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ABSTRACT

Background: Both acute and chronic exercise have profound
effects on systemic metabolism and the immune system. While
acute exercise transiently disturbs energy homeostasis and
elicits acute inflammation, exercise training improves systemic
metabolic capacity, lowers basal inflammation, and reduces
infection risk. Accordingly, accumulating evidence indicates
links between systemic and immune cell metabolism and
suggests that cellular metabolism may be an important way
exercise influences immune function. Yet, no reviews have
systematically surveyed the literature in this area. Aims: The
aims of this scoping review were to collect, summarize, and
provide descriptive analysis of literature on the effects of acute
exercise, chronic exercise, and physical fitness on peripheral
leukocyte energy metabolism of human adults. Methods: Reports
were retrieved from the databases Pubmed, Scopus, and Embase
and hierarchically filtered for eligibility. Eligible reports were
those that implemented acute or chronic exercise interventions,
or assessed physical fitness, in relation to the regulation or
function of leukocyte energy metabolism in human adults. Data
were charted from eligible reports by two independent reviewers,
confirmed by conference, and organized for reporting. Results
& Conclusion: Results suggest acute exercise can influence
the regulation and function of leukocyte metabolism, with
some similarities to what has been previously documented in
skeletal muscle. Data also evidence that exercise training and/
or physical fitness alters cellular metabolic regulation and
function. Improvements in markers of cell respiratory function
or mitochondrial regulation were frequently observed following
training or with greater fitness. However, notable gaps in the
literature remain. These gaps include: the effects of acute
exercise and exercise training on leukocyte glycolysis, the effects
of resistance and concurrent exercise, and potential differences
in the effects of exercise between immune cell types and subsets.
Future research is encouraged to fill the latter gaps and further
delineate how exercise influences the immune system and can be
used to support overall health.
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Metabolism
INTRODUCTION

Physical exercise is essential to maintaining or improving
physical and physiological function and preventing disease.
Exercise training is a preventative measure against the
development of multiple chronic diseases (8), and higher levels
of both cardiorespiratory fitness and physical strength are
negatively correlated with all-cause mortality (37, 39). These
beneficial effects appear to arise from compensatory responses
elicited by the stress of each exercise bout, that summate
to enhanced function (30). While acute exercise results in
metabolic perturbation proportional to its intensity and duration,
training leads to improved efficiency of and capacity for energy
production that lessens the stress of a given workload. This has
been well demonstrated both systemically and at the level of
skeletal muscle (30, 32). Similarly, acute exercise provokes an
inflammatory immune response that scales with workload (i.e.,
greater inflammation following prolonged and intense exercise),
while exercise training diminishes basal inflammation and risk
for infection (71).

The parallel effects of exercise on energy metabolism
and the immune system are particularly intriguing given the
profound role of cellular metabolism in determining immune
cell phenotype and function (52). Broadly, quiescent, regulatory,
and memory cells are fueled by mitochondrial oxidation of
fatty acids and carbohydrates, while activated and effector cells
are biased towards the use of glycolysis (52). Stimulation of
macrophages (e.g., with lipopolysaccharide) and T cells (e.g.,
with anti-CD3 and anti-CD28 antibodies) shifts metabolic poise
from mitochondrial respiration to glycolysis, ostensibly to fuel
inflammatory processes and/or proliferation (45, 52, 60). In
contrast, mitochondrial fatty acid oxidation is characteristic of
anti-inflammatory (i.e., M2-like) macrophages and regulatory T
cells, and appears to constrain inflammation when enforced (45,
68). However, mitochondrial respiration is not the strict domain
of quiescent and regulatory cells. Mitochondrial respiration
also appears necessary for initial T cell activation, memory
transition, and persistent function (9, 25, 62, 72). Likewise,
inflammatory (i.e., M1-like) macrophages utilize mitochondrial
flux to generate inflammatory cytokines and reactive oxygen
species (ROS) (46). Together, data collected to date emphasize
fundamental links between cellular metabolic programs and
immune cell form and function.

A variety of methods exist for investigating cellular
metabolism, including within cells of the immune system.
Though complete survey of these methods is beyond the scope of
this review, a brief summary will be provided to aid interpretation
of the current results. Those interested in additional detail may
find references (5), (35), (54), (55), and (70) useful. In general,
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measures of cellular metabolism may be categorized as either
assessing metabolic regulation or metabolic function. Metabolic
regulation includes assessments of gene and protein-level
expression for components of fuel oxidation and ATP generation,
as well as assessments of the state of cell mitochondria.
Examples include gene or protein-level expression of targets
regulating glycolysis (e.g., hexokinase), cellular respiration (e.g.,
cytochrome ¢ oxidase), and mitochondrial homeostasis (e.g.,
mitofusin). Assessments of mitochondrial mass and membrane
polarity contribute information on cells’ metabolic state and
capacity for mitochondrial respiration. Measures of metabolic
function include assays of enzyme activity (e.g., lactate
dehydrogenase), fuel oxidation and generation of intermediates
(e.g., fatty acid oxidation), as well as real-time assessments of
metabolic pathway function (e.g., cellular respiration). Common
platforms for probing cellular metabolic function include
Agilent Seahorse Analyzers and Oroboros’ O2k-Respirometer.
Both estimate cellular metabolic function, over time and in
response to various metabolic inhibitors, through measurement
of oxygen consumption and/or proton efflux to provide evidence
of mitochondrial respiration and glycolytic flux.

The acute and chronic effects of exercise on systemic and
cellular metabolism suggest that cellular metabolic changes
may be an important means by which exercise alters immune
function. For instance, the coincident mobilization of energy
substrates (e.g., glucose from liver, fatty acids from adipose
tissue) and leukocytes during acute exercise may both bias
the mobilized leukocytes towards inflammatory action and
support effector cell function fueled by glycolysis (28, 52, 61).
In contrast, oxidative adaptations similar to those observed in
skeletal muscle could support memory cell formation following
pathogen encounter, as well as promote anti-inflammatory cell
function (43, 46, 72). Recent publications support the hypothesis
that differences in immune function associated with exercise
and physical fitness are related to cellular metabolic changes (6,
41). Yet, to our knowledge no reviews have yet surveyed the
literature regarding the metabolic effects of exercise within the
immune system. Consequently, the aim of this scoping review
is to collate, summarize, and provide a descriptive analysis of

research on the effects of acute exercise and chronic exercise
on leukocyte energy metabolism. Relatedly, we also sought
to summarize research on the relationships between physical
fitness and leukocyte energy metabolism.

METHODS

Overview

This review adopted the scoping review framework proposed
by Arksey and O’Malley (4). Namely, we: 1) identified the
research question, 2) identified relevant literature, 3) reviewed
and selected studies, 4) charted the data, 5) collated and
summarized the results for reporting. The review was guided
by the research question, “What is known about the effects
of acute exercise, chronic exercise, and physical fitness on
peripheral blood leukocyte metabolism in human adults?”” For
the purpose of the review, the effects of acute exercise were
defined as those observed within 24 hours of an exercise bout,
while the effects of chronic exercise were those observed at rest
following >10 days of exercise training. Measures of physical
fitness included the application of any standardized test of
participant strength and/or cardiorespiratory fitness. Leukocyte
energy metabolism included regulatory and/or functional
assessments of cellular glycolysis and mitochondrial respiration
within peripheral leukocytes. Given the relationship between
leukocyte metabolism and function, measures of leukocyte
function were also included. Measures of cell function included
the assessment of cell activation, motility, proliferation, and
cytokine or ROS production.

Literature Search Strategy

To confirm the necessity of the project, the databases Pubmed,
Cochrane Library, and JBI Evidence Synthesis were searched to
identify overlapping reviews (56). This search returned 0 reviews
through JBI Evidence Synthesis, 0 reviews through Cochrane
Library, and 56 results in Pubmed. Nineteen of the latter results
were deemed potentially relevant to our research question.
However, following manual review, none of the nineteen results
possessed overlapping objectives to our own and this was taken

Table 1: Search Strategy Employed in Each Database

Database Search Terms

PubMed

(“cardiorespiratory fitness”[MESH] OR "cardiorespiratory fitness”[tiab] OR "Physical
Fitness"[Mesh] OR "physical fitness"[tiab] OR "Physical Endurance"[Mesh] OR "physical
endurance"[tiab] OR "High-Intensity Interval Training"[Mesh] OR "High-Intensity Interval
Training"[tiab] OR HIIT[tiab] OR "Exercise"[Mesh] OR exercise[tiab] OR "acute exercise"[tiab])
AND ("Leukocytes"[Mesh] OR Leukocytes[tiab] OR "Leukocytes, Mononuclear"[Mesh] OR
“Mononuclear Leukocytes”[tiab] OR "peripheral blood mononuclear cells"[tiab] OR
"Lymphocytes"[Mesh] OR lymphocytes[tiab] OR PBMC*[tiab]) AND ("Oxygen
Consumption"[Mesh] OR "Oxygen Consumption"[tiab] OR "Cell Respiration"[Mesh] OR "Cellular
Respiration"[tiab] OR "Energy Metabolism"[Mesh] OR "Energy Metabolism"[tiab] OR "Oxidative
Phosphorylation"[Mesh] OR "Oxidative Phosphorylation"[tiah] OR "Glycolysis"[Mesh] OR
Glycolysis[tiab] OR "Mitochondrial Dynamics"[Mesh] OR “Mitochondrial metabolism™[tiab] or
bioenergetic*[tiab])

Scopus

( TITLE-ABS-KEY ( "cardiorespiratory fitness”" OR "physical fitness” OR "physical
endurance” OR "High-Intensity Interval Training" OR exercise OR "acute
exercise”) AND TITLE-ABS-KEY ( leukocyte* OR “peripheral blood mononuclear
cells" OR Ilymphocyte* OR pbmc*) AND TITLE-ABS-KEY ( "Oxygen
Consumption" OR "Cell Respiration” OR "Cellular Respiration” OR "Energy
Metabolism"” OR "Oxidative Phosphorylation” OR glycolysis OR "m
dynamics” OR bioenergetic* ) )

itochondrial

Embase

(exp cardiorespiratory fitness/ or exp fitness/ or exp endurance/ or exp high intensity interval
training/ or exp exercise/) and (exp leukocyte/ or exp mononuclear cell/ or exp peripheral blood
mononuclear cell/ or exp lymphocyte/) and (exp oxygen consumption/ or exp cell respiration/ or exp
energy metabolism/ or exp oxidative phosphorylation/ or exp glycolysis/ or exp mitochondrial
dynamics/ or exp mitochondrial respiration/)
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Screening

Identification of studies via databases and registers

|

Reports sought for retrieval
(n=152)

S
Reports removed before
- . ) screening:
- Reports identified from: Duplicate reports removed (n
g Databases (PubMed = 548; Scopus =692)
: =764; EMBASE = 1051) Reports removed for other
= reasons (n=0)
— |
Reports excluded:
Not English language (n =37)
Report d
‘E‘I’; ffgg':f)ne Not original data (n = 391)
Not human subjects (n = 194)

No exercise/fitness component (n = 50)
No cellular energy metabolism measure (n =910)
No leukocyte energy metabolism (n = 14)

Aims not relevant (n = 23)

[~

Reports assessed for eligibility
(n=160)

Reports identified from:
Citation searching (n = 8)

Reports excluded:
Violate IV criteria (n=19)
Violate DV criteria (n =9)
Missing data (n=1)

Studies included in review
(n=41)

l Included ][

Figure 1:
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guideline for reporting systematic reviews. BMJ 2021;372:n71. doi: 10.1136/bmj.n71
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as justification for the current review (Supplementary Table 1).

Relevant literature was sought through the online databases
PubMed, Scopus, and Embase, and review of references within
selected reports. The search strategy for each database was
developed between the first and last author and refined through
consultation with the department librarian. The searches
were designed to retrieve reports on the effects of exercise or
fitness on the regulation and function of energy metabolism of
peripheral leukocytes in human adults. Reports published prior
to May 9, 2022 (the date of search) were considered. The search
strategy for each database is listed in Table 1.

Reference Selection

Following database search, all results were compiled within
a digital reference manager (Mendeley) and hierarchically
filtered for relevance by two independent reviewers (CFH and
MTE). Reports were evaluated for inclusion through review of
bibliographic data, abstracts, and full-text as necessary. Reports
were excluded if they: were duplicates, were not published in
English, did not report original data (e.g., review, opinion), did
not include human participants, did not quantify or classify
exercise/fitness/physical activity, or did not include measures of
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leukocyte metabolic regulation or function. Additionally, reports
were screened according to their objectives and whether outcome
measures were used to assess metabolic function as opposed
to other aims (e.g., mitochondrial membrane depolarization as
indication of cell viability versus respiratory function). Reports
deemed potentially relevant were independently reviewed in
full by two reviewers (CFH and RMH), followed by conference
to confirm relevance. Full-texts of potentially relevant reports
identified through citation searching were also retrieved for
review. Reports no longer deemed relevant following review
and conference were excluded (Supplementary Table 2).
No conflicts in estimation of study relevance arose between
reviewers.

Data Charting

An original data charting tool was developed based on data
expected to be reported, and desired for inclusion in the review.
A draft of this tool was piloted against three recent reports that
investigated effects of acute exercise, effects of acute and chronic
exercise, or effects of physical fitness on leukocyte metabolism
by the reviewers listed above. Charted data were compared
between reviewers following the pilot, and the tool was then
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revised to economize and standardize the charting process. A
blank version of the final charting tool is available upon request.
Following completion of data charting for all reports, data from
each reviewer were assembled for comparison. Conflicts in the
charted data were reconciled through review of the associated
report. Remaining disagreement regarding interpretation of the
data were resolved through discussion. The final data selected
for reporting represent consensus of both reviewers.

Data Collation and Reporting

Within each report, charted data were summarized to relate
key study characteristics, findings, and conclusions. Across
reports, data were categorized and aggregated hierarchically
according to: effect(s) investigated (acute exercise, chronic
exercise, physical fitness), intensity/type of exercise or training
(heavy-severe intensity aerobic, light-moderate intensity
aerobic, concurrent exercise, resistance exercise), participant
population(s) (athletes, healthy active, inactive and/or presence
of disease), cell population (mixed cell populations, isolated cell
populations), and outcomes (metabolic regulation, metabolic
function, cell function).

Investigated effect(s) were categorized based on whether
a single bout and/or a period of training were implemented, or
cross-sectional comparisons of fitness were performed. The
intensity or type of exercise was classified using the described
methods into heavy-severe intensity aerobic, light-moderate
intensity aerobic, concurrent exercise, or resistance exercise
categories. Heavy-severe intensity aerobic exercise includes
those reports which implemented acute aerobic exercise or a
training program, the majority of which was in or above the
heavy intensity domain. The heavy intensity domain was
defined as greater than the first ventilatory threshold (i.e., >75-
80% maximum heart rate, >60-65% VO, ) (42, 57, 58, 63).
Light-moderate intensity aerobic exercise includes those reports
which implemented acute exercise or a training program, the
majority of which was within or below the upper limit of the
moderate intensity domain (i.e., below the lower limit of heavy
intensity) (11, 57). Thus, reports classified as implementing
light-moderate intensity aerobic exercise were those that
occurred below the thresholds listed for heavy-severe intensity
(e.g., <75-80% maximum heart rate). Concurrent exercise
includes reports that implemented exercise or a training program
with both resistance exercise and aerobic exercise as major
components. Resistance exercise includes reports that utilized
an acute session or training program of resistance exercise
without any significant aerobic exercise component.

The participant population(s) was/were categorized using
descriptions within report methods and results sections. “Athlete
Participants” includes those reports which specifically mention
recruiting professional or recreational athletes as participants,
as well as those that included participants pre-screened for
high cardiorespiratory fitness. “Healthy Active Participants”
includes those reports which mention recruiting healthy active
participants. “Inactive Participants and/or Those with Disease”
includes those reports which specifically mention recruiting
inactive/sedentary participants and/or participants diagnosed
with a pathological condition (including obesity).

The cell population studied within a report was determined
following review of report methods. “Mixed Cell Populations”
includes those reports which specify obtaining data from
samples with mixed populations of cells including white blood

cells/leukocytes, peripheral blood mononuclear cells (PBMCs),
and lymphocytes. “Isolated Cell Populations” includes those
reports which specify obtaining data in specific cell types either
via physical isolation (e.g., positive or negative selection) or by
cell type-specific gating using flow cytometry.

Outcome measures were also determined from report
methods and results sections and categorized as listed in section
II-1. Additionally, given the terminology associated with real-
time assessments of metabolic function, a summary of this
terminology is provided to aid comprehension.

Cell metabolic function assessments provided by the
Seahorse Analyzer platform include estimates of glycolytic flux
(derived from either extracellular acidification rate (ECAR)
or proton efflux rate (PER)) and evidence of mitochondrial
respiration via oxygen consumption rate (OCR). Introduction of
stimulants (e.g., glucose) and inhibitors (e.g., 2-deoxyglucose,
oligomycin) is used to test the function of each pathway,
and deliver parameters including basal PER/OCR, maximal
PER/OCR, reserve PER/spare respiratory capacity, as well
as background PER/OCR (e.g., non-mitochondrial OCR).
Additional information on the Seahorse platform can be found
in (70) and (5).

Metabolic function assessments provided by the Oroboros-
02K platformyield similar information as the Seahorse platform.
However, differences in the approach mean that outcome
measures are not equivalent. In intact cells, ATP-linked (i.e.,
OCR associated with production of ATP), uncoupled, maximal
& reserve, and non-mitochondrial OCR can be determined
following the sequential addition of respiratory chain inhibitors
and uncouplers (e.g., Carbonyl cyanide-p-trifluoromethox
yphenylhydrazone). Additional information about electron
transport system function can be acquired by monitoring OCR
of permeabilized cells in the absence and presence of substrates.
This approach provides outputs including routine (without and
with complex I substrates), leak (without and with complex
2 substrates), complex I-linked, complex Il-linked, maximal
oxidative phosphorylation (OXPHOS), and maximal electron
transport system capacity (ETS) OCR. Further information on
the O2k platform and its use can be found in (55) and (19).With
the aforementioned caveat that methodological differences
mean outputs from the two platforms are not the equivalent, the
following outputs from Seahorse and O2k, respectively, provide
similar information: basal OCR and routine OCR, proton leak
OCR and leak OCR (both), ATP-linked OCR (both), Maximal
OCR and ETS, Reserve OCR (both), non-mitochondrial OCR
(both). The platform used to measure cellular respiration is
indicated throughout the results.

When available, statistics regarding the magnitude of
observed effects (effect size, percent change, fold change) are
reported following the associated results. However, these data
are not included universally as they were infrequently reported
throughout the included reports.

RESULTS

Search Results

The database search returned 2363 reports: 548 from Pubmed,
764 from Scopus, and 1051 from Embase. After filtering
these results, 52 reports remained. These reports, along with
eight additional reports identified via references included in
the latter 52, were reviewed in full to confirm their eligibility.
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Summary of experimental designs of retrieved studies examining the impacts of acute exercise, exercise training, and/or physical fitness on
human leukocyte metabolic regulation (met. reg.), metabolic function (met. func.), and cell function (cell func.). Large ovals indicate whether
effects of chronic or acute exercise or physical fithess were examined; areas of overlap indicate studies with a combined design (e.g., acute and
chronic exercise). Smaller ovals indicate population examined; areas of overlap indicate multiple populations examined and studies appearing
outside smaller ovals did not specify subject population. Number of articles investigating each of the outcome groups (met. reg., met. func.,
cell func.) are indicated, along with reference number. The color of the reference number indicates exercise stimulus: red: heavy-severe aerobic
exercise; green: light-moderate aerobic exercise; purple: both heavy-severe and light-moderate aerobic exercise; blue: resistance or concurrent

exercise.

Nineteen of the 60 reports were excluded following full-text
review, leaving 41 reports for inclusion. Figure 1 relates the
search and study selection process in detail.

Study Characteristics
Reports varied widely in publication date: the earliest report
was published in 1958 and the latest (n=3) were published in
2022. The majority of reports were published since 2014. Most
reports included study of inactive adults with or without the
presence of disease (n=25), followed by those that included
athletes (n=13), and then healthy active adults not formally
training (n=9). In three reports the health and/or activity status
of some participants could not be determined based on the
methods described (3, 7, 20). Leukocyte metabolic function
(e.g., cellular respiration) (n=13) was the most common study
outcome, while the combination of metabolic regulation (e.g.,
gene expression), metabolic function, and cell function (e.g.,
cytolytic protein production) (n=3) was the least common.
Fourteen reports studied the effects of acute exercise on
leukocyte energy metabolism (Table 2). Ten used aerobic
exercise bouts of heavy-severe intensity including: three
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graded exercise tests to exhaustion (GXT) (15, 24, 44), four
sessions of continuous cycling exercise (18, 47, 48, 64),
one session of high intensity intervals (26), one session of
continuous cycling ending with a time trial (33), and one pure
cycling time trial (51). Four reports implemented aerobic
exercise of light-moderate intensity including two bouts of
treadmill walking (7, 23) and two bouts of continuous cycling
(16, 40). It should be noted that the moderate exercise session
in one of the latter four reports was conducted under hypoxic
conditions (16).

Fourteen reports investigated the effects of chronic
exercise training (i.e., >10-day exercise program) (Table 3).
Seven of these reports implemented aerobic exercise of heavy-
severe intensity including four programs of high-intensity
interval training (HIIT) (2, 6, 17, 31), one program of sprint
interval training in hypoxia (27), one program of treadmill
exercise (29), and one program of sport-specific training (12).
Six reports evaluated the effects of aerobic exercise training
of light-moderate intensity. These included two programs of
treadmill walking (14, 73), two programs of mixed aerobic
exercise (10, 36), one program of continuous cycling (17),
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and one trekking program (49). Additionally, one report used
concurrent training (38) and one report implemented resistance
training (21).

