within PBMCs at this
timepoint. The contribution of mitochondrial respiration to ATP
production was significantly greater than glycolysis in PBMCs at
rest and immediately after prolonged cycling; however, there was
no difference in recovery (Figure 4D). This relative shift favour-
ing greater glycolytic > mitochondrial contribution indicates an
activated energy phenotype; however, there was no accompany-
ing absolute changes in PER. Collectively, PBMC bioenergetics
were largely unaltered within two hours of prolonged cycling. A
conundrum persists when examining functional changes of the
PBMC fraction after single bouts of exercise. This was exem-
plified by the notable compositional shifts in CD4" and CD8" N,
CM, EM and TEMRA cells after cycling (Table 5, Figure 3C),
underpinning the importance of providing single cell resolution
on measures of cellular bioenergetics (27).

To overcome these challenges, the present study used immu-
nomagnetic separation to enrich naive T cells from the PBMC
fraction and examine their metabolic phenotype and comple-
mented by a flow cytometry assay that coupled immunopheno-
typing to measurements of AYm. Rates of basal OCR (Figure
3E-I) and PER (Figure SF-H) were substantially lower in naive
T cells vs. PBMCs and A¥Ym was lower in naive vs. EM CD4"
and CM CD8" T cells (Supplemental Figure 2). This confirms
previous findings indicating greater mitochondrial and glycolyt-
ic respiration (17) and A¥m in antigen experienced vs. naive T
cell subsets (73). These differences are independent of any effect
of exercise, making interpretation of changes within the mixed
PBMC fraction between timepoints challenging. However, sim-
ilar to PBMCs, there were no statistically significant differenc-
es in the real-time metabolic profiles of enriched naive CD4*
and CD8" T cells either immediately or 2 hours after cessation
of cycling, despite mean trends mirroring naive T cell mobili-
sation patterns (supplementary Table 1). Specifically, absolute
and relative OCR measures of basal, maximal and ATP-linked
respiration, proton leak and spare respiratory capacity were un-
altered (Figures 3E-I). Furthermore, rates of glycolysis nor the
relative contributions of glycolysis and mitochondrial respiration
to ATP synthesis rate significantly changed across timepoints
(Figures 3J-L). In contrast, flow cytometry data revealed a rel-
ative increase in the A¥Ym of naive CD8" T cells immediately
after prolonged cycling (+43.0%, Figure 2D). Coupling MSO
to immunophenotyping provides a reflection of total mitochon-
drial activity based on charge, rather than directly quantifying
oxygen consumption rate during XF analysis (25). Similar dyes
(5,5',6,6'-tetrachloro-1,1',3,3'-tetracthylbenzimidazolcarbo-
cyanine iodide (JC-1)) have been used previously to examine
changes in AYm after bouts of exercise; however, measure-
ments were only taken from the entire lymphocyte population
based on forward vs. side scatter (78). Perhaps surprisingly, there
were no significant changes in AYm within CM, EM or TEM-
RA CD4" and CD8" T cells immediately after cycling (Figure

2C-D). The A¥m of these antigen experienced T cells was sig-
nificantly greater than naive T cells at rest (Supplemental Fig-
ure 2) and therefore changes in the CD8" naive T cell population
may reflect an exercise-responsive increase in mitochondrial
activity due to their quiescent state and greater metabolic flex-
ibility compared to antigen experience T cells (69). In recovery,
A¥m of CM CD8" (+30.7%) and CM (+66.7%) and EM CD4"
T cells (+75.7%) were significantly elevated vs. Pre-Ex (Figure
2C-D). Mechanisms underpinning these cell specific changes
are unclear. Circulating metabolites that support T cell function,
namely glucose and triglyceride concentrations remained stable
throughout the trial; however, there was a significant decrease in
glutamine concentration in Recovery relative to Rest (Figure 7).
This is well-documented after prolonged bouts of exercise (53,
59) and may relate to increased uptake by the liver to support
acute phase protein production or notably, uptake from circulat-
ing active lymphocytes (22). It is well established that lympho-
cytes utilise glutamine during periods of stress (i.e., exercise) to
provide energy for biosynthesis and to support cell proliferation
(84). Although immune cell bioenergetics evaluated via EFA
were largely resistant to the drop in plasma glutamine, we can
speculatively suggest that the uptake of glutamine from the cir-
culation may, in part, explain elevated AYm of T cell memory
subsets in recovery (15, 39).

To determine the impact of prolonged cycling on function-
al metabolic outcomes in naive and PBMCs (naive and antigen
experienced T cells - CM, EM and TEMRA), real-time metabol-
ic responses to activation were examined ex vivo using a CD3/
CD28 activator (Figure SC-E). This approach enabled cellular
bioenergetics to be profiled in real-time from activated T-cells
within the PBMC fraction and enriched naive T cells. In response
to ex vivo activation, there was an increase in maximal glycolytic
flux defined by PER, cell diameter, but not IL-2 production (Fig-
ures 5 and 6); however, there were no differences observed be-
tween timepoints, indicating that prolonged exercise didn’t mod-
ulate T cell activation responses. Recent data indicates elevated
activation-induced proliferation responses of CD3" T cells after
high vs. moderate intensity exercise which may partly explain
the lack of immunometabolic differences across timepoints (65).
Further, a study by Withnall et al, 2024 indicated lower energetic
demand and cytokine production from activated T cells (using
PMA and ionomycin) isolated from physically active vs. inactive
individuals (83). Our study cohort of aerobically trained partic-
ipants may therefore demonstrate less sensitivity to metabolic
reprogramming (via changes in PER) in T cells after prolonged
cycling. This is challenging to interpret without a direct compar-
ison with a sedentary control group.