Seven reports evaluated the effects of physical fitness
on leukocyte energy metabolism (1, 3, 20, 22, 50, 67, 69).
Characteristics of these reports are related in Table 4.

Six reports examined the combination of acute exercise
and physical fitness or exercise training on leukocyte energy
metabolism (Table 5). Two reports evaluated the effects of acute
heavy-severe intensity aerobic exercise amongst individuals of
different levels of physical fitness (34, 53), while four reports
evaluated effects of both acute and chronic exercise (i.e., acute
exercise before and/or after training). Three of these studied
the effects of acute aerobic exercise of heavy-severe intensity
including one GXT (41), one continuous cycling bout (65),
and one session of sport-specific training (13). One report
studied the effects of acute cycling exercise of light-moderate
intensity under hypoxic conditions (66). Regarding exercise
training, three of the reports included at least one study arm of
aerobic exercise training of heavy-severe intensity including:
two HIIT programs (41, 66), one program of continuous and
HIIT cycling (65), and one program of sport-specific training
(13). Finally, two of the reports included aerobic exercise
training of light-moderate intensity (41, 66). Both reports used
programs of continuous cycling.

Key Findings

Effects of Acute Exercise

Key findings obtained from reports on the effects of acute
exercise are related in the following sections and in Table 6.
These include findings from reports strictly investigating acute
exercise, and acute exercise results from those investigating
both chronic and acute exercise or physical fitness and acute
exercise. For reports on both acute and chronic exercise, results
related in this section are restricted to those obtained prior to
training or at a single timepoint following training (i.e., no pre-
training acute exercise). Unless otherwise noted, data relate to
pre-exercise vs. immediately post-exercise changes.

HEAVY-SEVERE INTENSITY AEROBIC EXERCISE:
ATHLETE PARTICIPANTS

Mixed Cell Populations

Metabolic Regulation: Three reports investigated the effects
of acute aerobic exercise of heavy-severe intensity on
metabolic regulation of PBMCs among athletes. Busquets-
Cortes et al. evaluated the effects of an acute bout of fitness
testing and sport training following eight weeks of training
and competition among professional athletes (football/soccer
players) (13). No acute exercise testing was performed prior
to training. In PBMCs obtained two hours following the acute
bout, the authors observed increases in cytochrome C oxidase
subunit IV (COXIV), peroxisome proliferator-activated
receptor o coactivator 1-alpha (PGC-la), and mitochondrial
NADH dehydrogenase subunit 5 mRNA, as well as PGC-
lo, mitochondrial uncoupling protein 2, and mitofusin-2
protein levels (13). Similarly, in trained cyclists, Hunter et al.
observed decreased PGC-1o. DNA methylation and increased
PGC-1la mRNA expression in PBMCs obtained immediately
following a bout of cycling exercise (33). In contrast, Capo et
al. observed no change in PGC-1a, peroxisome proliferator-

activated receptor Y (PPARY), mitochondrial transcription factor
A (Tfam), or mitochondrial uncoupling protein 3 mRNA, but
a significant increase in mitochondrial NAD-dependent protein
deacetylase sirtuin 3 (SIRT3) mRNA in PBMCs obtained two
hours following GXT to exhaustion among tackwondo athletes

(15).

Metabolic Function: The effects of acute aerobic exercise
of heavy-severe intensity on metabolic function of mixed cell
populations were investigated in three reports among athletes.
In PBMCs obtained from endurance athletes immediately
following GXT, Ferry et al. observed (mean =+ standard
deviation (SD)) 33.6 + 6.6% decreased pyruvate dehydrogenase
activity, 43.1 £ 4.7% increased citrate synthase activity, and
no change in cytochrome C oxidase or succinate cytochrome
reductase activities versus pre-exercise (24). Pendergast et al.
also observed no change in total fatty acid (FA) oxidation in
leukocytes obtained following GXT in elite runners (53). In
this study, FA oxidation was determined in whole blood via
oxidation of radiolabeled palmitic acid. However, FA oxidation
per cell was decreased, ostensibly due to increased cell numbers.
Finally, no changes in PBMC respiratory or glycolytic function
(assessed via extracellular flux analyses, Seahorse Assay) were
observed following one hour of cycling among trained female
participants (34). However, it should be noted that blood
samples were taken 21 hours post-exercise in that latter report.

Cell Function: One report assessed cell function of mixed
cell populations following acute aerobic exercise of heavy-
severe intensity among athletes. Intracellular ROS, and phorbol
12-myristate 13-acetate (PMA; 10ng/mL, one hour)-stimulated
H,0, production increased versus pre-exercise in PBMCs
obtained two hours following exercise in the previously
mentioned report of professional soccer players (13). In addition,
increased nuclear factor kappa B (NF-kB) activation was also
observed in this report. These changes in cell function occurred
alongside increased gene and protein expression for markers of
mitochondrial respiration and mitochondrial dynamics.

Isolated Cell Populations

Metabolic Regulation: No reports investigated the effects of
acute aerobic exercise of heavy-severe intensity on metabolic
regulation in isolated cell populations among athletes.

Metabolic Function: One report was retrieved on the
effects of acute aerobic exercise of heavy-severe intensity on
metabolic function of isolated cell populations among athletes.
These authors investigated the effects of an acute 75 km
cycling time trial on circulating immunomodulating factors
via incubation (six hours) of THP-1 cells with athlete plasma
obtained pre-exercise and various timepoints post-exercise (51).
In extracellular flux experiments (Seahorse Assay), the authors
observed lower OCR (measure of mitochondrial respiration) and
greater ECAR (measure of glycolysis) of lipopolysaccharide
(LPS)-stimulated (10 ng/mL) THP-1 cells incubated with
plasma of athletes consuming only water versus those provide
food during exercise (51). Spare respiratory capacity (SRC) of
cells incubated with water-only plasma was also lower than the
other conditions.

Cell Function: In the aforementioned study no change in
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cyclooxygenase-2 mRNA expression was observed versus pre-
exercise in THP-1 cells incubated (6 hours) with plasma from
immediately, 1.5 hours, or 21 hours post-exercise in the water-
only condition (51). Among cells incubated with 21 hours post-
exercise plasma, greater cyclooxygenase-2 mRNA expression
was observed in cells incubated with plasma from the water-
only condition versus food conditions.

HEAVY-SEVERE INTENSITY AEROBIC EXERCISE:
HEALTHY ACTIVE PARTICIPANTS

Mixed Cell Populations

Metabolic Regulation: Three reports investigated the effects of
acute aerobic exercise of heavy-severe intensity on metabolic
regulation of mixed cell populations among healthy active
participants. Davies et al. observed elevated PGC-1a, PPARy,
and ATP-binding cassette subfamily A, member 1 (ABCAI)
mRNA expression in PBMCs obtained three hours following
45 minutes cycling at 70% VO, (18). However, at the protein
level, there was no significant change observed in phosphorylated
AMP-activated protein kinase (AMPK). Elevated fatty acid
translocase (CD36) and ABCA1l mRNA expression were
also observed in PBMCs obtained at the three hour timepoint
following the same prescribed exercise in a separate report
(65). In contrast, Moir et al. reported decreased PGC-1o mRNA
and AMPK phosphorylation in PBMCs obtained immediately
following 45 minutes of cycling exercise at 70% VO, (48).
Both PGC-1a. mRNA and AMPK phosphorylation returned to
pre-exercise levels by 1-hour post-exercise.

Metabolic Function: Two reports studied metabolic function
of mixed cell populations following acute aerobic exercise
of heavy-severe intensity among healthy active participants.
Frisina et al. documented 18.69% increased glutamine oxidation
(measured via liquid scintillation) and 27.02% increased lactate
production (measured spectrophotometrically) of lymphocytes
obtained three minutes following a bout of 25 one-minute
high-intensity treadmill intervals (26). Furthermore, glutamine
oxidation was positively correlated with percent change in NK
cells (CD56") pre- to post-exercise (r = 0.78, p < 0.01), while
glutamine oxidation and lactate production were negatively
correlated with percent change in T cells (CD3+) pre- to post-
exercise (r =-0.93, p <0.001, r =-0.66, p < 0.01). Theall et al.
observed no significant change pre- versus immediately post-
exercise (30 min. at 65-75% VO,,..) in PBMC routine or leak
respiration, OXPHOS, or ETS per million cells as assessed by
high resolution respirometry (Oxygraph) (64). However, pre-
to post-exercise increases in routine (d = 0.58) and leak (in
presence of pyruvate + malate + glutamate + succinate only)
(d =0.80) respiration, OXPHOS (d = 0.80), and ETS (d = 0.78)
were observed when quantified per milliliter of blood.

Cell Function: Two reports studied the effects of acute
aerobic exercise of heavy-severe intensity on cell function
of mixed cell populations among healthy active participants.
Decreased (58%) lymphocyte proliferative responses to
concanavalin A (Con-A) (3.5 pg/mL, 48 hrs.) were observed
following interval exercise in the report by Frisina et al.
Additionally, pre- to post-exercise changes in lymphocyte
proliferation positively correlated with percent change in T
cells (CD3") (r =0.78, p < 0.01) and negatively correlated with
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percent change in NK cells (CD56%) (r=-0.76, p < 0.05) (26).
The authors also report correlations between exercise induced
changes in lymphocyte proliferative responses and glutamine
oxidation, and lactate production. However, the directions of
these relationships were not disclosed. Finally, in a separate
report, decreased basal and PMA-stimulated (25 ng/mL, 10
minutes) ROS production was observed in PBMCs obtained
immediately following 45 minutes cycling at 70% VO, (48).
For context, decreased PGC-10o mRNA expression and AMPK
phosphorylation were also observed at this timepoint in the
same report.

Isolated Cell Populations

Metabolic Regulation: Two reports assessed the effects of
acute aerobic exercise of heavy-severe intensity on metabolic
regulation of isolated cell populations among healthy
active participants. Monocytes (isolated from PBMCs via
immunomagnetic separation) obtained from healthy active male
participants immediately post-45 minutes of cycling exercise
at 70% VO,  demonstrated no change in CD36 mRNA
expression but decreased AMPK phosphorylation versus pre-
exercise (47). However, monocyte AMPK phosphorylation
returned to baseline and CD36 remained stable one-hour post-
exercise in the same report. Cycling exercise (30 minutes 65-
75% VO, . ) was also demonstrated to alter nutrient transport
and metabolism proteins of peripheral T cells. Compared to
pre-exercise, increased numbers of glucose transporter type
4 positive (GLUT4") cells (+53%), but decreased proportions
of hexokinase 2 positive (HK2") and numbers (-55%) and
proportions of hexokinase 1 positive (HK1") CD4+ T cells
were observed within post-exercise PBMCs in the report from
Theall et al. (64). The authors also observed decreases in the
proportions of CD36+ and HK1+ CD8+ T cells within PBMCs
pre- to post-exercise. Finally, exercise-associated changes in
nutrient transport and metabolism proteins were correlated with
expression of a number of cell activation markers (Table 6).

Metabolic Function, Cell Function: No reports investigated
the effects of acute aerobic exercise of heavy-severe intensity on
metabolic function or cell function in isolated cell populations
among healthy active participants.

HEAVY-SEVERE INTENSITY AEROBIC EXERCISE:
INACTIVE PARTICIPANTS AND/OR THOSE WITH
DISEASE

Mixed Cell Populations

Metabolic Regulation: No reports investigated the effects of
acute aerobic exercise of heavy-severe intensity on metabolic
regulation in mixed cell populations among inactive participants
and/or those with disease.

Metabolic Function: The effects of acute aerobic exercise
of heavy-severe intensity on metabolic function of mixed cell
populations among inactive participants and/or those with
disease were investigated in three reports. No change in PBMC
respiratory or glycolytic function was observed following a
one hour bout of cycling at 70% Vo,,, among inactive female
participants in the report from Janssen et al. (34). It should be
noted that post-exercise blood samples were obtained 21 hours
following the original bout. Meksawan et al. and Pendergast et
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al. evaluated the effects of acute treadmill GXT on leukocyte
FA oxidation (whole blood oxidation of radiolabeled palmitic
acid) among sedentary participants, or those with underlying
pathology (44, 53). Meksawan et al. observed an increase in
leukocyte FA oxidation per milliliter of blood, but a decrease
when quantified on a per cell basis. Pendergast et al. also
observed an increase in total leukocyte FA oxidation but no
change in FA oxidation per cell among their inactive participants.

Cell Function: No reports investigated the effects of acute
aerobic exercise of heavy-severe intensity on cell function,
in relation to cellular metabolism, in mixed cell populations
among inactive participants and/or those with disease.

Isolated Cell Populations

Metabolic Regulation: Lin et al. authored the sole report to
evaluate the effects of acute heavy-severe exercise on metabolic
regulation of isolated cell populations. NK cells were isolated
from PBMCs via negative-immunomagnetic selection among
inactive participants and/or those with disease. They observed
no change in NK cell mitochondrial content or mitochondrial
membrane potential (MMP), but an increase in mitochondrial
oxidant burden pre- vs. post-exercise (cycle ergometer GXT)
among sedentary male participants (41).

Metabolic Function: Lin et al. were also the only report to
assess the effects of acute heavy-severe exercise on metabolic
function of isolated cell populations among inactive participants
and/or those with disease. Measurements of mitochondrial
respiration were made via Oxygraph. Increases in ETS, Reserve
OCR, and the bioenergetic health index (BHI) were observed
in NK cells obtained immediately post-exercise versus pre-
exercise (41).

Cell Function: Elevated NK cell perforin and granzyme b
expression were observed immediately post- versus pre-exercise
in the report from Lin et al. (41). NK cells were unstimulated
in this study.

LIGHT-MODERATE INTENSITY AEROBIC
EXERCISE: ATHLETE PARTICIPANTS

No reports investigated the effects of acute aerobic exercise of
light-moderate intensity on cellular metabolism and function in
peripheral leukocytes among athletes.

LIGHT-MODERATE INTENSITY AEROBIC
EXERCISE: HEALTHY ACTIVE PARTICIPANTS

No reports investigated the effects of acute aerobic exercise of
light-moderate intensity on cellular metabolism and function in
peripheral leukocytes among healthy active participants.

LIGHT-MODERATE INTENSITY AEROBIC
EXERCISE: INACTIVE PARTICIPANTS AND/OR
THOSE WITH DISEASE

Mixed Cell Populations

Metabolic Regulation: The effects of acute aerobic exercise
of light-moderate intensity on metabolic regulation of mixed
cell populations were assessed in three reports. As a part of a
larger investigation, Ferrer et al. instituted a 30-minute bout
of treadmill walking (60-70% maximum heart rate) in older

men with obesity and metabolic syndrome (23). They observed
decreased COXIV and Tfam mRNA expression, and no
significant change in mitochondrial respiration or mitochondrial
dynamics protein levels in PBMCs obtained 30 minutes post-
exercise. Similarly, Tsai et al. observed no significant changes
in mitochondrial biogenesis and mitochondrial dynamics
protein levels, or mitochondrial count of lymphocytes obtained
following 36 minutes cycling exercise among young sedentary
males (66). However, MMP was decreased and mitochondrial
oxidant burden was increased following exercise. Though
the absolute and relative workload of the latter bout was low
(100 W, ~50% maximum Watts), it must be noted that the
exercise was performed under hypoxic conditions (12% 02)
(66). This undoubtedly increased the difficulty of the bout and
resulting physiological responses. In contrast to Tsai et al., a
separate report observed increased MMP in PBMCs obtained
immediately following 40 minutes cycling exercise in hypoxia
(60% VO, _x, 12% 02) (16).

Metabolic  Function: In the same report discussed
immediately previous (16), no differences in routine or maximal
mitochondrial OCR measured by Oxygraph were observed post-
exercise versus pre-exercise. However, the authors did report
depressed OCR specifically via respiratory chain complex I
(CI) in permeabilized cells. Depressed CI OCR (also measured
by Oxygraph) post-exercise was also observed in permeabilized
lymphocytes following exercise in hypoxia in the report from
Tsai et al. (66). Additionally, these authors noted decreased
OCR through complex II (CII) in permeabilized cells, decreased
ATP-linked and Reserve OCR in intact cells, increased lactate
dehydrogenase and glutamate dehydrogenase enzyme activity,
and decreased citrate synthase activity post- versus pre-exercise
(66). Depressed metabolic function following exercise is not
a universal finding in these settings (light-moderate exercise,
inactive/disease-burdened  participants), however. Among
sedentary men and women, Liepinsh et al. investigated respiratory
function of PBMCs obtained 15 minutes following a one-hour
bout of low-intensity (50 W, ~36% VO, ) cycling exercise via
Oxygraph (40). These authors observed increased routine OCR
(+31%) in intact cells, as well as increased FA-dependent leak
OCR (+65%), OXPHOS (+76%), and oxidative phosphorylation
coupling efficiency (+22%) in permeabilized cells.

Cell Function: No reports investigated the effects of acute
aerobic exercise of light-moderate intensity on cell function,
in relation to cellular metabolism, in mixed cell populations
among inactive participants and/or those with disease.

Isolated Cell Populations

No reports investigated the effects of acute aerobic exercise of
light-moderate intensity on cellular metabolism and function
in isolated cell populations among inactive participants and/or
those with disease.

LIGHT-MODERATE INTENSITY AEROBIC
EXERCISE: UNCATEGORIZED PARTICIPANTS

Bisset et al. investigated the effects of a short bout (3-4 minutes)
of treadmill exercise on leukocyte respiration using a Warburg
Respirometer (7). The exercise bout elicited an increase in
systemic VO, (i.e., of the participants) of 8-49% versus pre-
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exercise. In cells obtained 5 minutes post-exercise, the authors
observed a 36-71% increase in leukocyte oxygen consumption.
The health and activity characteristics of the participants related
in the report were not clear, precluding aggregation with other
reports of acute exercise.

Concurrent Exercise

No reports investigated the effects of acute exercise including
both aerobic and resistance components on cellular metabolism
and function in peripheral leukocytes.

Resistance Exercise
No reports investigated the effects of acute resistance exercise
on cellular metabolism and function in peripheral leukocytes.

Effects of Chronic Exercise

Key findings regarding the effects of chronic exercise training
on peripheral leukocyte metabolism and function are related
in the following sections and in Table 7. These include results
from both reports strictly investigating chronic exercise, as well
as chronic exercise data from reports on the effects of both acute
and chronic exercise. Unless otherwise noted, key findings refer
to changes observed pre- to post-training in resting participants.

HEAVY-SEVERE INTENSITY AEROBIC EXERCISE
TRAINING: ATHLETE PARTICIPANTS

Mixed Cell Populations

Metabolic Regulation: Two reports from the same author group
investigated the effects of eight weeks of sport-specific training
on PBMC metabolic regulation among male athletes (football/
soccer) (12, 13). The authors observed increased Tfam, OPA1
dynamin like GTPase, and OMA 1 zinc metallopeptidase protein
expression in the first report (12). In the later report, increased
mitochondrial uncoupling protein 2, mitochondrial uncoupling
protein 3, COXIV and mitofusin 1, but decreased Tfam protein
expression were observed (13). Additionally, no change in
COXIV, PGC-la, or mitochondrial NADH dehydrogenase
subunit 5 mRNA expression was noted in this later report.

Metabolic Function: One study evaluated the effects of
heavy-severe intensity training on metabolic function of mixed
cell populations among athletes (27). Following three weeks
of hypoxic sprint interval (SIH) or repeated sprint (RSH)
cycling training in recreational athletes, the authors observed
diminished PBMC ETS (RSH only) and PBMC ETS/citrate
synthase activity (RSH & SIH) via Oxygraph. These results
were obtained from only two participants per group and should
be interpreted accordingly.

Cell Function: The two reports which investigated the effects
of heavy-severe intensity aerobic exercise training on metabolic
regulation also assessed the effects of training on cell function
of PBMCs. In the earlier of the two reports, elevated PBMC
protein carbonyls but decreased malondialdehyde levels were
noted following the eight weeks of training (12). This suggests
training altered redox balance in the cells. However, no change
was observed in PMA-stimulated (10 ng/mL) H,O, production.
No change in PMA-stimulated (10 ng/mL) H,O, production was
also noted following training in the later report, as well as no
difference in NF-«B activation versus pre-training (13).
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Isolated Cell Populations

No reports investigated the effects of aerobic exercise training
of heavy-severe intensity on cellular metabolism and function
in isolated cell populations among athletes.

HEAVY-SEVERE INTENSITY AEROBIC EXERCISE
TRAINING: HEALTHY ACTIVE PARTICIPANTS

Mixed Cell Populations

Metabolic Regulation: In the sole report of the effects of heavy-
severe aerobic exercise training on metabolic regulation of
mixed leukocyte populations in health active adults, Thomas
et al. observed increased PBMC CD36 protein expression
following eight weeks of continuous and interval-based cycling
training (65). However, no significant change in PPARy protein
expression or in PPARy phosphorylation was observed.

Metabolic Function, Cell Function: No reports investigated
the effects of aerobic exercise training of heavy-severe intensity
on metabolic function or cell function in mixed cell populations
among healthy active participants.

Isolated Cell Populations

No reports investigated the effects of aerobic exercise training
of heavy-severe intensity on cellular metabolism and function
in isolated cell populations among healthy active participants.

HEAVY-SEVERE INTENSITY AEROBIC EXERCISE
TRAINING: INACTIVE PARTICIPANTS AND/OR
THOSE WITH DISEASE

Mixed Cell Populations

Metabolic Regulation: Two reports studied the effects of heavy-
severe aerobic exercise training on metabolic regulation of
mixed cell populations among inactive and/or participants with
disease. Both reports observed minimal change in metabolic
regulation of mixed leukocyte populations following training
in inactive adults. After two weeks of HIIT by cycle ergometer,
Hedges et al. noted no changes in PBMC PGC-la, Tfam,
nuclear respiratory factor 1, nuclear respiratory factor 2, or
COXIV mRNA, or electron transport chain CI-CV protein
expression (31). Similarly, six weeks of cycling HIIT did not
change lymphocyte mitochondrial biogenesis proteins in the
report from Tsai et al. (66). However, the latter authors did note
declines in mitofusin and dynamin-related protein-1 (DRP-
1). The greater relative decline in DRP-1 led to an increase in
mitofusin:DRP-1 post-training versus pre-training, suggestive
of increased mitochondrial fusion versus fission (66).

Metabolic Function: Four reports related data regarding the
effects of heavy-severe aerobic exercise training on metabolic
function in mixed cell populations in inactive individuals
and/or those with disease. Three of these reports recruited
sedentary but otherwise healthy males (17, 31, 66), and one
report detailed the effects of exercise in women with systemic
lupus erythematosus (23). Using Oxygraph, Chang and Wang
(2015) observed increased ATP-linked OCR and decreased
non-mitochondrial OCR in intact lymphocytes, and increased
Cl-linked OCR following six weeks of cycling HIIT (17).
Tsai et al. also observed via Oxygraph increased ATP-linked
OCR and Reserve OCR in intact lymphocytes following six
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weeks cycling HIIT, as well as increased ClI-linked OCR
and OXPHOS of permeabilized cells, and increased succinate
dehydrogenase activity (66). These authors also assessed the
effects of acute hypoxic exercise (36 min, 100 W, 12% O2)
following training and observed smaller exercise-induced
depressions in lymphocyte OCR, and lactate dehydrogenase,
succinate dehydrogenase, and citrate synthase activity (66).
Contrary to the previous two reports, Hedges et al. noted no
change in PBMC mitochondrial respiration (measured by
Oxygraph) following two weeks HIIT despite improvements in
mitochondrial respiration of permeabilized skeletal muscle fibers
(31). Accordingly, skeletal muscle mitochondrial respiration
was not correlated with PBMC respiration either pre- or post-
training. Finally, Hasni et al. found an improvement in PBMC
OCR:ECAR measured by Seahorse assay following 12 weeks
treadmill exercise in women with systemic lupus erythematosus
(29). Additionally, the change in OCR:ECAR was negatively
correlated with change in self-reported fatigue (via Fatigue
Severity Scale) (r = -0.59, p = 0.03) over the intervention (i.e.,
increase OCR:ECAR associated with decreased fatigue).

Cell Function: No reports investigated the effects of aerobic
exercise training of heavy-severe intensity on cell function,
in relation to cellular metabolism, in mixed cell populations
among inactive participants and/or those with disease.

Isolated Cell Populations

Metabolic Regulation: Two reports presented data on the
effects of heavy-severe aerobic exercise training on metabolic
regulation in isolated cell populations in inactive individuals
and/or those with disease. Bartlett et al. observed increased
neutrophil MMP (d = 1.10) following ten weeks of treadmill
HIIT in prediabetic overweight-obese older adults (6). Likewise,
Lin et al. noted increased NK cell MMP at rest following six
weeks of cycling HIIT in sedentary young males (41). The latter
authors also observed smaller exercise-induced perturbations
to NK cell MMP and mitochondrial oxidant burden (e.g.,
mitochondrial reactive oxygen species) in response to cycling
GXT post-training (41).

Metabolic Function: The effects of heavy-severe intensity
acrobic exercise training on metabolic function of isolated
cell populations among inactive participants and/or those
with disease were investigated in three reports. Following ten
weeks of HIIT among adults afflicted with rheumatoid arthritis,
Andonian et al. found via Seahorse assay that improvements
in cardiorespiratory fitness positively correlated with post-
training basal and maximal respiration of CD4" T cells (p =
0.89, p=0.019 for both), and that improvements to CD4+ T cell
mitochondrial respiration positively correlated with increases in
CD4+ CCR7+CD45RA+ T cells (i.e., naive cells) (p = 0.89,
p = 0.019) (2). Among the cohort of prediabetic overweight-
obese older adults discussed in the previous section, increased
neutrophil basal respiration (d = 3.01), maximal respiration (d =
2.86), and ATP production (d = 4.18) were observed following
training (measured by Seahorse assay) (6). Finally, using
Oxygraph, Lin et al. noted increased NK cell ETS, Reserve
OCR, and BHI at rest following six weeks HIIT in sedentary
young male participants (41). These authors also found that the
change in VO, pre- to post-training was positively correlated
with pre- to post-training changes in ETS (r=0.549, p <0.001),

Reserve OCR (r = 0.655, p < 0.001), and BHI (r = 0.546, p <
0.001).

Cell Function: Bartlett et al. and Lin et al. were the only
groups to investigate the effects of heavy-severe intensity aerobic
exercise training on cell function of isolated cell populations, in
relation to cellular metabolism, among inactive participants and/
or those with disease. The former group found improvements in
a variety of measures of neutrophil function following training
(Table 7), in parallel to the metabolic changes described in the
previous sections (6). Notably, pre- to post-training changes in
neutrophil chemotaxis were positively correlated with percent
change in VO, (r=0.649,p=0.042) and negatively correlated
with change in relative body fat (r = -0.721, p = 0.018).
These relationships suggest integration between systemic and
cellular effects of HIIT training. In NK cells, Lin et al. noted
increased perforin and granzyme b expression in unstimulated
NK cells obtained from resting participants post-training (41).
These functional changes complimented the training-related
improvements in mitochondrial regulation and respiratory
function previously described.

LIGHT-MODERATE INTENSITY AEROBIC EXERCISE
TRAINING: ATHLETE PARTICIPANTS

No reports investigated the effects of aerobic exercise training
of light-moderate intensity on cellular metabolism and function
in peripheral leukocytes among athletes.

LIGHT-MODERATE INTENSITY AEROBIC EXERCISE
TRAINING: HEALTHY ACTIVE PARTICIPANTS

Mixed Cell Populations

Metabolic Regulation: Only Morabito et al. investigated the
effects of light-moderate aerobic exercise training on metabolic
regulation of mixed cell populations in healthy active adults.
These authors observed no changes in hypoxia inducible factor
1 subunit alpha (HIF-10) mRNA expression or MMP of PBMCs
obtained following ten days trekking at either low- (mean
+ standard error of the mean (SEM): 598 + 561m) or high-
altitudes (4132 + 863m) in the same participants (49). However,
decreased mitochondrial ROS was noted following trekking at
high-altitude.

Metabolic Function: In the same experiment discussed
in the previous section, elevated PBMC metabolic activity
(via staining with 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromide (MTT)) was observed following
high-altitude but not low-altitude trekking (49).

Cell Function: Morabito et al. observed no change in
unstimulated PBMC intracellular ROS or nitric oxide following
either low- or high-altitude trekking (49).

Isolated Cell Populations

No reports investigated the effects of aerobic exercise training
of light-moderate intensity on cellular metabolism and function
in isolated cell populations among healthy active participants.

LIGHT-MODERATE INTENSITY AEROBIC EXERCISE
TRAINING: INACTIVE PARTICIPANTS AND/OR
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THOSE WITH DISEASE

Mixed Cell Populations

Metabolic Regulation: The effects of light-moderate aerobic
exercise training on metabolic regulation of mixed leukocyte
populations among inactive participants and/or those with
disease were investigated in three reports. Implementing eight-
week treadmill walking program among middle-aged (mean +
SD: 45.6 + 11.1 years) adults, Butcher et al. observed increases
in PBMC CD36 (mean + SD: 3.86 + 0.61-fold, 2.72 + 0.53-fold)
and PPAR (1.82+0.89-fold, 4.27 £+ 1.89-fold) mRNA expression
at four and eight weeks of training versus pre-training or non-
training participants (i.e., controls) (14). Increases in PBMC
ABCAL (3.46 £+ 0.56-fold) and ATP-binding cassette subfamily
G member 1 (ABCG1) (3.06 £ 0.47-fold) mRNA expression
were also observed at eight weeks compared to pre-training
or control participants. Similarly, Yakeu et al. noted increased
PBMC PGC-1a (4-fold, 5-fold) and peroxisome proliferator-
activated receptor o (PPARa) (1.6-fold, 1.6-fold) mRNA
expression after four and eight weeks of training, and increased
peroxisome proliferator-activated receptor y coactivator 1-beta
(PGC-1B) (2-fold) mRNA expression solely after eight weeks
of treadmill training (73). Similar to HIIT, Tsai et al. found no
change in lymphocyte mitochondrial biogenesis protein levels,
and a decrease in mitofusin and DRP-1 following six weeks
cycling moderate intensity continuous training (MICT) at 60%
VO, (66). Unlike HIIT, the ratio of mitofusin to DRP-1 was
not significantly altered via MICT (66).

Metabolic Function: Four reports related data on the
effects of light-moderate intensity aerobic exercise on metabolic
function of mixed cell populations among inactive participants
and/or those with disease. Brand et al. observed increased
lymphocyte OXPHOS (d = 1.27), ETS (d = 1.67), and CIV (d =
1.08) activity following 12 weeks training in men diagnosed with
occupational burnout (10), as well as increased lymphocyte ATP
content. Increased PBMC non-mitochondrial respiration (3.15-
fold), maximal respiration (2.45-fold) and SRC (5.65-fold) were
also observed by Kocher et al. following a twelve week training
program in HIV+ men (36). Though, it should be noted the
analytic platforms used in these two reports were not the same
(Oxygraph-2k versus Seahorse XFe24, respectively). Therefore,
the outcomes should not be interpreted as equivalent.

Finally, both Chang and Wang (2015) and Tsai et al. reported
on the effects of cycling MICT at 60% VO, (17, 66). In the
earlier of the two reports, Change and Wang observed increased
lymphocyte ATP-linked OCR and decreased non-mitochondrial
OCR in intact cells, as well as increased CllI-linked OCR in
permeabilized cells (17). The latter result contrasted with their
participants that performed HIIT in whom increased Cl-linked
OCR was observed rather than CII. Tsai et al. also observed
increased lymphocyte ATP-linked and Reserve OCR in intact
cells following training, along with increased ClI-linked OCR
and OXPHOS in permeabilized cells, and increased succinate
dehydrogenase activity (66). Finally, Tsai et al. also assessed
the effects of acute exercise in hypoxia following training
versus prior. Compared to pre-training, these authors observed
smaller reductions in lymphocyte respiratory capacity, succinate
dehydrogenase activity, as well as lactate dehydrogenase and
citrate synthase activity due to hypoxic exercise (66). These
trends were the same as those observed among their participants
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performing cycling HIIT rather than MICT. Both the reports
of Chang and Wang and Tsai et al. utilized the same analytic
platform (Oxygraph-2K) for measuring metabolic function.

Cell Function: No reports investigated the effects of aerobic
exercise training of light-moderate intensity on cell function, in
relation to cellular metabolism, in mixed cell populations among
inactive participants and/or those with disease.

Isolated Cell Populations

Metabolic Regulation: One report investigated the effects of
light-moderate intensity aerobic exercise training on metabolic
regulation (as well as metabolic function and cell function) in
isolated cell populations among inactive participants and/or those
with disease. As they did with their participants performing HIIT,
Lin et al. found increased NK cell mitochondrial content and
MMP, and decreased mitochondrial oxidant burden following
six weeks of cycling MICT at 60% VO,  (41). Notably, GXT
post-training also led to smaller reductions in mitochondrial
count and membrane potential, as well as smaller increases in
mitochondrial oxidant burden versus GXT pre-training.

Metabolic Function: Lin et al. also observed increased ETS,
Reserve OCR and BHI of NK cells, and a positive correlation
between change in participant VO, versus change in the latter
measures of NK cell respiratory function (AVOzpe 4 Vs ETS ¢
=0.549, p < 0.001; AVOzpeak vs. Reserve OCR 1 = 0.655, p <
0.001; AVO, , vs. BHI r=0.546, p < 0.001) as measured by
Oxygraph (41). These trends were the same as those observed
among participants in the study performing HIIT rather than
MICT.

Cell Function: In the same report discussed in the previous
two sections, unstimulated NK cell perforin and granzyme b
were found higher post-training versus pre-training and this
result was the same as what was observed among participants
that completed HIIT (41).

Concurrent Exercise Training: Athlete Participants or
Healthy Active Participants

No reports investigated the effects of concurrent exercise
training on cellular metabolism and function of peripheral
leukocytes among athletes or healthy active participants.

Concurrent Exercise Training: Inactive Participants and/or
Those with Disease

Mixed Cell Populations

Metabolic Regulation: Lehti et al. were the sole report on the
effects of concurrent exercise training (38). As assessed by
microarray, these authors recorded increased PBMC expression
of oxidative phosphorylation genes (z = 3.27) among those
participants that improved VO,  following 21 weeks of
training (n=7). All participants, both those included the gene
expression sub-study and those not included, were sedentary
adults with stable coronary artery disease.

Metabolic  Function or Cell Function: No reports
investigated the effects of concurrent exercise training on
metabolic function or cell function, in relation to cellular
metabolism, in mixed cell populations among inactive
participants and/or those with disease.
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Isolated Cell Populations

No reports investigated the effects of concurrent exercise
training on cellular metabolism and function in isolated cell
populations among inactive participants and/or those with
disease.

RESISTANCE EXERCISE TRAINING: ATHLETE
PARTICIPANTS

No reports investigated the effects of resistance training on
cellular metabolism and function in peripheral leukocytes
among athletes.

RESISTANCE EXERCISE TRAINING: HEALTHY
ACTIVE PARTICIPANTS

Mixed Cell Populations

Metabolic Regulation: One report related data on the effects
of resistance training on leukocyte metabolic regulation (21).
Among healthy active older adults (mean + SEM: 73.7 +
2.2 years) randomized to eight weeks of resistance training,
increased PBMC PGC-1a and mitofusin 1 protein expression
were observed post- versus pre-training. Mitofusin 1 expression
post-training among trained participants was also greater than
in the control group.

Metabolic  Function or Cell Function: No reports
investigated the effects of resistance training on metabolic
function or cell function in mixed cell populations among
healthy active participants.

Isolated Cell Populations

No reports investigated the effects of resistance training on
cellular metabolism and function in isolated cell populations
among healthy active participants.

RESISTANCE EXERCISE: INACTIVE PARTICIPANTS
AND/OR THOSE WITH DISEASE

No reports investigated the effects of resistance training on
cellular metabolism and function in peripheral leukocytes
among inactive participants and/or those with disease.

Effects of Physical Fitness

Key findings regarding the effects of physical fitness on
peripheral leukocyte metabolism and function are related in the
following sections and in Table 8. These include results from
reports strictly investigating physical fitness, as well as physical
fitness data from reports on the effects of both physical fitness
and acute exercise. Unless otherwise noted, key findings refer
to differences observed between participant fitness classes in
samples obtained from resting participants. Categorization
by exercise intensity/type and participant population is not
performed in this section due to the inclusion of multiple
participants populations and a lack of acute or chronic exercise
in these reports.

Mixed Cell Populations

Metabolic  Regulation: Two reports compared metabolic
regulation of mixed cell populations between participants
varying in physical fitness. In lymphocytes, Dorneles et al.

observed greater mitochondrial membrane depolarization of
cells from low-fitness participants (mean + SD: 38.1 + 1.7 mL/
kg/min. VO, ) versus cells of those in the moderate-fitness
(43.9+2.7 mL/kg/min. VO, ) and high-fitness groups (55.1 +
4.7 mL/kg/min.VO, ) when stimulated with 10 ug/mL Con-A
(20). No differences in mitochondrial membrane polarization
were observed among unstimulated and 5 pg/mL Con-A
stimulated lymphocytes. Mota et al. also noted differences in
mitochondrial ROS production in their report comparing men
of lower versus higher cardiorespiratory fitness across three age-
groups (19-29 years mean + SD: 42.9 £ 5.1 vs. 57.4 + 3.9 ml/kg/
min. VO, , 30-39 years 38.5 = 1.9 vs. 51.3 & 3.3 mL/kg/min.
VO, ,40-59 years 33.9+5.5vs.49.1+5.5 mL/kg/min. VO, )
(50). Compared to the men of higher fitness in each age-group,
unstimulated lymphocytes of men in the lower fitness group
demonstrated greater mitochondrial H,O, production (50).

Metabolic Function: Metabolic function was the most
studied outcome area in reports investigating the effects of
physical fitness on mixed cell populations, with six reports
retrieved. Vladutiu et al., measuring oxidation of radiolabeled
palmitic acid in whole blood, found greater FA oxidation in
leukocytes of endurance-trained runners (central tendency not
reported: 47.9 mL/kg/min. VOzpeak) and sedentary women (34.3
mL/kg/min. VOZpeak) versus three female siblings with genetic
deficiency for the FA transporter carnitine palmitoyltransferase 2
(CPT2) (36.5, 39.5, and 43.6 mL/kg/min. VOzpmk) (69). Greater
leukocyte FA oxidation was also observed among the endurance
trained versus sedentary women, and a positive correlation was
found between leukocyte FA oxidation versus VO, achieved at
an RER of 1.0 during GXT (r = 0.94, p-value not reported). In a
later report also evaluating leukocyte FA oxidation by the same
technique, inactive participants (male and female) and non-elite
athletes (runners) did not differ, nor did leukocyte FA oxidation
differ between inactive participants and those afflicted with a
variety of diseases (Table 8) (53). The notable exception in this
regard was that of participants with chronic fatigue syndrome,
whose values for leukocyte FA oxidation exceeded those of the
untrained. Leukocyte FA oxidation of elite athletes (endurance
runners) was greater than that of non-elite athletes and the
inactive, and FA oxidation of females with genetic deficiency in
CPT2 (two of the aforementioned 3 siblings) was less than all
other groups (53).

In their comparison of lymphocyte metabolic function
across age and fitness, Mota et al. measured lymphocyte oxygen
utilization polarographically by a Clarke electrode. The authors
report greater CI activity among lower fitness individuals in
the 19-29 and 30-39 years age-groups compared to those of
higher fitness at each age (50). No difference in CI activity
was observed between fitness levels in the 40-59 years age-
group. Additionally, a negative correlation was noted between
lymphocyte CI activity versus age (i.e., decline in CI activity
with advancing age) (r = -0.472, p-value not reported) only
among those of lower fitness (50). Tyrell et al. also observed
relationships between physical fitness and leukocyte respiratory
function (Seahorse assay) in the context of aging (67). Among
a cohort of overweight and obese older adults (65-79 years),
positive correlations were found between PBMC maximal OCR
and SRC versus various measures of physical fitness and body
composition (Table 8). A positive correlation was also observed
between PBMC basal OCR versus knee extensor maximal
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strength (r = 0.51, p < 0.05), and negative correlations were
observed between PBMC basal OCR (r = -0.61, p < 0.05),
maximal OCR (r = -0.58, p < 0.05), and SRC (r = -0.55, p
< 0.05) versus plasma IL-6 (67). In contrast to the results of
the latter two reports, Farinha et al. observed no differences
in mitochondrial or non-mitochondrial metabolic activity of
PBMCs of healthy active (mean + SD: 22.22 + 4.67 mL/kg/
min. VO, ) versus inactive (18.6 + 2.01 mL/kg/min. VO, )
postmenopausal women (22). These conclusions were based on
PBMC CI and CII activity, and MTT staining.

Janssen et al. were the only report to assess the effects of
physical fitness in both stimulated and unstimulated mixed
cells (34). Using the Seahorse Assay, in unstimulated PBMCs,
these authors noted greater values for various measures of
mitochondrial respiratory function among participants (females
only) of high fitness (median: 50.4 mL/kg/min. VO, ) versus
those of low-fitness (median: 35.1 mL/kg/min. Vo, .)» but
no differences in glycolytic function between groups (34).
Stimulation with Con-A (25 pg/mL) increased mitochondrial
respiration and glycolysis in both groups. However, Con-A-
stimulated basal and maximal OCR of PBMCs from high-
fitness participants was greater than those of the low-fitness
participants (34). Glycolytic function in Con-A-stimulated
PBMCs did not differ between the groups.

Cell Function: Differences in cell function of mixed cell
populations relative to physical fitness were reported among both
young male and postmenopausal female participants. Among
young male participants, Dorneles et al. found that unstimulated
and 5 pg/mL Con-A-stimulated lymphocytes from lower-fitness
participants produced greater ROS than moderate-fitness and
high-fitness participants (20). However, no differences in ROS
production were observed between groups when cells were
stimulated with 10 pg/mL Con-A (i.e., highest concentration).
Unstimulated and 5 pg/mL stimulated lymphocytes from
high-fitness participants also demonstrated lower proliferation
than cells of the moderate-fitness and low-fitness groups,
with no group differences in proliferation observed following
stimulation with 10 pg/mL Con-A (20). In contrast to these
results, Farinha et al. observed unstimulated ROS production
of PBMCs from healthy active postmenopausal women to be
greater than that of inactive women (22). However, superoxide
dismutase and catalase activity were also greater in cells from
healthy active women versus the inactive, and this elevated
antioxidant activity may have provided some protection from
elevated ROS in the active women.