FUTURE DIRECTIONS & LIMITATIONS

Collectively, these data indicate that bioenergetic profiles and
metabolic responses to activation of naive CD4* and CD8" T cells
and the total PBMC fraction were largely unaltered in response
to prolonged moderate intensity cycling. These analyses includ-
ed measurements both immediately and 2 hours into recovery
under controlled laboratory conditions, whereby nutrition (for 12
hours) and rest were controlled. It is noteworthy that recent stud-
ies employing single cell RNA sequencing have revealed pro-gly-
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colytic shifts within mobilised EM T cells after bouts of exhaustive
exercise (3), independent of shifts in cell composition. This study
directly examined naive T cells, due to their high proportion with-
in the PBMC fraction and ease of isolation compared to antigen
experienced T cells which are at a lower frequency (CM, EM, and
TEMRA, Figure 3C). Although significant mobilisation of CD8*
naive T cells was reported in the present study, the preferential
mobilisation of TEMRA > EM > CM > N (7, 29) highlights that
comprehensive examination of antigen experienced T cell bioener-
getics, and other cell types (e.g., NK cells, monocytes and B cells)
after exercise bouts of different intensity is warranted. Our flow
cytometry data provided some insight, revealing that mobilisation
of antigen-experienced T cells was not accompanied by changes
in AYm. Mitochondrial activity was higher in T memory cells in
recovery (Figure 2) and this finding warrants further investigation.

Given the emerging literature in support of immune cell bio-
energetic adaptions after exercise training (2, 32) it is important
to highlight that our findings are restricted to aerobically trained
males and females. Most participants in the current study would be
classified as having ‘Excellent’ aerobic fitness based on their age
category (mL - kg - min': male > 57.1, female > 46.5), as defined
by American College of Sports Medicine (60). Our sample size
was relatively small due to the logistical constraints of conducting
extensive and detailed biological analysis. This prevented further
stratification of data to examine sex-specific differences in acute
bioenergetic responses to exercise. Recent studies have highlight-
ed differences between males and females with regards to immu-
nity and exercise (4, 14), although our initial data (N=5 vs. N=5)
revealed no striking differences (data not shown). The changes in
some bioenergetic variables exhibited moderate to large effect siz-
es and these should be explored in future studies using a larger
sample size.

It is important to acknowledge limitations surrounding the
examination of immunometabolic responses to bouts of exercise
in humans. We adopted a study design that mitigated time spent
processing peripheral blood samples to robustly examine immu-
nometabolic responses in single T cell subsets. However, the time
taken to collect, purify and analyse samples (= 3 hours) may have
influenced cells in vivo metabolic state, despite the rigorous con-
trol measures employed. All cells were washed into standardised
glucose rich media (i.e. RPMI), but future studies could consider
autologous serum as a media to better preserve the bioenergetic
state of isolated cells ex vivo (18).

Many previous studies examining immunometabolic respons-
es to bouts of exercise have mostly defined ‘intensity’ based on
a proportion of VOzmaX (40), which doesn’t account for inter-in-
dividual variation in metabolic thresholds that occur at different
stages of VOZW (40). The current study therefore used 95% LT1 to
prescribe a metabolically controlled bout of cycling near aerobic
threshold. At this intensity, exercise can be sustained for prolonged
durations with minimal fatigue and metabolite (e.g. lactate and
adrenaline) accumulation (9, 30). An ongoing narrative in exercise
immunology literature purports that prolonged arduous exercise (>
2 hours) may impair aspects of immune function (8, 48-50, 68).
For the current study population of acrobically trained young males
and females, 2 hours of cycling at a moderate intensity (66.1 + 11.1
% VOZmX) was subjectively perceived as ‘fairly light” (RPE: 11.1
+ 1.9) and ‘fairly good’ (affective response: 2.5 = 0.6) for physi-
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cal exertion and enjoyment respectively, despite significant energy
expenditure (1357 + 203 kcal). Although not ‘arduous’, these data
indicate that despite robust T cell mobilisation in response to pro-
longed cycling, bioenergetic responses were unaltered, therefore
providing no evidence to indicate impairment of immune function
within 2 hours of recovery, most notably in naive T cells. To fur-
ther address this question, future studies should utilise these single
cell methods to examine immunometabolic outcomes after more
intense bouts or periods of exercise training.

CONCLUSION

These data indicate no marked perturbations in naive CD4" and
CD8* T cell or PBMC bioenergetics either immediately or 2
hours after cycling. There was an increase in the mitochondrial
membrane potential of memory CD4" and CD8* T cells 2 hours
following cycling and this finding warrants further investigation.
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