Isolated Cell Populations

Metabolic Regulation: Antunes et al. and Alley et al. were
the only two reports to assess the effects of physical fitness
on metabolic regulation of isolated leukocyte populations. In
monocytes isolated from PBMCs by tissue-culture adherence,
Antunes et al. observed greater LPS-stimulated (100 ng/mL)
PPARy mRNA among participants of high-fitness (mean: 63.1
mL/kg/min. VO, ) versus those in the low-fitness group (35.3
mL/kg/min. VO, ) (3). The authors also noted greater PGC-1a
mRNA expression in cells from high-fitness participants under
all treatment conditions (LPS 100 ng/mL, rosiglitazone 1 pM,
LPS 100 ng/mL + rosiglitazone 1 uM) (group effectn,=0.513).
However, greater AMPK mRNA expression was observed
under all treatment conditions in cells of the low-fitness group

EIR 29 2023

(group effectn, = 0.372).

Relationships between physical fitness and metabolic
regulation in naive CD8+ and CD4+ T cells were evaluated in
the report from Alley et al. (1). In this report, flow cytometric
analyses of mitochondria allowed assessment of T cell
populations within the PBMC pool. Naive CD8+ T cells from
participants in the high-fitness group (mean + SD: 59.6 + 9.0
mL/kg/min. VOZPeak) exhibited greater mitochondrial mass than
cells of the inactive group (42.7 + 7.4 mL/kg/min. VO, ) (d
= (.76). However, the groups were not different in MMP and
mitochondrial biogenesis of naive CD8+ or CD4+ T cells.
Positive correlations among all participants were noted for both
mitochondrial mass of naive CD4+ and CD8+ T cells versus
estimated participant energy expenditure (r = 0.41, p = 0.024
and r = 0.36, p =0.048), and for mitochondrial mass of naive
CD8+ Tecells versus VO, , (r=0.47,p=0.009) (1). Anegative
correlation was observed for naive CD8+ T cell mitochondrial
mass versus percent body fat (r =-0.43, p=0.017) as measured
by bioelectrical impedance analysis. Sex and body composition
appear to be important factors in the previous relationships
because correlations between T-cell mitochondrial mass
and estimated energy expenditure or VO, , were no longer
significant when controlling for percent body fat. Similarly,
correlations between T-cell mitochondrial mass and estimated
energy expenditure were no longer significant when controlling
for sex (1). However, the positive relationship between CD8+
mitochondrial mass and VO, remained significant (r = 0.42,
p =0.024).

Metabolic Function: In the previously mentioned report,
Alley et al. also isolated naive CD8+ T cells from PBMCs by
immunomagnetic bead separation. They found no differences
in glycolytic or mitochondrial function of anti-CD3/anti-CD28
co-stimulated naive CD8+ T cells from participants in their
high-fitness versus low-fitness groups, as measured by Seahorse
assay (1).

Cell Function: Antunes etal. were the sole report to assess the
effects of physical fitness on cell function of isolated leukocyte
populations. In this report, monocytes from participants in their
low-fitness group demonstrated greater LPS-stimulated (100
ng/mL) IL-10 production versus monocytes from those in the
high-fitness group (3).

DISCUSSION

Overview

Research in the past two decades has demonstrated the integral
role of cellular metabolism in directing immune cell phenotype
and function. Furthermore, there are accumulating data from
the field of exercise immunology revealing the ways exercise
affects immune function via cellular metabolism. Given this
context, the current review aimed to set a foundation for future
work by summarizing the current body of literature regarding
the effects of exercise and physical fitness on leukocyte energy
metabolism. Figure 2 summarizes the number of studies that
have been performed within different participant populations
and by different experimental designs (e.g., acute exercise,
physical fitness comparisons). The volume, breadth, and
timespan of reports uncovered in the review were surprising
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and suggest early and persistent interest in the metabolic effects
of exercise on immune cells. However, while the diversity of
reports provides an extensive resource to inspire additional
research, it also presents some limitations to interpretation.

Limitations

The limitations of the literature are apparent when one attempts
to reconcile the data against the heterogeneity of sample
populations, types of exercise and/or training implemented,
timepoints of blood collection in relation to exercise, and
measurement techniques. We have attempted to resolve this
heterogeneity by organizing the data based on exercise type and
intensity, participant population, cell populations, and outcomes.
The strength of this approach is that it efficiently reveals gaps
in the literature; particularly regarding the effects of concurrent
and resistance training. However, this organizational strategy in
some cases may be incomplete, and all reports within a category
may not provide appropriate comparisons. This strategy was
chosen to find balance between organizational structure and
dividing the dataset into sections too small for meaningful
comparison. Given the objective of scoping reviews to be
mainly descriptive (4, 56), the balance was weighted towards
larger categories for the purpose of summary and comparison.
However, we understand the diverse nature of the literature
means our approach may not fit all aspects of the dataset equally
and this remains a limitation of the review.

Additional limitations of the review include the possibility
of missing reports and no weight of results relative to study
quality. The first limitation is a consequence of methodological
choices in the execution of the review. We attempted to cover
a wide swath of the biomedical literature through our choice
of databases. Nevertheless, it is possible relevant literature
remain outside the reach of our search methods and therefore
were not included in the review. This leaves the door open
for future reviews to build on the current work. Also, though
useful in weighing evidence between reports, critical analysis
of study quality is not within the purview of scoping reviews
and was therefore not implemented in this one. We encourage
future systematic reviews and meta-analyses to implement such
assessments to provide further clarity of research findings.

Acute Exercise Data

Despite the above-mentioned limitations of the current literature
and this review, noteworthy trends and knowledge gaps were
observable in the data. These results should offer direction for
future research that we will now discuss.

Trends

Heavy-Severe Intensity Aerobic Exercise

Acute aerobic exercise of heavy-severe intensity was
associated with changes in the expression of genes related to
nutrient acquisition and mitochondrial respiration, including
mitochondrial biogenesis. In general, increased gene expression
was observed post-exercise. However, the timepoint of blood
sampling appears important as positive results were more
frequently observed in samples obtained >2h post-exercise.
These trends were observed among athletes in mixed cell
populations, and among healthy active participants in both
mixed and isolated cell populations. In contrast, inconsistent
results were observed regarding the effects of heavy-severe
exercise on protein expression. This inconsistency may be

attributable to the relatively fewer reports that assessed protein
versus gene expression, or specifics of the participants and the
exercise bout. Though the lone report to investigate the effects
of acute heavy-severe aerobic exercise on metabolic regulation
in inactive participants did not assess gene or protein expression,
they did measure effects on mitochondria. Their observations
that acute exercise increased the mitochondrial oxidant burden
of NK cells, but did not alter mitochondrial count or MMP,
implies that mitochondrial oxidative stress is a consequence of
heavy-severe exercise among inactive participants (41).

Data obtained in athletes, healthy active, and inactive
participants indicate acute heavy-severe intensity aerobic
exercise alters peripheral leukocyte metabolic function.
These changes were observed in both mixed cell populations,
in monocytic cells incubated with post-exercise plasma in
vitro, and in NK cells. However, it remains unclear whether
observed changes in enzyme activity and substrate oxidation
simply reflect shifts in substrate use versus change in total
cellular metabolic activity. Furthermore, three reports suggest
that exercise-induced changes in metabolic function may be
due to exercise-induced changes in peripheral cell counts
versus within-cell changes (44, 53, 64). These results were
not observed in all reports, however, and it remains possible
that within-cell changes may occur differentially between cell
types. The report of Lin et al. provides some information to both
of these questions, as increased ETS and Reserve OCR were
observed post-exercise in NK cells (41). This implies NK cells
are metabolically sensitive to acute exercise in sedentary men.
Whether similar responses are observed in other cell types or
participant populations remains to be determined.

Few reports investigated cell function in the context of
acute heavy-severe aerobic exercise. Data from Busquets-
Cortes et al. indicate increased stimulated intracellular
ROS production in PBMCs alongside increased markers of
mitochondrial regulation post-exercise (13). Further, Lin et
al. report that exercise increased cytolytic mediators by NK
cells alongside increased mitochondrial oxidative burden and
increased ETS and Reserve OCR (42). However, the data are
conflicted as to whether heavy-severe exercise has a stimulatory
or inhibitory effect on measures of cell function, as lowered cell
function is also reported (26, 49). Resolving this conflict will
be important to determine whether exercise-induced changes
in metabolic regulation and function, such as those described,
imply promotion or suppression of immune function.

Light-Moderate Intensity Aerobic Exercise

Few reports investigated the effects of acute light-moderate
aerobic exercise, and inactive participants with or without an
ongoing disease were the only participant population studied.
This perhaps is not surprising, given light-moderate exercise
may be expected to deliver insufficient physiological stress to
observe effects among healthy active participants or athletes.
However, given the lack of data, whether this assumption is true
remains unclear. Among inactive participants with or without
disease, acute exercise was associated with depressed signaling
formitochondrial biogenesis, and mixed effects on mitochondrial
regulation. However, unfortunately, methodological choices in
the latter investigations direct that these results be interpreted
with caution. Blood samples were acquired thirty minutes
post-exercise in the report from Ferrer et al. (23), which the
data on heavy-severe exercise suggests is too soon to observe
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effects on PBMC gene expression. Additionally, though
moderate, exercise in the reports from Tsai et al. and Chang
and Wang was performed in hypoxic conditions (16, 66). Thus,
the physiological stress of the bout was likely in excess of the
moderate cycling workloads and therefore may not faithfully
reflect the effects of moderate intensity cycling on PBMCs and
lymphocytes.

Knowledge Gaps Regarding Acute Exercise

Major knowledge gaps regarding the effects of acute exercise on
peripheral leukocyte metabolism and function include: effects
of concurrent and resistance training, effects on glycolytic
function, changes in substrate use versus overall metabolic
rate, the influence of exercise intensity within individuals
and between cell types. It is striking that no reports tested the
effects of acute concurrent or resistance training bouts. These
are major gaps in the literature that deserve attention due to the
unique benefits each type of exercise offers. Additionally, few
of the included reports assessed changes in the regulation or
function of glycolysis. Given the dramatic changes in oxygen
consumption and substrate utilization during acute exercise,
and the role of glycolysis in facilitating immune cell activation,
evaluating the regulation of glycolysis in leukocytes with
exercise will be worthwhile. Related, evaluating activity of
specific metabolic pathways in parallel with overall metabolic
rate (e.g., oxygen consumption, ATP production) will be
useful towards understanding if exercise only shifts leukocyte
substrate use and/or alters metabolic rate. Such information will
inform strategies (e.g., immunonutrition) to support immune
function in the context of exercise or occupational physical
activity. Finally, it is essential to resolve the effects of acute
exercise on leukocyte metabolic function relative to exercise
intensity and cell proportions. Contrasting the effects of variable
exercise intensity within individuals, as well as between mixed
versus isolated cell types, will help contextualize previous
results and suggest if and how acute exercise can be used to
modulate immunometabolism. These data will be instrumental
to determining which cell types may be most metabolically
sensitive to exercise and the immunometabolic effects imposed
at different intensities.

Chronic Exercise Data

Trends

Heavy-Severe Intensity Aerobic Exercise

Heavy-severe aerobic exercise training was associated with
changes in the expression of proteins regulating cellular
metabolism in athletes and healthy active participants, but not
sustained changes in gene expression. Among athletes, training
led to increased expression of proteins that suggest signaling
for mitochondrial biogenesis in mixed cell populations.
Heavy-severe training in healthy active participants also led
to increased protein expression, but for FA transport rather
than mitochondrial biogenesis. The latter data stem from only
one report, however, and therefore remain to be replicated for
confirmation. In contrast to data obtained from athletes and
healthy active participants, minimal changes in gene or protein
expression of mixed cell populations were observed among
inactive participants with or without disease following training.
However, the change in ratio of mitochondrial dynamics proteins
in one report imply increased mitochondrial fusion (66). In
isolated cells, elevated MMP was noted post-HIIT training in
two reports, alongside evidence for improved redox regulation
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(41). Taken together, the available data suggest heavy-severe
aerobic exercise training signals for changes in mitochondrial
homeostasis among mixed and isolated cells that may improve
mitochondrial redox regulation. Though, training periods of six
weeks or greater appear required to observe such changes.

The majority of data regarding the effects of heavy-severe
aerobic exercise training on metabolic function were collected
among inactive participants with or without disease, with too
few results in athletes or healthy active participants for further
commentary (Figure 2). In sum, data among inactive participants
with or without disease indicate heavy-severe aerobic exercise
training results in improvements to oxidative phosphorylation
and respiratory capacity of peripheral leukocytes. Similar
results were observed in both mixed cell population and
isolated cell types; including T cells, neutrophils, and NK cells.
However, data indicate that training must be in excess of two
weeks to observe respiratory adaptations, as one report that only
instituted a two-week training program observed no significant
improvements to PBMC respiration (31). These trends are
promising given the parallels to adaptations documented in
skeletal muscle, and the importance of mitochondrial function
to immune function (46).

Similar to the data on metabolic function, few reports
assessed the effects heavy-severe aerobic exercise training on
cell function. The two reports which investigated cell function
following training in athletes observed minimal evidence of
functional changes at rest in PBMCs, despite evidence of
mitochondrial biogenesis signaling at the protein level (12, 13).
In contrast, data obtained in inactive participants with or without
disease indicate HIIT training can lead to improvements in cell
function of both neutrophils and NK cells (6, 41). Notably,
cell functional changes occurred alongside improvements to
both cardiorespiratory fitness and cellular respiratory capacity,
implying coordinated metabolic adaptation to exercise training.

Light-Moderate Intensity Aerobic Exercise

No reports investigated light-moderate training among athletes
and only a single report on light-moderate aerobic exercise
training in healthy active participants was recovered. The
data of this latter report suggest light-moderate training is
insufficient to alter cellular metabolism of lymphocytes, unless
additional stimuli are provided (e.g., hypobaric hypoxia) (49).
Though, these results deserve replication for confirmation given
the limited data. In contrast, reports among inactive participants
with or without disease were relatively more numerous. In
mixed cells, greater expression of genes regulating lipid
transport and oxidation were observed following training in two
reports (14, 73), and decreased expression of proteins regulating
mitochondrial dynamics were noted in one report (66). In
isolated cells, training led to improvements in measures of
mitochondrial function, both at rest and following acute heavy-
severe intensity exercise (41). Together, the data indicate light-
moderate training alters nutrient acquisition and mitochondrial
homeostasis of peripheral leukocytes, with the potential for
improved resilience to stresses such as exercise.

Data obtained in both healthy active and inactive
participants with or without disease indicate light-moderate
training can result in improvements in metabolic function of both
mixed and isolated cell populations. Improvements in various
markers of cell respiratory function were observed following
training in lymphocytes of men diagnosed with occupational
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burnout (10), in PBMCs of men with HIV (36), and in PBMCs,
lymphocytes, or NK cells of sedentary but otherwise healthy
young men (17, 41, 66). Two of these reports are notable for
their investigations of acute exercise effects following training.
Those data, obtained in one case in lymphocytes and in the
other in isolated NK cells, indicate training-related changes
mitigate the metabolic perturbations induced by acute exercise
of peripheral lymphocytes (41, 66).

Only a single report was retrieved which evaluated the
effects of light-moderate aerobic exercise training on cell
function (41). These data were obtained in isolated NK cells and
indicate light-moderate training may elicit equivalent changes
in cell function as heavy-severe aerobic exercise training.
Increased levels of granzyme b and perforin were recorded in
NK cells of participants that completed light-moderate MICT
or HIIT in this report, without differences between the groups.
These results are promising and suggest light-moderate training
may be sufficient stimulus to improve immune cell function
among sedentary individuals. However, given this is but a single
report, they also deserve follow up to determine the minimal as
well as maximal effective intensities of aerobic exercise training
in regard to peripheral leukocyte metabolism and function.

Knowledge Gaps Regarding Chronic Exercise

Despite revealing a number of trends worthy of comment,
review of the data regarding the effects of exercise training on
leukocyte metabolism and function also uncovered numerous
gaps in knowledge. The most notable of these gaps include:
the effects of concurrent and resistance training, the effects
of training on different cell types obtained from the same
participants, and the effects of exercise training on cellular
glycolysis. Few reports investigated concurrent or resistance
training at all, much less at different intensities, in different
populations or cell types (Figure 2). Further, only a single
study with healthy active participants employed a heavy-severe
intensity training program, which might be expected to have
a greater impact on cell metabolism and function. Although,
this remains to be determined. The available data indicates
these training styles are safe in both inactive and healthy
participants, with promising results regarding metabolic
regulation. Consequently, it will be important for future work
to extend these studies to other populations (e.g., athletes),
outcomes (metabolic function, cell function), and cell types to
characterize the immunometabolic effects of resistance and the
combination of aerobic and resistance exercise.

It also remains unclear how a given training program
differentially affects various cells within the peripheral
leukocyte pool. It is clear that metabolic differences exist
between cell types and activation states (52, 59). However,
whether differences also exist between cell types in regard to
exercise and training remains unclear. Consequently, prospective
comparisons of exercise training effects between different cell
types will be extremely valuable for interpreting results coming
from mixed populations and ascertaining whether certain cells
are more or less “trainable.” Finally, scant data were recovered
concerning the effects of exercise training on leukocyte
glycolytic function. As was stated previously when discussing
acute exercise, glycolysis is integral to leukocyte activation
and pathogen control, but is likewise linked to inflammation.
Therefore, whether training improves or suppresses glycolytic
function will have important implications toward the potential

benefits and harms of pursuing exercise. In some cases,
increasing cell activation and inflammatory potential may be
helpful (e.g., recovering from sepsis), while in others it may
be detrimental (e.g., chronic inflammatory disease). However,
without knowledge of the effects of exercise training on
leukocyte glycolysis it will be difficult to forecast its costs
versus benefits.

Physical Fitness Data

Trends

Given the comparative methodological burden of acute exercise
and training interventions, it was surprising that fewer cross-
sectional reports on physical fitness were retrieved (Figure 2). Yet,
the lack of reports leaves the door open for additional research
and invites study of the relationships between physical fitness
and leukocyte metabolism among many populations of interest.
For example, no studies examined effects of physical fitness on
metabolic regulation within populations with disease (Figure 2).
With the caveat that there were relatively few data to draw upon,
available data indicate higher fitness is associated with more
stable mitochondrial function, greater substrate oxidation and
respiratory enzyme activity among mixed cell populations. In
parallel to these metabolic differences, cells of fitter individuals
may also exhibit lower basal ROS production and proliferation,
without compromised ROS and proliferation with maximal
activation. Among isolated cell types, the data demonstrate
positive associations between host fitness and signaling for lipid
metabolism and mitochondrial biogenesis in monocytes (3), as
well as mitochondrial mass in naive T cells (1).

Knowledge Gaps Regarding Physical Fitness

A worthwhile avenue for future research will be defining
the contexts in which differences in leukocyte metabolism
present relative to physical fitness. Investigating individuals
across the fitness continuum is an important aim to define if
and how leukocyte metabolism scales with fitness and health.
The thresholds of fitness for observing cellular differences may
vary by health and activity status. Therefore, studies in diverse
participant populations will provide context for interpreting
the implications of leukocyte metabolism relative to fitness.
It will also be valuable to document relationships between
systemic and cellular metabolism of individuals of similar
fitness, but differing in age or sex, and comparing cell types.
Such data will inform how age- and sex-related effects change
the latter relationships, and if the strength of relationships
between systemic and cellular metabolism vary between
leukocyte types. Finally, as was also true for acute exercise
and chronic exercise, few studies of physical fitness assessed
cell function alongside cell metabolism. Therefore, the impact
of fitness-based differences in leukocyte metabolic regulation
and function toward defense against pathogens and malignant
cells remains opaque. Of all objectives, linking systemic and
leukocyte metabolism with immune function may be the most
important in regard to host health. We strongly recommend
future investigations integrate measures of immune cell function
(e.g., pro-/anti-inflammatory cytokine production, cytotoxicity)
alongside metabolic assessments to situate cellular metabolic
data relative to immune function and host health.

SUMMARY AND CONCLUSION

Effectively engaging cellular metabolic pathways is essential
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to both exercise performance and immune function. Given the
beneficial effects of exercise on systemic and skeletal muscle
metabolic function, and on immunity, the potential for exercise
to modulate immune function via leukocyte metabolism seems a
logical possibility. The current literature suggest acute exercise
can influence the regulation of leukocyte energy metabolism
and metabolic function, and that the stimuli of training may
enhance metabolic capacity (e.g., enhanced maximal oxidative
phosphorylation capacity). However, there remain notable
gaps in the literature to be filled with future research. These
gaps include the effects of exercise and fitness on leukocyte
glycolytic function, intensity and duration thresholds for
exercise-induced leukocyte metabolic adaptations, as well as
the existence and magnitude of differences in the metabolic
response to exercise between cell types and subsets. In addition,
relatively few studies examined cell function concurrently with
measures of metabolic regulation or metabolic function. Ideally,
future studies investigating acute and chronic exercise effects
on cellular metabolism will include data on the regulation of
cellular metabolism (e.g., protein expression, mitochondrial
dynamics), metabolic function (e.g., mitochondrial respiration),
as well as cell function (e.g., stimulated proliferation, cytokine
production) to characterize the immediate and adaptive
consequences of exercise and training. Such data will improve
understanding of whether and how exercise affects immune
function via cellular metabolism and inform the application of
acute and chronic exercise to support both immune function and
systemic health and well-being.

Acknowledgements: The authors acknowledge the
contributions of Rachel Helbing, Lynnsie McBride, and Zainab
Tafish for their assistance executing the review. Gratitude
is directed to Ms. Helbing for guidance in constructing and
executing the database search strategy, and to Ms. McBride and
Ms. Tafish for assistance during the data extraction process.

REFERENCES

1. Alley JR, Valentine RJ, Kohut ML. Mitochondrial mass of
naive T cells is associated with aerobic fitness and energy
expenditure of active and inactive adults. Med Sci Sports
Exerc 54: 1288-1299, 2022.

2. Andonian B, Bartlett D, Koss A, Muoio D, Koves T, St. Clair
E, Hauser E, Kraus W, Huffman K. High-intensity interval
training increases rheumatoid arthritis cardiorespiratory fitness
in association with improvements in CD4+ T aell and skeletal
muscle mitochondrial metabolism. Arthritis Rheumatol 72:
3544-3545, 2020.

3. Antunes BM, Rosa-Neto JC, Batatinha HAP, Franchini E,
Teixeira AM, Lira FS. Physical fitness status modulates the
inflammatory proteins in peripheral blood and circulating
monocytes: role of PPAR-gamma. Sci Rep 10: 14094, 2020.

4. Arksey H, O’Malley L. Scoping studies: towards a
methodological framework. Int J Soc Res Methodol 8: 19-32,
2005.

5. Awadhpersad R, Jackson CB. High-resolution
respirometry to assess bioenergetics in cells and tissues
using chamber- and plate-based respirometers. J Vis Exp
1:e63000, 2021.

EIR 29 2023

10.

18.

19.

20.

Bartlett DB, Slentz CA, Willis LH, Hoselton A, Huebner JL,
Kraus VB, Moss J, Muchlbauer MJ, Spielmann G, Muoio
DM, Koves TR, Wu H, Huffman KM, Lord JM, Kraus WE.
Rejuvenation of neutrophil functions in association with
reduced diabetes risk following ten weeks of low-volume high
intensity interval walking in older adults with prediabetes — a
pilot study. Front Immunol 11: 729, 2020.

Bisset SK, Alexander WD. Effect of muscular activity prior to
venepuncture on the respiration of leucocytes in vitro. Nature
181: 909-910, 1958.

Booth FW, Roberts CK, Laye MJ. Lack of exercise is a major
cause of chronic diseases. Compr Physiol 2: 1143-1211, 2012.
Van den Bossche J, Baardman J, Otto NA, van der Velden
S, Neele AE, van den Berg SM, Luque-Martin R, Chen
H-J, Boshuizen MCS, Ahmed M, Hoeksema MA, de Vos
AF, de Winther MPJ. Mitochondrial dysfunction prevents
repolarization of inflammatory macrophages. Cell Rep 17:
684-696, 2016.

Brand S, Ebner K, Mikoteit T, Lejri I, Gerber M, Beck J,
Holsboer-Trachsler E, Eckert A. Influence of regular physical
activity on mitochondrial activity and symptoms of burnout—
an interventional pilot study. J Clin Med 9: 667, 2020.
Burnley M, Jones AM. Power—duration relationship:
Physiology, fatigue, and the limits of human performance. Eur
J Sport Sci 18: 1-12, 2018.

Busquets-Cortés C, Capd X, Martorell M, Tur JA, Sureda
A, Pons A. Training enhances immune cells mitochondrial
biosynthesis, fission, fusion, and their antioxidant capabilities
synergistically with dietary docosahexaenoic supplementation.
Oxid Med Cell Longev 2016: 1-10, 2016.

Busquets-Cortés C, Capd X, Martorell M, Tur JA, Sureda A,
Pons A. Training and acute exercise modulates mitochondrial
dynamics in football players’ blood mononuclear cells. Eur J
Appl Physiol 117: 1977-1987, 2017.

Butcher LR, Thomas A, Backx K, Roberts A, Webb R, Morris
K. Low-intensity exercise exerts beneficial effects on plasma
lipids via PPARY. Med Sci Sport Exerc 40: 1263-1270, 2008.
Capo X, Martorell M, Ferrer MD, Sureda A, Pons V, Domingo
JC, Drobnic F, Martinez-Rodriguez A, Leyva-Vela B, Sarabia
IJM, Herranz-Lopez M, Roche E, Tur JA, Pons A. Calorie
restriction improves physical performance and modulates the
antioxidant and inflammatory responses to acute exercise.
Nutrients 12: 930, 2020.

Chang S-C, Wang J. Effects of cycling exercise on
mitochondrial function and efficacy of peripheral blood
mononuclear cells under hypoxic condition in sedentary men.
FASEB J 31: 1096, 2017.

Chang S, Wang J. Different effects of interval and continuous
exercise regimens on capacity of mitochondria oxidative
phosphorylation in lymphocyte. FASEB J 29: 677.6, 2015.
Davies NA, Watkeys L, Butcher L, Potter S, Hughes MG,
Moir H, Morris K, Thomas AW, Webb R. The contributions
of oxidative stress, oxidised lipoproteins and AMPK
towards exercise-associated PPARY signalling within human
monocytic cells. Free Radic Res 49: 45-56, 2015.
Djafarzadeh S, Jakob SM. High-resolution respirometry to
assess mitochondrial function in permeabilized and intact
cells. J Vis Exp 1: 54985, 2017.

Dorneles GP, Lira FS, Romao PRT, Kriiger K, Rosa-Neto
JC, Peres A, Antunes BM. Levels of cardiorespiratory
fitness in men exerts strong impact on lymphocyte function



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Scoping Review of Exercise and Human Leukocyte Metabolism 71

after mitogen stimulation. J Appl Physiol 130: 1133-1142,
2021.

Estébanez B, Moreira OC, Almar M, de Paz JA, Gonzalez-
Gallego J, Cuevas MIJ. Effects of a resistance-training
programme on endoplasmic reticulum unfolded protein
response and mitochondrial functions in PBMCs from elderly
subjects. Eur J Sport Sci 19: 931-940, 2019.

Farinha JB, De Carvalho NR, Steckling FM, De Vargas
LDS, Courtes AA, Stefanello ST, Martins CC, Bresciani G,
Dos Santos DL, Soares FAA. An active lifestyle induces
positive antioxidant enzyme modulation in peripheral blood
mononuclear cells of overweight/obese postmenopausal
women. Life Sci 121: 152-157, 2015.

Ferrer MD, Capd X, Reynés C, Quetglas M, Salaberry E,
Tonolo F, Suau R, Mari B, Tur JA, Sureda A, Pons A. Dietary
sodium nitrate activates antioxidant and mitochondrial
dynamics genes after moderate intensity acute exercise in
metabolic syndrome patients. J Clin Med 10: 2618, 2021.
Ferry A, Marsac C, Duvallet A, Rieu M. Blood mononuclear
cells energy metabolism response to muscular exercise. J Sports
Med Phys Fitness 31: 208-212, 1991.

Fischer M, Bantug GR, Dimeloe S, Gubser PM, Burgener AV,
Gréhlert J, Balmer ML, Develioglu L, Steiner R, Unterstab G,
Sauder U, Hoenger G, Hess C. Early effector maturation of naive
human CD8+ T cells requires mitochondrial biogenesis. Eur J
Immunol 48: 1632-1643, 2018.

Frisina JP, Gaudieri S, Cable T, Keast D, Palmer TN. Effects of
acute exercise on lymphocyte subsets and metabolic activity. Int
J Sports Med 15: 3641, 1994.

Gatterer H, Menz V, Salazar-Martinez E, Sumbalova Z, Garcia-
Souza LF, Velika B, Gnaiger E, Burtscher M. Exercise performance,
muscle oxygen extraction and blood cell mitochondrial respiration
after repeated-sprint and sprint interval training in hypoxia: A pilot
study. J Sports Sci Med 17: 339-347, 2018.

Hargreaves M, Spriet LL. Skeletal muscle energy metabolism
during exercise. Nat Metab 2: 817-828, 2020.

Hasni S, Chapman M, Feng R, Ahmad A, Gupta S, Naqi M,
Munday A, Lu S, Gadina M, Manna Z, Li X, Shi Y, Mishra-
Thakur K, Davis M, Chu J, Poncio E, Temesgen-Oyelakin
Y, Martinez J, Morris Z, Ochoa I, Nakabo S, Drinkard B,
McCrossin G, Stockman M, Kaplan M, Saligan L, Keyser R,
Chan L, Chin L. A 12-week aerobic exercise training program
in women with systemic lupus erythematosus (SLE) improves
fatigue, mitochondrial dysfunction and associated interferon
gene signature. Arthritis Rheumatol 73: 2631-2634, 2021.
Hawley JA, Hargreaves M, Joyner MJ, Zierath JR. Integrative
biology of exercise. Cell 159 Cell Press: 738-749, 2014.
Hedges CP, Woodhead JST, Wang HW, Mitchell CJ, Cameron-
Smith D, Hickey AJR, Merry TL. Peripheral blood mononuclear
cells do not reflect skeletal muscle mitochondrial function or
adaptation to high-intensity interval training in healthy young
men. J Appl Physiol 126: 454461, 2019.

Holloszy JO, Coyle EF. Adaptations of skeletal muscle to
endurance exercise and their metabolic consequences. J Appl
Physiol 56: 831-838, 1984.

Hunter DJ, James L, Hussey B, Wadley AJ, Lindley MR, Mastana SS.
Impact of aerobic exercise and fatty acid supplementation on global
and gene-specific DNA methylation. Epigenetics 14: 294-309, 2019.
Janssen JJE, Lagerwaard B, Porbahaie M, Nieuwenhuizen
AG, Savelkoul HFJ, van Neerven RJJ, Keijer J, de Boer VCJ.
Extracellular flux analyses reveal differences in mitochondrial

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

PBMC metabolism between high-fit and low-fit females. Am J
Physiol Metab 322: E141-E153, 2022.

Jones AE, Sheng L, Acevedo A, Veliova M, Shirihai OS, Stiles L,
Divakaruni AS. Forces, fluxes, and fuels: Tracking mitochondrial
metabolism by integrating measurements of membrane potential,
respiration, and metabolites. Am J Physiol - Cell Physiol 320:
C80-C91, 2021.

Kocher M, McDermott M, Lindsey R, Shikuma CM, Gerschenson
M, Chow DC, Kohorn LB, Hetzler RK, Kimura IF. Short
communication: HIV patient systemic mitochondrial respiration
improves with exercise. AIDS Res Hum Retroviruses 33: 1035—
1037, 2017.

Kodama S, Saito K, Tanaka S, Maki M, Yachi Y, Asumi M,
Sugawara A, Totsuka K, Shimano H, Ohashi Y, Yamada N, Sone
H. Cardiorespiratory fitness as a quantitative predictor of all-cause
mortality and cardiovascular events in healthy men and women: A
meta-analysis. JAMA - J Am Med Assoc 301: 2024-2035, 2009.
Lehti M, Valkeinen H, Sipild S, Perhonen M, Rottensteiner M,
Pullinen T, Pietildinen R, Nyman K, Vehkaoja A, Kainulainen
H, Kujala UM. Effects of aerobic and strength training on
aerobic capacity, muscle strength, and gene expression of
lymphomonocytes in patients with stable CAD. Am J Transl
Res 12: 45824593, 2020.

Li R, Xia J, Zhang X, Gathirua-Mwangi WG, Guo J, Li Y,
McKenzie S, Song Y. Associations of muscle mass and
strength with all-cause mortality among US older adults. Med
Sci Sports Exerc 50: 458467, 2018.

Liepinsh E, Makarova E, Plakane L, Konrade I, Liepins
K, Videja M, Sevostjanovs E, Grinberga S, Makreckall
Kuka M, Dambrova M. Low[intensity exercise stimulates
bioenergetics and increases fat oxidation in mitochondria of
blood mononuclear cells from sedentary adults. Physiol Rep
8: 14489, 2020.

Lin M-L, Hsu C-C, Fu T-C, Lin Y-T, Huang Y-C, Wang J-S.
Exercise training improves mitochondrial bioenergetics of
natural killer cells. Med Sci Sport Exerc 54: 751-760, 2022.
Lounana J, Campion F, Noakes TD, Medelli J. Relationship
between %HRmax, %HR reserve, %VO2max, and %VO02
reserve in elite cyclists. Med Sci Sports Exerc 39: 350-357,
2007.

Lundby C, Jacobs RA. Adaptations of skeletal muscle
mitochondria to exercise training. Exp Physiol 101: 17-22,
2016.

Meksawan K, Pendergast DR, Vladutiu GD, Awad AB. Effect
of dietary fat intake on total body and white blood cell fat
oxidation in exercised sedentary subjects. Nutr Res 25: 225—
237, 2005.

Michalek RD, Gerriets VA, Jacobs SR, Macintyre AN,
Maclver NJ, Mason EF, Sullivan SA, Nichols AG, Rathmell
JC. Cutting edge: Distinct glycolytic and lipid oxidative
metabolic programs are essential for effector and tegulatory
CD4+ T cell subsets. J Immunol 186: 3299-3303, 2011.
Mills EL, Kelly B, O’Neill LAJ. Mitochondria are the
powerhouses of immunity. Nat Immunol 18: 488—498, 2017.
Moir H, Butcher L, Jones KP, Hughes MG, Neale H, Jia H,
Al-Ismaily Z, Webb R. AMPK inactivation in mononuclear
cells: a potential intracellular mechanism for exercise-induced
immunosuppression. Appl Physiol Nutr Metab 33: 75-85, 2008.
Moir H, Hughes MG, Potter S, Sims C, Butcher LR, Davies
NA, Verheggen K, Jones KP, Thomas AW, Webb R. Exercise-
induced immunosuppression: roles of reactive oxygen species

EIR 29 2023



72 Scoping Review of Exercise and Human Leukocyte Metabolism

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

and 5'-AMP-activated protein kinase dephosphorylation
within immune cells. ] Appl Physiol 108: 1284-1292, 2010.
Morabito C, Lanuti P, Caprara GA, Guarnieri S, Verratti V,
Ricci G, Catizone A, Marchisio M, Fano-Illic G, Mariggio
MA. Responses of peripheral blood mononuclear cells to
moderate exercise and hypoxia. Scand J Med Sci Sports 26:
1188-1199, 2016.

Mota MP, Peixoto FM, Soares JF, Figueiredo PA, Leitdo JC,
Gaivao I, Duarte JA. Influence of aerobic fitness on age-
related lymphocyte DNA damage in humans: relationship
with mitochondria respiratory chain and hydrogen peroxide
production. Age (Omaha) 32: 337-346, 2010.

Nieman DC, Gillitt ND, Sha W, Esposito D, Ramamoorthy
S. Metabolic recovery from heavy exertion following banana
compared to sugar beverage or water only ingestion: A
randomized, crossover trial. PLoS One 13: e0194843, 2018.
O’Neill LAJ, Kishton RJ, Rathmell J. A guide to
immunometabolism for immunologists. Nat Rev Immunol 16:
553-565, 2016.

Pendergast DR, Fisher NM, Meksawan K, Doubrava M,
Vladutiu GD. The distribution of white blood cell fat oxidation
in health and disease. J Inherit Metab Dis 27: 89-99, 2004.
Perry SW, Norman JP, Barbieri J, Brown EB, Gelbard HA.
Mitochondrial membrane potential probes and the proton
gradient: a practical usage guide. Biotechniques 50: 98115,
2011.

Pesta D, Gnaiger E. High-resolution respirometry: OXPHOS
protocols for human cells and permeabilized fibers from small
biopsies of human muscle. In: Methods in Molecular Biology,
p- 25-58.

Peters M, Godfrey C, Mclnerney P, Munn Z, Tricco A, Khalil
H. Chapter 11: Scoping reviews (2020 version). In: JBI
Manual for Evidence Synthesis, edited by Aromataris E, Munn
Z. Joanna Briggs Institute.

Poole DC, Rossiter HB, Brooks GA, Gladden LB. The
anaerobic threshold: 50+ years of controversy. J Physiol 599:
737-767,2021.

Posner JD, Gorman KM, Klein HS, Cline CJ. Ventilatory
threshold: measurement and variation with age. J Appl Physiol
63: 1519-1525, 1987.

Rausser S, Trumpff C, McGill MA, Junker A, Wang W, Ho
S-H, Mitchell A, Karan KR, Monk C, Segerstrom SC, Reed
RG, Picard M. Mitochondrial phenotypes in purified human
immune cell subtypes and cell mixtures. Elife 10: ¢70899,
2021.

Rodriguez-Prados J-C, Través PG, Cuenca J, Rico D, Aragonés
J, Martin-Sanz P, Cascante M, Bosca L. Substrate fate in
activated macrophages: A comparison between innate, classic,
and alternative activation. J] Immunol 185: 605-614, 2010.
Rosa-Neto JC, Lira FS, Little JP, Landells G, Islam H, Chazaud
B, Pyne DB, Teixeira AM, Batatinha H, Moura Antunes B,
Guerra Minuzzi L, Palmowski J, Simpson RJ, Kriiger K.
Immunometabolism-fit: How exercise and training can modify
T cell and macrophage metabolism in health and disease. Exerc
Immunol Rev 28: 29-46, 2022.

Schurich A, Pallett LJ, Jajbhay D, Wijngaarden J, Otano I,
Gill US, Hansi N, Kennedy PT, Nastouli E, Gilson R, Frezza
C, Henson SM, Maini MK. Distinct metabolic requirements
of exhausted and functional virus-specific CD8 T cells in the
same host. Cell Rep 16: 1243-1252, 2016.

Swain DP, Abernathy KS, Smith CS, Lee SJ, Bunn SA. Target

EIR 29 2023

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

heart rates for the development of cardiorespiratory fitness.
Med Sci Sports Exerc 26: 112116, 1994.

Theall B, Stampley J, Cho E, Granger J, Johannsen NM, Irving
BA, Spielmann G. Impact of acute exercise on peripheral
blood mononuclear cells nutrient sensing and mitochondrial
oxidative capacity in healthy young adults. Physiol Rep 9:
el5147,2021.

Thomas AW, Davies NA, Moir H, Watkeys L, Ruffino JS, Isa
SA, Butcher LR, Hughes MG, Morris K, Webb R. Exercise-
associated generation of PPARy ligands activates PPARy
signaling events and upregulates genes related to lipid
metabolism. J Appl Physiol 112: 806-815, 2012.

Tsai H-H, Chang S-C, Chou C-H, Weng T-P, Hsu C-C, Wang
J-S. Exercise training alleviates hypoxia-induced mitochondrial
dysfunction in the lymphocytes of sedentary males. Sci Rep 6:
35170, 2016.

Tyrrell DJ, Bharadwaj MS, Van Horn CG, Marsh AP, Nicklas
BJ, Molina AJA. Blood-cell bioenergetics are associated with
physical function and inflammation in overweight/obese older
adults. Exp Gerontol 70: 84-91, 2015.

Vats D, Mukundan L, Odegaard JI, Zhang L, Smith KL, Morel
CR, Greaves DR, Murray PJ, Chawla A. Oxidative metabolism
and PGC-1f attenuate macrophage-mediated inflammation.
Cell Metab 4: 13-24, 2006.

Vladutiu GD, Bennett MJ, Fisher NM, Smail D, Boriack
R, Leddy J, Pendergast DR. Phenotypic variability among
first-degree relatives with carnitine palmitoyltransferase II
deficiency. Muscle Nerve 26: 492-498, 2002.

Voss K, Hong HS, Bader JE, Sugiura A, Lyssiotis CA,
Rathmell JC. A guide to interrogating immunometabolism.
Nat Rev Immunol 21: 637-652, 2021.

Walsh NP, Gleeson M, Shephard RJ, Gleeson M, Woods JA,
Bishop NC, Fleshner M, Green C, Pedersen BK, Hoffman-
Goetz L, Rogers CJ, Northoff H, Abbasi A, Simon P. Position
statement part one: Immune function and exercise. Exerc
Immunol Rev 17: 6-63, 2011.

van der Windt GJW, Everts B, Chang C-H, Curtis JD, Freitas
TC, Amiel E, Pearce EJ, Pearce EL. Mitochondrial respiratory
capacity is a critical regulator of CD8+ T cell memory
development. Immunity 36: 68-78, 2012.

Yakeu G, Butcher L, Isa S, Webb R, Roberts AW, Thomas
AW, Backx K, James PE, Morris K. Low-intensity exercise
enhances expression of markers of alternative activation in
circulating leukocytes: Roles of PPARy and Th2 cytokines.
Atherosclerosis 212: 668—673, 2010.



Scoping Review of Exercise and Human Leukocyte Metabolism 73

Author, Table 2: Report Characteristics - Effects of Acute Exercise
year Exercise Type Participants Cell Participant Participant Fitness Assessment;
and Intensity; Population; Characteristics BMI, Body Participant Fitness
Session Sampling (N, % male, age) | Composition
Time Point
Capo X et Aerobic, heavy- Athletes PBMCs; Pre- 11, 100%, N/R N/R VOsmax via treadmill
al., 2020°¢ severe intensity; 5 | (professional Vs post- GXT; mean = SEM:
(15) min. each @ tackwondo) exercise (2h) 46.1 +4.8
running speed ml/kg/min.
corresponding to
50%, 60%, 70%
VOiumax, anaerobic
threshold (to
exhaustion)
Ferry A, Aerobic, heavy- Athletes (endurance PBMCs; Pre- 6, N/R, mean + N/R VOomax via treadmill
Marsac C, severe intensity; sports) Vs post- SD:29.3+2.0y/o GXT; mean £ SD:
Duvallet A, Same as fitness exercise 68.7+13
Rieu M, test (i.e., ml/kg/min.
1991 (24) treadmill GXT)
Hunter DJ et | Aerobic, heavy- Athletes (trained PBMCs; Pre- 8, 100%, mean + N/R VOomax via cycle
al., 2019° severe intensity; cyclists) Vs post- (error type ergometer GXT;
(33) 45 min. @ 70% exercise unspecified): mean * (error type
Winx then 15 min. 39.50 £5.9 y/o unspecified):53.88 +
time-trial 5.24 ml/kg/min.
Nieman DC Aerobic, heavy- Athletes (trained Plasma; Pre- All: 20, 70%, F: N/R, 18.8% VOoma via cycle
etal.,2018° | severe intensity; cyclists) VS post- N/R; BF ergometer GXT;
(51) 75km indoor exercise (O h, | mean + SEM: F: M:N/R, 19.5% | mean + SEM: F:
cycling time-trial 0.75h,1.5h, 43.7+2.2ylo BF 46.5+2.8
3h,4.5h0,21 M:37.1+25y/o ml/kg/min., M: 47.0
h, 45 h post- + 1.5 ml/kg/min.
exercise)
Davies NA Aerobic, heavy- Healthy, Active PBMCs; Pre- | 5, 100%, mean + N/R VOsmax via cycle
etal., 2015° severe intensity; Vs post- SD: 32 £ 8 y/o ergometer GXT;
(18) 45 min. @ 70% exercise (0 h, mean + SD: 44 + 14
VOomax 1.5h,3h,24 ml/kg/min.
h post-
exercise)
Frisina JP et | Aerobic, heavy- Healthy, Active PBMCs; Pre- | 7, 100%, mean + N/R GXT to exhaustion
al., 1994 severe intensity; Vs post- SD:21.7+13 via treadmill; N/R
(26) 25x 1 min. @ exercise 6y/o
112% maximal
GXT pace, 2 min.
rest
Moir H et Aerobic, heavy- Healthy, Active PBMCs; Pre- | Cycling: 16, N/R VOomax via cycle
al,, 2010 severe intensity; VS post- 100%, mean + ergometer GXT;
(48) 45 min. exercise (Oh, SD: 23.1+0.5 y/o mean + SD: 56.3 +
cycling/running 1h) Running: 8, 1.1 ml/kg/min.
@ 70% VO 100%, 21.1 1.2
y/o (subset of 16)
Moir et al., Aerobic, heavy- Healthy, Active PBMCs; Pre- 10, 100%, mean £ | N/R VO Via cycle
2008 (47) severe intensity; Vs post- SD: 23.1+0.5 y/o ergometer GXT;
45 min. cycling exercise (0 h, mean + SD: 56.6 +
@ 70% VOomax 1h) 1.1 ml/kg/min.
Theall B et Aerobic, heavy- Healthy, activity PBMCs & T All: 21, 57%, All: mean + VOspe via cycle
al., 2021 severe intensity; N/R cells®; Pre- vs mean + SD: 27.0 SD:25.8+4.0 ergometer GXT;
(64) 30 min. cycling post-exercise +5.4ylo kg/m* N/R All: mean * SD: 36.5
(@ watts F:24.0£39ylo F:244+29 + 6.3 ml/kg/min.
corresponding to M:29.3+54y/o kg/m% N/R F:36.8+3.1
65-75% VOnpear (significantly M:26.8+4.5 ml/kg/min.
different from F) kg/m% N/R M:363+8.1
(sig. different ml/kg/min.
from F)
Meksawan Aerobic, heavy- Healthy, Inactive Leukocytes in | All: 10, 40%, N/R | mean + SEM: VOyypear via treadmill
Ketal., severe intensity; whole blood; mean + SEM: F: F:21.1+0.6 GXT; mean + SEM:
2005° (44) Same as fitness Pre- vs post- 223+ 13ylo kg/m? 25.9 + F: 1.5+0.1 L/min.,
assessment (i.e., exercise M:248+1.0y/o 1.4% BF M:3.1+0.1 L/min.
treadmill GXT) M:23.7+0.6
kg/m?, 13.7 +
1.4% BF
Chang SC & | Aerobic, light- Healthy, Inactive PBMCs; Pre- 12, 100%, N/R N/R N/R
Wang JS, moderate VS post-
2017* (16) intensity; 40 min. exercise
@ 60% VOoay in
hypoxia (12% O,)
Ferrer MD Aerobic, light- Overweight/obese PBMCs; Pre- | 15, 100%, mean £ | mean + SEM: N/R
etal., 2021° moderate men with MetS & Vs post- SEM: 66.5+2.3 203+1.7
(23) intensity; 30 min. | BMI 27-40, capable | exercise (30 ylo kg/m?; WC:
treadmill walk @ | of exercise min.) 102 +4 cm
60-70% HR pax
Liepinsh E Aerobic, light- Healthy, Inactive PBMCs; Pre- | 12, 42%, mean + mean + SEM: Est. VOoumax via
etal., 2020 moderate Vs post- SEM: 36.2+7.3 25125 submaximal cycle
(40) intensity; 60 min. exercise ylo kg/m? N/R ergometer GXT;
exercise @ SOW mean + SEM: 33.3 +
1.3 ml/kg/min.
Bisset SK & | Aerobic, light- Health and activity PBMCs; Pre- 6, N/R, 18-29 y/o N/R N/R
Alexander moderate status N/R Vs post-
WD, 1958 intensity; 3-4 exercise
) min. "moderate"
treadmill exercise

Notes: a= Data from conference abstract. b = data from placebo/control condition of study including dietary intervention. ¢ = results relevant to

this review taken from acute exercise session of larger study. d = T-cell nutrient transporter and metabolic enzyme expression analyzed from

within PBMCs via Flow Cytometry. Abbreviations: %BF = body fat percentage; BMI = body mass index; BPM = beats per minute; F = female;

GXT = graded exercise test; HR = heart rate; HR . maximum heart rate; M = male; MetS = metabolic syndrome; N/R = data relevant to review

not reported; SD = standard deviation; SEM = standard error of the mean; VO, = volume of oxygen consumed per time unit; VO, = maximal

volume of oxygen consumed per time unit; VOaeax = peak volume of oxygen consumed per time unit; Wi, = wattage at maximal aerobic EIR 29 2023
exercise (VOamax); WC = waist circumference; y/o = years old.
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Table 3: Report Characteristics - Effects of Exercise Training
Author, Exercise Type Participants Cell Population; | Participant Participant Fitness Assessment;
year and Intensity; Sampling Time Characteristics | BMI, Body Participant Fitness?
Training Point (N, % male, Composition
age)
Busquets- | Aerobic, heavy- Athletes PBMCs; Pre- vs 7, 100%, mean mean + SEM: N/R; mean + SEM:
Cortes C severe intensity; 8 (professional post- 8-week +SEM: 189 + 23.1 £0.4 kg/m?, | 61.2 £ 1.6 ml/kg/min.
etal., weeks; 6 x 2 h soccer players) training 0.5y/o mean + SEM:
2016° soccer 91.5+0.3%
(12) practice/week + 10 FFM
matches
Gatterer Both groups: Athletes PBMCs; Pre- vs All: 11, N/R, N/R Wingate test: RSH:
Hetal., Aerobic, heavy- (recreational) post- 3-week mean =+ (error mean =+ (error type not
2018 (27) | severe intensity; 3 training type not specified): 811 £ 73
weeks 3 specified): 24.0 W, SIH: 789 £ 90 W
days/week; cycle +24ylo RS (5 x 6 s cycling
ergometer training RSH: 6, N/R, sprints): RSH: 1043 +
in hypoxia RSH: 3 24.8+25ylo 89w,
x 5x10 s @ 85% SIH: 5, N/R, SIH: 1000 + 118 W
BW w/ 20 s rest w/ 23.0+2.1y/o YYIR2: RSH: 486.7 +
5 min. rest between 1349 m,
series SIH: 4x 30 s SIH: 430.0 + 50.3 m
@0.75xBWon 5 RSA (6 x 34 m sprints
min. rest w/ 20 s recovery):
RSH: 6.45+0.36s,
SIH: 6.60 + 0.26 s
Chang S Both groups: 6 Healthy, Inactive | Lymphocytes; HIIT: 12, 100%, | N/R N/R
& Wang weeks 5 Pre- vs post- N/R
J,2015° days/week; 30 training MICT: 12,
17) minutes cycling 100%, N/R
exercise: HIIT:
Aerobic, heavy-
severe intensity:
alternating 3 min.
@ 80% VOomax &
40% VOamax
MICT: Aerobic,
light-moderate
intensity;
continuous 60%
VOnmay
Hasni S Aerobic, heavy- SLE w/ fatigue, PBMCs; Pre- vs 16, 0%, mean+ | N/R Time to anaerobic
etal., severe intensity; 12 | activity N/R post-training SD: 42.0+10.3 threshold: N/R
2021 (29) | weeks 3 y/o
days/week; 30 min. 10MWT; N/R
treadmill exercise
70-80% VOsreserve
Hedges Aerobic, heavy- Healthy, Inactive PBMCs; Pre- vs 10, 100%, mean | mean + SEM: VOomax Via cycle
CPetal., | severe intensity; 2 post-training + SEM: 24.7 + 24.1 £0.7 kg/m?, | ergometer GXT; mean
2019 (31) | weeks, 6 training 0.3 y/lo N/R +SEM: 3.3+£0.2
sessions; 8-12 x 60 L/min.
seconds cycling @
W ek interspersed
with 75 seconds @
30 watts
Andonian | Aerobic, heavy- Rheumatoid T-cells; Pre- vs 12 (n=6 N/R N/R
Betal, severe intensity; 10 | arthritis, Inactive | post-training PBMCs), N/R,
2020* (2) | weeks high- N/R
intensity interval
training
Bartlett Aerobic, heavy- Training group: Neutrophils; Pre- | Training group: Training group: Training group:
DB etal., | severe intensity; 10 | Prediabetes, Vs post-training, 10, 40%, mean mean + SD: 29.4 | VOjpeq via treadmill
2020 (6) weeks 3 Inactive vs control +SD: 71 £5y/o | +3.0kg/m? 39.6 | GXT; mean + SD: 20
days/week; 20min. Control: Healthy, Control: 6, 50%, | + 8.6 % BF + 2 ml/kg/min.
sessions alternating | Active® mean = SD: 23 | Control: mean+ | 400 m walk test; 254
60-90 seconds @ +1 y/o SD:25+2.6 +27s
80-90% VOareserve kg/m? N/R Berg balance scale;
vs. 60-90 seconds 543+58
@ 50-60% Grip strength; 27 +
VOZreserve 6.8 kg
Timed-up and go; 8.9
+15s
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Morabito | Aerobic, light- Healthy, activity PBMCs; Pre- vs 7, 0%, mean + N/R N/R
Cetal, moderate intensity; | N/R post-trekking at SEM: 36.3+7.1
2016 (49) | 2 x12 days low altitude & y/o
mountain trekking, high altitude
~6.5 h/day
Brand S Aerobic, light- Training group: Lymphocytes; Training group: | N/R N/R
etal., moderate intensity; | Self-reported Pre- vs post- 12, 100%, mean
2020 (10) | 12 weeks 3 occupational training, +SD:45.8 £6.8
days/week; burnout, Inactive | vs control y/o
supervised aerobic Control: Healthy, Control: 12,
exercise @ 60- Inactive 100%, mean +
75% estimated SD:45.7+5.7
HRmax y/O
Butcher Aerobic, light- Healthy, Inactive | PBMCs; Pre- vs All: 34, 53%, Training: mean + | Estimated VOypa via
LR etal,, | moderate intensity; post-training mean £ SD: SD: 26.78 £5.11 | Rockport submaximal
2008 (14) | 8 weeks 3 45.6 £ 11.1y/o kg/m?, 33.78 + treadmill test;
days/week; 10,000 Training: 17, 10.25% BF Training: mean + SD:
steps on treadmill N/R, mean + Control: mean = | 35.49£6.49
@ self-selected SD: 44.94 + SD: 27.02 +£5.32 | ml/kg/min.
pace 10.1 y/o kg/m?, 34.15 + Control: mean =+ SD:
Control: 17, 10.03% BF 34.62 +5.68
N/R, mean + ml/kg/min.
SD: 46.12 +
12.2 y/o
Kocher Aerobic, light- HIV*, Inactive PBMCs; Pre- vs 7, 100%, 36-58 Median + (error VOypeak via cycle
Metal., moderate intensity; post- training y/o type not ergometer GXT; N/R
2017 (36) | 12 weeks; 20 specified): 24.6
min./session @ 50- + 4.2 kg/m?
80% HR ax
increased 2
min./week to 40
min./session
Yakeu G Aerobic, light- Healthy, Inactive | PBMCs; Pre- vs 17, 53%, mean mean + SD: N/R
etal., moderate intensity; mid- vs post- +SD:45.6 + 26.78 £5.11
2010 (73) | 8 weeks 3 training 11.1y/o kg/m?
days/week; 10,000
steps on treadmill
at self-selected
pace
Lehti M Concurrent Coronary artery PBMCs; Pre- vs Training: 12, Training: mean + | VOapea Via cycle
etal., Exercise; 21 weeks | disease, Inactive post-training, 92%, mean + SD: 27.1+3.0 ergometer; Training:
2020 (38) | 2 days/week; training vs SD: 58.6 £8.5 kg/m? mean + SD: 25.8 + 5.3
MIAST @ 50-60% control y/o Control: mean+ | ml/kg/min.
HR eserve (later Control: 11, SD:27.9+4.2 Control: mean + SD:
increased to 85%) 82%, mean + kg/m? 23.2 +4.9 ml/kg/min.
for 1h SD: 63.3£6.1
y/o
Estebanez | Resistance Heathy, Active PBMCs; RT RT experiment: | RT experiment: MVIC for leg press &
Betal., Exercise; 8 weeks (resistance experiment: All: 30, 37%, Training: mean + | bicep curl; Training:
2019 (21) | 2 days/week; full training naive) Pre- vs post- 8- mean = SEM: SEM: 27.5+0.7 | mean+ SEM: 76.0 =
body RT 3 x week RT (old), 72.8+2.2y/o kg/m? 5kg, 48.5+43kg
12/8/12 repetitions Aging: baseline Training: 20, Control: mean + Control: N/R
of 8 exercises old vs young N/R, mean =+ SEM: 28.5+0.8
SEM: 73.7+2.2 | kg/m? 1RM for leg press,
y/o Young: mean + bicep curl, pec deck;
Control: 10, SEM:24.6+2.5 Training: mean +
N/R, mean + kg/m? SEM: 71.0 + 4.7 kg,
SEM: 73.8 +2.3 N/R, 55.0 £ 6.9 kg
y/o Control: N/R
Young: 10, N/R,
mean + SEM:
22.5+23ylo

Notes: a = Data from conference abstract; b = data from placebo/control condition of study including dietary intervention, or in which all
participants received same dietary treatment; ¢ = healthy highly active participants only used for baseline comparisons; d = baseline fitness data.
Abbreviations: 1RM = 1-repetition maximum; 10MWT = 10-meter walk test; %BF = body fat percentage; BMI = body mass index; BW = body
weight; %FFM = fat-free mass percentage; GXT = graded exercise test; HIIT = high-intensity interval training; HR,,« = maximal heart rate;
HReerve = heart rate reserve, HRpnax - HRreq; MICT = moderate-intensity continuous training; MIAST = mixed interval-type aerobic and strength
training; MVIC = maximal voluntary isometric contraction; N/R = data relevant to review not reported; PBMC = peripheral blood mononuclear
cell; RSA = repeated sprint ability (running); RSH = repeated-sprint training in hypoxia; RT = resistance training; RS = repeated cycling sprints;
SD = standard deviation; SEM = standard error of the mean; SIH = sprint-interval training in hypoxia; SLE = systemic lupus erythematosus;
VO,max = maximal volume of oxygen consumed per time unit; VO,peax = peak volume of oxygen consumed per time unit; VOjreqerve = reserve VO,

AYQ N AV/aN
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Table 4: Report Characteristics - Effects of Physical Fitness
Author, Participants Cell Participant Participant BMI, Body Fitness Assessment;
year Population; Characteristics (N, % Composition Participant Fitness
Comparator(s) | male, age)
Alley JR, | Healthy, RBC-lysed Inactive: 15, 53%, mean + | Inactive: mean = SD: 21.7 + | VOapea via treadmill GXT;
Valentine | Inactive and blood, PBMCs; | SD: 24 +6y/o 1.5 kg/m?, 23.6 + 5.3% BF Inactive: mean = SD: 42.7
RJ, Active PA level/ CRF Active: 15, 47%, mean + Active: mean + SD: 21.6 + + 7.4 ml/kg/min. Active:
Kohut SD: 23 3 y/o 1.5 kg/m?, 15.6 £ 4.0% BF mean + SD: 59.6 £ 9.0
ML, ml/kg/min.
2022 (1)
Antunes Healthy, Monocytes; 22, 100%, mean + (error N/R VOomax (ml/kg/min.) via
BM et Inactive and CRF type not specified):25.8 + cycle ergometer GXT;
al., 2020* | Active 5.7ylo Low-fit: mean: 35.3
3) ml/kg/min.
High-fit: mean: 63.1
ml/kg/min.
Dorneles | Healthy, PBMCs; CRF 22, 100%, mean + SD: Low-fit: mean + SD: 23.9 + | VOjpeq via treadmill GXT;
GP etal., | Inactive and 26.8+3.1ylo 1.2 kg/m? 812+ 7.8 cm Low-fit: mean + SD: 38.1 +
2021° Active wcC 1.7 ml/kg/min.
(20) Moderately-fit: mean + SD: Moderately-fit: mean + SD:
23.5+ 1.1 kg/m? 80.7 + 43.9 + 2.7 ml/kg/min.
4.1cm WC High-fit: mean + SD: 55.1 +
High-fit: mean + SD: 23.8 4.7 ml/kg/min.
+ 1.6 kg/m?, 78.1 £ 6.3 cm
WC
Mota MP | Healthy, Lymphocytes; Low fit young (LFY): 8, N/R VOomax via treadmill GXT;
etal., Inactive and CRF, age 100%, mean = SD: 20.8 + (all mean £ SD):
2010 Active 1.0 y/o LFY:42.9 +5.1 ml/kg/min.
(50) High fit young (HFY): 13 HEY: 57.4 + 3.9 ml/kg/min.
100%, mean + SD: 23.0 = LFA: 38.5 + 1.9 ml/kg/min.
3.7ylo HFA: 51.3 + 3.3 ml/kg/min.
Low fit adult (LFA): 9, LEM: 33.9 + 5.5 ml/kg/min.
100%, mean + SD: 37.0 = HFM: 49.1 + 5.5 ml/kg/min.
3.6 ylo
High fit adult (HFA): 9,
100%, mean + SD: 32.8 +
3.4ylo
Low fit middle aged
(LEM): 13, 100%, mean +
SD: 489+ 54ylo
High fit middle aged
(HEM): 14, 100%, mean =+
SD: 46.1 +3.5y/o
Vladutiu 4 sisters w/ Leukocytes in Sisters: 4, 0%, 24-30 N/R VOomax via treadmill GXT;
GD et genetic CPT2 whole blood; Inactive: 20, 0%, mean = Sisters: range: 36.5-43.6
al., 2002 | deficiency; Health status, (error type not specified): ml/kg/min.
(69) Healthy training status 24 + 3 y/o Inactive: 34.3 ml/kg/min.
Inactive; Athlete: 24, 0%, mean + (central tendency not
Healthy (error type not specified): specified) Athlete: 47.9
Athlete 33+2ylo ml/kg/min. (central
tendency not specified)
Farinha Overweight or PBMCs; PA All: 35, 0%, N/R All: BMI >25 kg/m? VO via treadmill GXT;
JBetal, | obese, Inactive | level (Postmenopausal) Inactive: mean + SD: 32.99 Inactive: mean + SD: 18.6 +
2015 and Active Inactive: 12, 0%, mean + +4.38 kg/m?, 97.58 = 11.13 | 2.01 ml/kg/min.
(22) SD: 56.25 +4.76 y/o cm WC Active: mean + SD: 22.22 +
Active: 23, 0%, mean =+ Active: mean + SD: 31.07+ | 4.67 ml/kg/min.
SD: 53.82 +£5.49 y/o 5.12 kg/m?, 90.29 + 10.68
cm WC
Tyrrell Overweight or PBMCs; 15, 60%, mean + SD: 68.3 | mean + SD: 30.8 +2.4 Ex-SPPB; mean &+ SD: 2.5 +
DJetal., | obese, Inactive | Physical fitness | +3.5y/o kg/m* 8.3 £ 1.6 kgleglean | 0.3
2015 mass 400 m walk test; mean +
(67) SD: 1.5+ 0.5 m/s
Grip strength; mean + SD:
35.6£10.7 kg
Knee extension; mean + SD:
122.0 +36.0 Nm

a=results relevant to this review taken from a single phase of larger study. Abbreviations: %BF = body fat percentage; BMI = body mass index;
CPT?2 = carnitine palmitoyltransferase 2; CRF=cardiorespiratory fitness; Ex-SPPB = expanded short physical performance battery score; GXT=
graded exercise test; HFA = high-fit adult group; HFM = high-fit middle-aged adult group; HFY = high-fit young adult group; LFA = low-fit
adult group; LFM = low-fit middle-aged adult group; LFY = low-fit young adult group; N/R = data relevant to review not reported; PA =
physical activity; RBC=red blood cell; SD = standard deviation; VO, = volume of oxygen consumed per time unit; VO,nmax = peak volume of
oxygen consumed per time unit; VOjpea = peak volume of oxygen consumed per time unit; WC = waist circumference; y/o = years old.
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Table 5: Report Characteristics - Effects of Acute Exercise plus Physical Fitness or Exercise Training

Author, Exercise Exercise Type | Participants Cell Participant Participant Fitness
year Type and and Intensity; Population; Characteristics BMI, Body Assessmenta
Intensity; Training Sampling (N, % male, age) | Composition nd
Session Time Points; Participant
Comparators Fitness®
Janssen JJE | Aerobic, N/A Healthy, Low- | PBMCs; CRF, Low-fit: 16, 0%, Low-fit: N/R, VOomax Via
etal., 2022 heavy- fit & High-fit Pre- vs post- median [IQR]: mean £ SD: cycle
34) severe exercise (21h) 24.0 y/o [21.3- 28.9+3.9% ergometer
intensity; 60 25.5] BF GXT; Low-
min. cycle High-fit: 15, 0%, High-fit: N/R, fit: median
ergometer median [IQR]: mean + SD: [IQR]: 35.1
@ 70% 21.8 y/o [21.6- 25.1+4.4% ml/kg/min.
VOzpeak 23.7] BF [32.2-35.7]
High-fit:
median
[IQR]: 50.4
ml/kg/min.
[49.0-54.0]
Pendergast Aerobic, N/A Four groups: Leukocytes in Inactive: 43, N/R, | N/R N/R
DR et al., heavy- Afflicted with | whole blood; 20-40 y/o
2004 (53) severe disease; Health/ training | Inactive + Acute
intensity; Healthy, status, Exercise: 12,
GXT to inactive; pre- vs post- 42%, 20-30 y/o
exhaustion Healthy, exercise Active: 12, 50%,
via treadmill athletes (elite 27-45 y/o
runners, Athletes: 5,
recreational 100%, 26-32 y/o
runners) CPT2 def: 2, 0%,
24 & 29 y/o MS:
31, 16%, 30-45
y/o
CFS: 6, 0%, 30-
45 ylo
OB: 5, 40%, 18-
35ylo
ED: 16, 0%, 16-
25 ylo
Busquets- Aerobic, Aerobic, Athletes PBMC:s; 12, 100%, mean = | mean £ SEM: Estimated
Cortes Cet | heavy- heavy-severe (professional Pre- vs post- SEM: 19.3 £0.4 24.0+0.6 VOomax via
al., 2017 severe intensity; 8 soccer training, y/o kg/m?, mean+ | Leger-
(13) intensity; weeks, 5x2h players) pre- vs post- SEM: 92.5 + Boucher test;
Leger- soccer practice exercise (2 h) 0.2% FFM mean + SEM:
Boucher test | + 1 game/week 60.4+1.8
pre- and ml/kg/min.
post-training
+ sport drills
post-training
Thomas Aerobic, Aerobic, Healthy, PBMCs; Acute exercise: 9, | N/R VOomax Via
AW etal., heavy- heavy-severe Active Pre- vs post- N/R, mean + cycle
2012 (65) severe intensity; 8 training, SEM: 32 £ 8 y/o ergometer
intensity; 45 | weeks 2-4 pre- vs post- Training: 8, N/R, GXT pre - &
min. cycle sessions/weeke exercise mean + SEM:27.8 post-training;
ergometer ycle ergometer +6.4y/o N/R
@ 70% @ 60-85%
VOZmax VOZmax for 30-
60 min.
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intensity
30min. @ 60%
VOZmax

Lin ML et Aerobic, Both: 6 weeks Healthy, NK cells; HIIT: 20, 100%, mean + SEM: VOomax Via
al., 2022 heavy- 5 days/week Inactive Pre- vs post- mean = SEM: HIIT: 243 + cycle
41 severe cycle training: training, 222+2.1ylo 3.1 kg/m*, N/R | ergometer
intensity; HIIT: Aerobic, training MICT: 20, 100%, | MICT: 23.3 + GXT pre- &
same as heavy-severe protocol mean + SEM: 2.9 kg/m?, N/R post-training;
exercise test | intensity: 22.3+2.8vy/o Control: 24.0 + | mean = SEM:
(GXT) 5x3 min. @ Control: 20, 2.8 kg/m%, N/R | HIT: 335+
80% VOZmax 100%, mean £+ 4.8
then 3 min. @ SEM:22.6 +2.7 ml/kg/min.
40% VOamax; or ylo MICT: 33.2 +
MICT: Aerobic 45
light-moderate ml/kg/min.
intensity: 30 Control: 32.2
min. @ 60% +4.1
VOZmax ml/kg/mln
Tsai HH et Aerobic, Both: 6 weeks Healthy, Lymphocytes; HIIT: 20, 100%, mean + SEM: VOomax Via
al., 2016 light- 5 days/week Inactive Pre- vs post- mean = SEM: HIT: 22.5+ cycle
(66) moderate cycle training: training, pre- vs | 22.2+2.1y/o 0.6 kg/m* N/R | ergometer
intensity; 36 | HIIT: Aerobic, post-hypoxic MICT: 20, 100%, MICT: 22.6 GXT pre- &
min. cycling | heavy-severe exercise, mean + SEM: 0.7 kg/m* N/R post-training;
@ 50-100w | intensity: training 223+28vylo Control: 22.7 + | mean + SEM:
in hypoxia 5x 3 min. @ protocol Control: 20, 0.6 kg/m? N/R | HIIT: 34.0 +
(12% Oz) 80% VOzmax IOOOA)7 mean + 14
then 3 min. @ SEM: 22.6 +2.7 ml/kg/min.
40% VOamax y/o MICT: 33.1 +
MICT: Aerobic 1.2
light-moderate ml/kg/min.

Control: 32.2
+1.0
ml/kg/min.

Notes: a= baseline fitness data. Abbreviations: %BF = body fat percentage; BMI = body mass index; CFS = individuals with chronic fatigue
syndrome; CPT2 def.= individuals with carnitine palmitoyltransferase 2 deficiency; CRF = cardiorespiratory fitness; ED = individuals with eating
disorder, anorexia nervosa; %FFM = fat-free mass percentage; GXT = graded exercise test; HIIT = high-intensity interval training; IQR =
interquartile range; MICT = moderate intensity continuous training; MS = individuals with multiple sclerosis; N/A = not applicable; N/R = not
reported; OB = individuals with obesity; SD = standard deviation; SEM = standard error of the mean; VO, = maximal volume of oxygen
consumed per time unit; VO,peac = peak volume of oxygen consumed per time unit; y/o = years old.
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Table 6: Key Findings - Reports Evaluating Effects of Acute Exercise
Author, n n "
Year Cell Number and Metabolic Regulati Metabolic Function Cell Function
gulation
Phenotype
Heavy-Severe Intensity AE
Busquets- No difference in # TPBMC COXIV, PGC-1a, N/R TPBMC intracellular ROS
Cortes C et PBMC’s or % MitND5 mRNA expression (2 and H,O, production in
al., 2017¢ lymphocytes, % h post-exercise) PMA-stimulated PBMCs (2
(13) monocytes TPBMC UCP2, PGC-1a, h post-exercise)
(2 hpost-exercise) Min-2 protein expression (2 h TNF-«B activation, (2 h
post-exercise) post-exercise)
Capo X et N/R TPBMC SIRT3 mRNA N/R N/R
al., 2020°¢ expression (2 h post-exercise)
as)
Ferry A, N/R N/R Mean + SD: 433.6 + 6.6% N/R
Marsac C, lymphocyte PDHc activity
Duvallet A, T43.1 + 4.7% lymphocyte CS
Rieu M, activity
1991 (24) No change lymphocyte COX
or SCR activity per mg
protein
Hunter DJ N/R { PBMC PGC-lo gene N/R N/R
etal., 2019° methylation
(33) TPBMC PGC-1a. mRNA
expression
+Correlation PBMC PGC-1a
gene methylation vs. TT
cycling mean power (p =
0.714,p < 0.05)
-Correlation PBMC PGC-1a
gene methylation vs. PBMC
protein carbonyls (p =-0.714,
p <0.05)
Nieman DC | #Leukocytes > CHO- N/R JTHP-1 average OCR No change THP-1 COX-2
etal., 2018" | conditions immediately, following water-only plasma expression following culture
(Water-only | 0.75h,1.5h,3h,45h incubation (6 h) vs. CHO- (6 h) with immediately post-
vs. CHO- post-exercise conditions (immediately post- | , 1.5h post-, or 21h post-
conditions) exercise plasma) exercise plasma vs. pre-
(51 THP-1 SRC following water- | exercise
only plasma incubation Greater THP-1 COX-2
(37.9%) < CHO-conditions expression with water-only
(avg. 95.8%) (immediately 21 h plasma vs. CHO food
post-exercise plasma) conditions.
TTHP-1 average ECAR
following water-only plasma
incubation (6 h) vs. CHO-
conditions (immediately post-
exercise plasma)
Janssen JJE | # PBMCs (21 h post- N/R No change in PBMC OCR or | N/R
etal., 2022° | exercise) PER (21 h post-exercise)
(34) 1% CD4'CD25" T cells
and CD4°CD25" CD127*
T cells (low-fit only) (21
h post-exercise)
Pendergast Phleukocytes in sedentary | N/R TTotal leukocytes FA N/R
DRetal, & elite runners oxidation in sedentary
2004¢(53) No difference leukocytes FA
oxidation per cell in sedentary
No change total leukocytes
FA oxidation in elite runners
Jleukocytes FA oxidation per
cell in elite runners
Davies NA | N/R TPBMC PGC-la, PPARY, N/R N/R
etal., 2015° ABCA1 mRNA expression (3
(18) h post-exercise)
No change PBMC AMPK
protein phosphorylation (3 h
post-exercise)
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Frisina JP et | {CD3" & CD20" cells, N/R 118.69% lymphocyte 158% lymphocyte Con-A

al., 1994 CD4":CD8" ratio (3 min. glutamine oxidation (3 min. (3.5 pg/mL, 48hrs)

(26) post-exercise) post-exercise) stimulated proliferation (3
TCD56" cells (3 min. 127.02% lymphocyte lactate | min. post-exercise)
post-exercise) production (3 min. post- +Correlation %change

exercise) proliferation vs. %change T
+Correlation glutamine cells (r=0.78, p <0.01)
oxidation vs. %change NK -Correlation %change

cells (r=0.78, p<0.01) proliferation vs. %change
-Correlation glutamine NK cells (r=-0.76, p <
oxidation vs. %change T cells | 0.05)

(r=-0.93,p<0.001)

-Correlation lactate

production vs. %change T

cells (r=-0.66, p <0.01)

Moir H et THleukocytes 0 h, 1 h {PBMC PGC-1a. mRNA N/R JPBMC Unstimulated and

al., 2010 expression (0 h post-exercise) PMA-stimulated (25 ng/mL,

(48) No change PBMC PGC-1a. 10 min) ROS (0 h post-

mRNA expression (1 h post- exercise)

exercise)

{PBMC AMPK protein

phosphorylation (0 h post-

exercise)

No change PBMC AMPK

protein phosphorylation (1 h

post-exercise)
Moir et al., THleukocytes 0 h, 1 h No change Monocyte CD36 N/R N/R
2008 (47) mRNA expression (0 h, 1 h

post-exercise)

{Monocyte AMPK protein

phosphorylation (0 h post-

exercise)

No change Monocyte AMPK

protein phosphorylation (1 h

post-exercise)

No change intracellular ATP

Thomas N/R TPBMC CD36 & ABCALI N/R N/R

AW etal., mRNA expression (3 h post-

2012°(65) exercise)

Theall B et 1%, #naive (KLRG THGLUT4" CD4" T cells No change PBMC routine, N/R

al., 2022 /CD57") and senescent $%CD36" CD8, % HK2* leak, OXPHOS, ETS & RCRs

(64) (KLRG'/CD57")CD8" T | CD4", % and # HK1* CD4", % | per 10° cells
cells HK1* CD8" T cells TRoutine (d = 0.58), routine
Tvery-early (CD69"), +Correlation # CD69" and (PMG) (d=0.77), Leak
early (CD25%), and late CD25" CD8" T cells vs. # (PMGS) (d = 0.80), OXPHOS
(CD71%) activated CD8* | GLUT1* CD8" T cells (p = (d=0.80), ETS (d =0.78)

T cells 0.672,p 0.001 & p=0.391, p respiration per mL blood

Mearly (CD25%) and late | = 0.088)

(CD71%) activated CD4" +Correlation CD69" and

T cells CD38" CD4" T cells vs.

1% but not # CD38" (late | GLUT1* CD4* T cells (p =

activation) CD4" and 0.528 & p=10.577)

CDS8" T cells +Correlation # CD38" CD4" T
cells vs. HK17 CD4" T cells (p
=0.556,p=0.039)
+Correlation CD71" and
CD38" CD4" T cells vs.
CD36" CD4' T cells (p=
0.635,p=0.003 & p =0.630,
p=10.003)

Meksawan THleukocytes N/R dleukocyte FA oxidation per | N/R

Ketal., cell

2005 (44) Meukocyte FA oxidation per

mL blood

Lin ML et THNK cell No change NK cell TNK cell ETS & Reserve TNK cell Perforin &

al., 2022¢ T#CD45RA* & CD57" mitochondrial content or OCR & BHI Granzyme B

41) NK cell MMP
L#CD45RO" NK cell TNK cell MOB

EIR 29 2023




Scoping Review of Exercise and Human Leukocyte Metabolism 81

Light-Moderate Intensity AE
Chang SC N/R TPBMC MMP No change PBMC routine or N/R
& Wang JS, maximal OXPHOS
2017* (16) respiration
J{PBMC CI respiration
Ferrer MD N/R JPBMC COXIV & Tfam N/R N/R
etal., 2021° mRNA expression (30 min.
(23) post-exercise)
No change PBMC UCP3,
MnSOD, COXIV, Mtfl, Mtf2
protein expression (30 min.
post-exercise)
Liepinsh E | N/R N/R 131% PBMC routine N/R
etal., 2020° respiration (15 min. post-
(40) exercise)
165% PBMC FA-dependent
leak respiration (15 min. post-
exercise)
176% PBMC FA-dependent
OXPHOS (15 min. post-
exercise)
122% PBMC FA coupling
efficiency (15 min. post-
exercise)
Tsai HH et THLymphocyte & No change mitochondrial {Lymphocyte ATP-linked N/R
al., 2016¢ %CD57" lymphocytes biogenesis or metabolic OCR, reserve OCR, OCR via
(66) 1% CD62L" & CD28* regulatory proteins CI and CII substrates
lymphocytes No change in mitofusin or MLymphocyte LDH & GDH
Drp-1 activity
No change lymphocyte { Lymphocyte CS activity
mitochondrial count
Jlymphocyte MMP, TMOB
Bisset SK & | No change #leukocytes (5 | N/R 136-71% leukocyte VO, (5 N/R
Alexander min. post-exercise) min. post-exercise)
WD, 1958
)

Notes: Data derived from blood samples obtained immediately post-exercise unless otherwise noted. a = Data from conference abstract. b = Data
from placebo/control condition of study including dietary intervention, or in which all participants received same treatment. ¢ = acute exercise
data from larger study. Abbreviations: ABCA1 = ATP binding cassette subfamily A member 1; AMPK = AMP-activated protein kinase; ATP =
adenosine triphosphate; BHI = bioenergetic health index; CHO = carbohydrate; CI = complex 1 of mitochondrial electron transport chain; CII =
complex II of mitochondrial electron transport chain; Con-A = concanavalin A; COX = cytochrome ¢ oxidase; COXIV = cytochrome C oxidase
subunit 4; CS = citrate synthase; Drp-1 = dynamin-related protein 1; ETS = electron transport system; FA = fatty acid; GDH = glutamate
dehydrogenase; LDH = lactate dehydrogenase; Mfn-2 = mitofusin-2; MitND5 = mitochondrial NADH dehydrogenase subunit 5; MMP =
mitochondrial membrane potential; MOB = mitochondrial oxidant burden; NF-kB = nuclear factor kappa-light-chain-enhancer of activated B
cells; N/R = data relevant to review not reported; OCR = oxygen consumption rate; OXPHOS = oxidative phosphorylation; PBMC = peripheral
blood mononuclear cells; PER = proton efflux rate; PDHc = pyruvate dehydrogenase complex; PGC-1a = peroxisome proliferator-activated
receptor gamma coactivator 1-alpha; PPARy = peroxisome proliferator-activated receptor gamma; RCR = respiratory control ratio; ROS =
reactive oxygen species; SCR = succinate cytochrome reductase; SD = standard deviation; SIRT3 = NAD-dependent deacetylase sirtuin-3,
mitochondrial; SRC = spare respiratory capacity; Tfam = transcription factor A, mitochondrial; THP-1 = human monocytic cell line; TT = time
trial; UCP2 = uncoupling protein 2; VO, = volume of oxygen consumed per time.
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Table 7: Key Findings-Reports Evaluating Effects of Exercise Training

JNeutrophil proton leak
(n=5)(d=2.02)

Author, Cell Number, Metabolic
Year Training Response Proportion, and . Metabolic Function Cell Function
Phenotype Regulation
Heavy-Severe Intensity AE training
Busquets- N/R No change # PBMCs, | TPBMC Tfam, N/R No change PMA-
Cortes C et % lymphocytes, % OPA1, OMALI stimulated (10
al., 2016° monocytes protein expression ng/mL) PBMC H;0,
(12) production
{PBMC MDA
TPBMC protein
carbonyls
Busquets- No change estimated | No change in # No change PBMC N/R No change PBMC
Cortes C et VOsmax pre vs. post 8 | PBMC’s or % COXI1V, PGC-la, NF-«B activation,
al., 2017¢ wks training lymphocytes, % MitND5 gene PMA-stimulated (10
(13) monocytes expression ng/mL) H,O,
TPBMC UCP2, production
UCP3, COXIV, Mfn-
1, and JPBMC Tfam
protein expression
Gatterer Het | TYYIR2 running N/R N/R U{PBMC ETS per cell N/R
al., 2018 distance, RSA (RSH, n=2)
(27) performance (RSH & JETS normalized to CS
SIH) activity (RSH & SIH,
TWingate & RS n=2/group)
mean and peak power
(RSH & SIH)
TRS skeletal muscle
deoxygenation and
re-oxygenation(RSH)
Thomas AW | {HR, blood lactate N/R TPBMC CD36 N/R N/R
etal., 2012¢ during submaximal protein expression
(65) exercise test No change PBMC
No change VOapax PPARY, phosphor-
PPARYy:non-phospho-
PPARY protein
expression
Hasni S et TTime to anaerobic | N/R N/R TPBMC OCR/ECAR N/R
al. 2021* threshold, I0OMWT -Correlation FSS scores
(29) performance vs. OCR/ECAR
Hedges CP TVOzpeak (L/min) No change No change PBMC No change PBMC N/R
etal, 2018 #leukocytes, PGC-1a, Tfam, mitochondrial
Gh lymphocytes, NRF1, NRF2, respiration
#monocytes COXIV gene No correlation APBMC
expression mitochondrial
No change PBMC respiration vs. Askeletal
mitochondrial muscle mitochondrial
CI-CV protein respiration
expression
Andonian B N/R N/R N/R +Correlation ACRF vs. N/R
etal., 2020* ACD4" T cell basal and
@) maximal respiration (p
= 0.89, both)
+Correlation ACD4" T
cell mitochondrial
respiration vs.
ACD4"CCR7°CD45RA™
T cells (p =0.89)
Bartlett et Training group: 16 Training group: Training group: Training group: Training group:
al., 2020 (6) | + 11% VOapea d#leukocytes (p = TNeutrophil MMP (d | TNeutrophil basal TNeutrophil E. coli
1400m walk time 0.059) =1.10) respiration (d = 3.01), phagocytosis (d =
No change # maximal respiration (d 0.85), PMA-
neutrophils =2.86), ATP stimulated (25nM)
production (d =4.18) ROS (d=0.98),

chemotaxis (d =
0.97), chemotactic
index (d=1.12)
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I Neutrophil basal
ROS (d=0.93)
+Correlation
%AVOzpeak VS.
neutrophil
chemotaxis (r =
0.649, p = 0.042)
-Correlation Abody
fat vs. neutrophil
chemotaxis (r = -
0.721,p =0.018)

Heavy-Severe Intensity AE and Light-Moderate Intensity AE training Groups

Chang SC & | N/R N/R N/R TLymphocyte ATP- N/R
Wang JS, linked OCR & Ynon-
2015 (17) mitochondrial OCR
(HIT & MICT)
TLymphocyte pyruvate
+ glutamate-mediated
OCR (HIIT only)
TLymphocyte
succinate- & palmitoyl
carnitine-mediated OCR
(MICT only)
Lin ML et TVt, WattSmax, VEmax, | HIIT & MICT: HIIT & MICT: TNK cell ETS, Reserve | TNK cell perforin
al., 2022¢ VOamaxs VCOoma TResting & post- TMitochondrial OCR, BHI @ rest (HIIT | and granzyme b @
(41) (HIIT & MICT) exercise #total & content & MMP @ & MICT) rest (HIIT & MICT)
HIIT AWattsax, CD56dim NK cells rest & post-exercise +Correlation AVOax
AVE x> MICT iResting & post- IMOB post-exercise | vs. ANK cell ETS (r =
exercise %CD45RA" 0.549) & Reserve OCR
& CD57" NK cells (r=0.655) & BHI (r=
TResting & Post- 0.546)
Exercise #CD45RO"
NK cells
Tsai HH et TWatts, HR, VE, HIT & MICT: VHE- | HIIT & MICT: No HIIT & MICT: TATP- N/R
al., 2016® VO,, VCO,@ V,, induced rise in total change mitochondrial | linked OCR and
(66) exercise time to V, lymphocytes biogenesis proteins Reserve OCR @ rest
(HIIT & MICT) To, CD28", dmitofusin & Drp-1 | and post-HE
TWattSmax, VEmaxs 1%CD57* JHE-induced change TCIl-linked OCR and
VOimax, VCOamax, lymphocytes @ rest MMP OXPHOS capacity @
time to max No change%CD11a’, JHE-induced MOB rest, VHE-induced
(HIT & MICT) CD45RA", or HIIT only: respiratory changes
HIIT ACardio- CD354RO" cells @ Tmitofusin: Drp-1 @ | VHE-induced changes
pulmonary measures, | restor post-HE rest and immediately | in LDH & CS activity
Atime to V,, Atime to | HIIT only: post-exercise TSDH activity @ rest &
max > MICT 1%CD28' L%CD57" | TMMP @ rest & post-HE
lymphocytes post-HE | post-HE
Light-Moderate Intensity AE training
Morabito C N/R low-ALT: No change | low-, high-ALT: No high-ALT: TPBMC low-, high-ALT: No
etal., 2016 # PBMCs change PBMC HIF- metabolic activity via change intracellular
(49) 1% CD69* CD4" and | la protein expression | MTT staining ROS or NO
CD8" T cells No change MMP
high-ALT: 7% B high-ALT: {mtROS
cells, % CD25CD69" | among total & CD3"
B cells, 4% T cells,
1% CD69" CD8' T
cells
Brand S et N/R N/R N/R Training group: N/R
al., 2020 TLymphocyte
(10) mitochondrial
OXPHOS (d=127) &
ETS (d=1.67)

respiration, Complex IV
activity (d = 1.08) at
Post-training

Training group:
Lymphocyte ATP
content < Control at
Baseline (d=1.4),

EIR 29 2023



84 Scoping Review of Exercise and Human Leukocyte Metabolism

increased pre- to post-
training (d = 0.91)
-Correlation
Lymphocyte ATP
content vs. burnout
score across sample (r =
-0.62, p <0.001)

Butcher LR Training: No change N/R Training: N/R N/R
et al., 2008 VOzmax (Mmean + SD: PBMC CD36 &
(14) +2.74 +4.21 PPARY gene

ml/kg/min) expression @ 4 wks,

Control: No change 8 wks > Control or

VOimax (Mmean + SD: Baseline

+1.53 £2.63 Training:

ml/kg/min) PBMC ABCAL,

ABCGI gene

expression @ 8 wks
> Control or Baseline

KocherMet | T14% VOamax No change in #CD4* N/R TPBMC non- N/R
al., 2017 T cells, viral load mitochondrial
(36) respiration, respiratory

capacity, SRC
YakeuGet | N/R N/R TPBMC PGC-la, N/R N/R
al., 2010 PPARa gene
(73) expression @ 4 & 8

wks

TPBMC PGC-1pB
gene expression @ 8

wks
Other Exercise Training
Lehti M et Training group N/R Training group: N/R N/R
al., 2020 VO, pea at 12 weeks, TPBMC OXPHOS
(38) trend (p = 0.06) for gene expression
VOspeax time x group (z=3.27) (n=7)
effect (training vs.
control)
Training group Tknee
extensor MVIC 0 vs.
21 & 12 vs. 21 wks,
time x group effect (p
=0.02)
Estebanez B | Training group Tleg N/R Training group N/R N/R
etal., 2019 press, bicep curl TPBMC PGC-1a,
21) MVIC + IRM Mfnl protein
expression

Notes: a = Data from conference abstract; b = data from placebo/control condition of study including dietary intervention, or in which all
participants received same dietary treatment; g = training results of a larger study. Abbreviations: I0MWT = 10-meter walk test; IRM = 1-
repitition maximum; ABCA1 = ATP binding cassette subfamily A member 1; ABCG1 = ATP binding cassette subfamily G member 1; ATP =
adenosine triphosphate; BHI = bioenergetic health index; CI-CV = complexes 1-5 of the mitochondrial electron transport chain; CII = complex 2
of the mitochondrial electron transport chain; COXIV = cytochrome C oxidase subunit 4; CRF = cardiorespiratory fitness; CS = citrate synthase;
Drp-1 = dynamin-related protein 1; ECAR = extracellular acidification rate; ETS = electron transport system; Ex-SPPB = expanded short
physical performance battery; FSS = fatigue severity scale; HE = hypoxic exercise, exercise in 12% O,; high-ALT = high-altitude trekking; HIF-
la = hypoxia-inducible factor-one subunit alpha; HIIT = high-intensity interval training; HR = heart rate; LDH = lactate dehydrogenase; low-
ALT = low-altitude trekking; MDA = malondialdehyde; Mfn = mitofusin-1; MICT = moderate-intensity continuous training; MitND5 =
mitochondrial NADH dehydrogenase subunit 5; MMP = mitochondrial membrane potential; MOB = mitochondrial oxidant burden; mtROS =
mitochondrial reactive oxygen species; MTT = 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide; MVIC = maximal voluntary
isometric contraction; N/R = data relevant to review not reported; NF-kB = nuclear factor kappa-light-chain-enhancer of activated B cells; NO =
nitric oxide; NRF1 = nuclear respiratory factor 1; NRF2 = nuclear respiratory factor 2; OCR = oxygen consumption rate; OMA1 =
Metalloendopeptidase OMA1, mitochondrial; OPA1 = OPA1 mitochondrial dynamin like GTPase; OXPHOS = oxidative phosphorylation;
PBMC = peripheral blood mononuclear cells; PGC-1a = peroxisome proliferator-activated receptor gamma coactivator 1-alpha; PGC-1f =
peroxisome proliferator-activated receptor beta; PPARa = peroxisome proliferator-activated receptor alpha; PPARy = peroxisome proliferator-
activated receptor gamma; ROS = reactive oxygen species; RS = repeated cycling sprints; RSA = repeated sprint ability (running); RSH =
repeated-sprint training in hypoxia; RT = resistance training; SD = standard deviation; SDH = succinate dehydrogenase; SIH = sprint-interval
training in hypoxia; SRC = spare respiratory capacity; tAT = time to anaerobic threshold; Tfam = transcription factor A, mitochondrial; UCP2 =
uncoupling protein 2; UCP3 = uncoupling protein 3; VE = minute ventilation; VE,,.x = minute ventilation at maximal exercise; VCO, = volume
of carbon dioxide expired per unit time; VCO,max = maximal volume of carbon dioxide expired per unit time; VO, = volume of oxygen consumed
per time unit; V= ventilatory threshold; Watts,,,, = cycling power at maximal exercise; YYIR2 = yo-yo intermittent recovery test level 2.
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Author(s), Table 8: Key Findings - Reports Evaluating Effects of Physical Fitness
Year Cell Number,
Proportion, and Metabolic Regulation Metabolic Function Cell Function
Phenotype
Reports examining apparently healthy individuals
Alley JR, No difference # naive (N=7/group) (N=7/group) N/R
Valentine CD4" & CD8" T cells Active naive CD8" T-cell ECAR and mitochondrial OCR
RJ, Kohut b/w groups mitochondrial mass > Inactive not different between groups
ML, 2022 (d=0.76)
€)) Naive CD4" & CD8" T-cell
MMP, and CD8" T-cell
mitochondrial biogenesis not
different b/w groups
+Correlation Naive CD4™ &
CD8" T-cell mitochondrial mass
vs. EE (r=041,p=0.024 & r=
0.36, p = 0.048); effect
abrogated when controlled for
sex or %BF
+Correlation Naive CD8" T-cell
mitochondrial mass vs. VOjpeax
(r=10.47, p = 0.009); effect
abrogated when controlled for
%BF
-Correlation Naive CD8" T-cell
mitochondrial mass vs. %BF
(r=-043,p=0.017)
Antunes BM | No difference High-fit LPS-induced (100 N/R Low-fit LPS-induced
et al., 2020* Y%monocyte subsets ng/mL) monocyte PPARy (100 ng/mL) monocyte
3) Low-fit vs. High-fit expression > Low-fit IL-10 > High-fit (p =
High-fit monocyte PGC-1a. 0.08)
expression > Low-fit all
treatments (n*> = 0.513)
Low-fit monocyte AMPK
expression > High-fit all
treatments (n* = 0.372)
Dorneles GP | N/R High-fit & Moderately-fit Con- N/R Low-fit unstimulated
etal., 2021° A (10 pg/mL) stimulated and Con-A (5 ug/mL)
(20) mitochondrial membrane stimulated ROS
depolarization < Low-fit production >
Moderately-fit &
High-fit
High-fit unstimulated
and Con-A (5 ug/mL)
stimulated proliferation
< Moderately-fit &
Low-fit
Janssen JJE No difference # PBMC N/R High-fit basal OCR, Max OCR, | N/R
etal., 2022° b/w groups SRC, ATP-linked OCR, proton
(34) High-fit %CD14" leak > Low-fit
monocytes, CD4°CD25" High-fit Con-A (25 pg/mL)
& CD4"CD25°CD127* stimulated basal & maximal
T cells > Low-fit OCR > Low-fit
No group difference in
Unstimulated, Pre- vs. Post-
Exercise, or Con-A (25 pg/mL)
stimulated PER
Mota MP et N/R HF lymphocyte mitochondrial LFY lymphocyte CI activity > N/R

al, 2010 (50)

H,0, <LF (Y, A, M)

HF (Y,A) but no difference
LFM vs. HFM

-Correlation LF lymphocyte CI
activity vs. age (r =-0.47, p-
value N/R)

LFY lymphocyte CI activity >
LFM

No difference HFY vs. HFM
lymphocyte CI activity

Reports examining apparently healthy individuals and those with disease
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Pendergast N/R N/R No difference leukocyte FA N/R
DR et al., oxidation Inactive vs. Non-elite
2004¢ (53) Runners

Elite Runner resting leukocyte
FA oxidation > Inactive & Non-
Elite Runners

CPT2 def. leukocyte FA
oxidation < all other groups
MS, ED, OB leukocyte FA
oxidation = Sedentary

CFS leukocyte FA oxidation >

Sedentary
Vladutiu GD | N/R N/R CPT2-def. leukocyte FA N/R
et al., 2002 oxidation < Sedentary, Trained
(69) Trained leukocyte FA oxidation

> Sedentary

+Correlation leukocyte FA
oxidation vs. VO, @ RER = 1.0
(r=0.94, p-value N/R)

Reports examining individuals with overweight or obesity

Farinha JB et | N/R N/R No difference Active vs Active PBMC ROS,

al., 2015 (22) Inactive in PBMC CI & CII SOD activity, and CAT
activity, PBMC non- activity > Inactive
mitochondrial metabolic
activity

Tyrell DJ et N/R N/R +Correlation PBMC SRC & N/R

al., 2015 (67) maximal OCR vs. Ex-SPPB

score (r = 0.59, r=0.58), grip
strength (r = 0.54, r=0.52),
knee extensor strength (r =
0.60, r=0.60), leg skeletal
muscle quality (SRC only) (r=
0.56)

+Correlation PBMC basal
respiration vs. knee extensor
strength (r=0.51)

-Correlation PBMC SRC,
maximal respiration, basal
respiration vs. plasma IL-6 (r =
-0.55,r=-0.58, r=-0.61)
Notes: a = results relevant to this review taken from a single phase of larger study. b = fitness effect data from larger study. Abbreviations: A =
Adult group; AMPK = AMP-activated protein kinase; ATP = adenosine triphosphate; %BF = body fat percentage; b/w = between; CI = complex
1 of the mitochondrial electron transport chain; CII = complex 2 of the mitochondrial electron transport chain; CAT = catalase; CFS = individuals
with chronic fatigue syndrome; Con-A = concanavalin A; CPT2 def.= individuals with genetic carnitine palmitoyltransferase 2 deficiency; ECAR
= extracellular acidification rate; ED = individuals with eating disorder, anorexia nervosa; EE = energy expenditure; Ex-SPPB = expanded short
physical performance battery; FA = fatty acid; HF = high-fitness group; HFA = high-fit adult group; HFM = high-fit middle-aged adult group;
HFY = high-fit young adult group; IL-“X" = interleukin-“X"; LF = low-fitness group; LFA = low-fit adult group; LFM = low-fit middle-aged
adult group; LFY = low-fit young adult group; LPS = lipopolysaccharide; M = Middle-aged adult group; MMP = mitochondrial membrane
potential; MS = individuals with Multiple Sclerosis; N/R = data relevant to review not reported; OB = individuals with obesity; OCR = oxygen
consumption rate; OXPHOS = oxidative phosphorylation; PBMC = peripheral blood mononuclear cells; PER = proton efflux rate; PGC-1a. =
peroxisome proliferator-activated receptor gamma coactivator 1-alpha; PPARy = peroxisome proliferator-activated receptor gamma; RER =
respiratory exchange ratio; ROS = reactive oxygen species; SOD = superoxide dismutase; SRC = spare respiratory capacity; TNF = tumor
necrosis factor; VO, = volume of oxygen consumed per time unit; VO, = peak volume of oxygen consumed per time unit; Y = Young adult

group.
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Supplementary Table 1 — Review of Potentially Overlapping Review Articles

Title Subject Overlap Not Overlap

Immunmetabolism-fit: How exercise and training | Review of phenotypic and Clear topic overlap Narrative review, not

can modify T cell and macrophage metabolism in | metabolic features of T cells and systematic

health and disease. (PMID: 35452394) macrophages, as well as what is Limited to T cells and
known regarding their response to macrophages

exercise

Influence of Obesity and Weight Loss on the
Bioregulation of Innate/Inflammatory Responses:
Macrophages and Immunometabolism (DOI:
10.3390/nu14030612)

Review of inflammatory
dysregulation in obesity, concept of
bioregulation of innate immunity
(i.e., regulation of inflammatory
potential via exercise), speculation
regarding whether nutritional
interventions can offer similar
effects via weight loss

Regulatory role of
exercise on immune
function, with
emphasis on
metabolism

Limited to innate
immunity
Narrative review

Costly immunometabolic remodelling in disused

muscle buildup through physical exercise (DOI: systemic consequences of atrophy remediate focused on the problem
10.1111/apha.13782) and potential for exercise to rectify | maladaptive of muscle atrophy due
maladaptive changes immunometabolic to inadequate loading,
changes with and potential solutions
inactivity to this problem

Review of skeletal muscle and

Use of exercise to

Narrative review

Type and Intensity as Key Variable of Exercise in
Metainflammation Diseases: A Review (DOI:
10.1055/a-1720-0369)

Review of the effects of exercise
and training on monocytes and
lymphocytes (T-cells) in people
with Obesity/MetS/ Diabetes

Effects of acute and
chronic exercise on
monocyte and
lymphocyte
bioenergetics

Narrative review
focused on people with
obesity/MetS/ Diabetes
Limited focus on
cellular metabolism

Does Modern Lifestyle Favor
Neuroimmunometabolic Changes? A Path to
Obesity (DOI: 10.3389/fnut.2021.705545)

Discussion of the impact of
sedentary lifestyle and poor diet on
systemic inflammation, and how

Relationship between
lifestyle, energy
substrate use,

Perspective piece,
anchored in the role of
neuro-inflammation on

this translates to inflammation path to obesity
neuroinflammation
Exercise and the Adrenergic Regulation of Effects of exercise and training on Effects of Narrative review
Immunity (DOI: 10.1016/1.bbi.2021.07.010) mobilization of leukocytes and the catecholamines on focused on adrenergic
role of adrenergic signaling in this immunometabolism signaling rather than

process. Potential for exercise to
modulate adrenergic signaling and
improve responses to stress.

could yield some
overlap

exercise immuno-
metabolism

Immunometabolic responses according to
physical fitness status and lifelong exercise
during aging: New roads for exercise
immunology (DOI: 10.1016/j.arr.2021.101341)

Summary of adverse
immunometabolic consequences of
aging and inactivity, verified and
potential benefit effects of exercise

Immunometabolism
in aging and obesity,
influence of exercise
on these relationships

Narrative review with
emphasis on the effects
of aging specifically
Effects of acute versus
chronic exercise not
well segregated

Mitochondrial Functionality in Inflammatory
Pathology — Modulatory Role of Physical
Activity (DOI: 10.3390/1ife11010061)

Review of maladaptive changes to
systemic inflammation and OS
with aging and metabolic disease,
discussion of exercise effects on
macrophages via mitochondrial
signaling, implications towards
mitigating systemic inflammation
and compromised immune function

Effects of exercise on
circulating monocytes
and resident
macrophages

Narrative review
focused on
mitochondrial signaling
within macrophages

Endurance Exercise Mitigates Immunometabolic
Adipose Tissue Disturbances in Cancer and
Obesity (DOI: 10.3390/ijms21249745)

Review of the adverse adipose
tissue changes in obesity and
effects of exercise on modulating
tissue inflammation in obesity and
cancer

Effects of exercise on
leukocyte metabolism
and phenotype in
adipose tissue

Focus on the effects of
exercise on adipose
tissue in the context of
obesity and cancer
Emphsis on cytokine
and cell subset effects

SARS-CoV-2 and mitochondrial health:
implications of lifestyle and aging (DOLI:
10.1186/512979-020-00204-x)

Influence of immune cell
mitochondrial function on overall
immune function, necessity of
hormesis to maintain mitochondrial
function

Lifestyle effects on
mitochondrial health,
implications to
immune function

Not review of exercise
effects on immune cell
metabolism

Muscle-Organ Crosstalk: Focus on
Immunometabolism (DOI:
10.3389/fphys.2020.567881)

Review of muscle-organ signaling,
as modified by exercise and
training. Short discussion of role(s)
for myokines in
immunometabolism.

Muscle-derived
signaling molecules
(myokines) that
mediate effects of
exercise throughout
the body

Review of interorgan
signaling via myokines,
not focused on the
effects of exercise on
immune cell
metabolism
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Impact of Exercise on Immunometabolism in
Multiple Sclerosis (DOI: 10.3390/jcm9093038)

Review of adverse
immunometabolic changes in MS,
potential for exercise to induce an
anti-inflammatory state, and future
research directions for the use of
exercise in MS patients

Immunometabolic
changes due to
exercise that lead to
an anti-inflammatory
bias

Strictly limited to
context of MS

Exercise of immunometabolic regulation in
Cancer (DOI: 10.1038/s42255-020-00277-4)

Effects of exercise on organ
systems that participate in
carcinogenesis

and on the TME.

Changes in cell
phenotype and
cytokine production
associated with
exercise

Exercise effects on
metabolism and
exercise effects on
immune system
discussed separately

Exercise immunology: Future directions (DOI:
10.1016/j.jshs.2019.12.003)

Summary of data from field of
exercise immunology to date,
potential utility of immunmetabolic
outcome measures with examples
from recent data

Discussion of both
the effects of exercise
on immunity and the
role of cellular
metabolism in
directing immune cell
form and function.

Cellular metabolism
relates current state of
the science and future
directions for research
rather than literature
review

The Exercise Training Modulatory Effects on the
Obesity-Induced Immunometabolic Dysfunctions
(DOI: 10.2147/DMS0.S234992)

Review of adverse metabolic and
immune changes in obesity with
emphasis on monocyte recruitment
and macrophage polarization, and
how exercise may ameliorate or

Exercise effects on
cytokine gene
expression patterns
and the number and
phenotype of

Emphasis on the
pathogenesis and
pathological
consequences of
obesity-induced chronic

exacerbate meta-inflammation circulating cells inflammation
New Insights about Regulatory T Cells Review of impact of exercise on Metabolic stimulus of | Limited to discussion of
Distribution and Function with Exercise: The circulating regulatory T cell exercise and its regulatory T cells

Role of Immunometabolism (DOI:
10.2174/1381612826666200305125210)

numbers and functions, with
implications towards combatting
systemic inflammation. Particular
consideration is given to how
metabolic changes associated with
exercise training may be affecting
regulatory T cell function.

potential effects on
regulatory T cell
number and function
Role of cellular
metabolism in
regulatory T cell
function

Nutrients, immune system, ad exercise: Where
will it take us? (DOI: 10.1016/j.nut.2018.09.019)

Discussion of innate and adaptive
immune-cell metabolism and how
cellular metabolism can be affected
by exercise and nutrients

Effect of exercise on
metabolic signaling in
immune cells plus its
impacts on cell
differentiation

Narrative review

Immunometabolism: A Multi-Omics Approach to
Interpreting the Influence of Exercise and Diet on
the Immune System (DOI: 10.1146/annurev-
food-032818-121316)

Presentation of immunometaboilsm
as a framework for integrating
multiple analytical techniques to
assess the acute and chronic effects
of exercise on the immune system.

Effects of exercise on
immune cell number
and functional
measures

Heavy emphasis on
metabolomics and
immuno-nutrition, less
emphasis on cellular
metabolism

Macrophage Polarization: Implications on
Metabolic Diseases and the Role of Exercise
(DOLI:
10.1615/CritRevEukaryotGeneExpr.2016015920)

Review of the role of macrophages
in metabolic diseases and
inflammation, effects of exercise
on macrophage polarization

Effect of exercise on
macrophage gene
expression and
metabolism via cell
polarization

Limited to macrophages
Emphasis on metabolic
disease
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Supplementary Table 2: List of Potentially Relevant References Excluded from Analysis with Reason for Exclusion

Article title Journal Authors Year Reason for exclusion

The Effects of Mitochondrial Cellular and Molecular O. Baykara, S.K. 2016 Does not meet review

DNA Deletion and Copy Biology Sahin, F. Akbas, M. independent variable criteria

Number Variations on Different Guven, I. Onaran (participant not adults)

Exercise Intensities in Highly

Trained Swimmers

Peripheral Blood Mononuclear Nutrients C. Busquets-Cortés et 2018 Does not meet review

Cells Antioxidant Adaptations to al. independent variable criteria

Regular Physical Activity in (no exercise or physical

Elderly People fitness component)

Molecular choreography of acute | Cell K. Contrepois et al. 2020 Does not meet review

exercise dependent variable criteria
(no leukocyte energy
metabolism data)

Antioxidant Regulatory Journal of Sports M.D. Ferrer, P. Tauler, | 2009 Does not meet review

Mechanisms in Neutrophils and Sciences A. Sureda, J.A. Tur, A. independent variable criteria

Lymphocytes After Intense Pons (participants not adults)

Exercise

Alpha-Lipoic Acid The Federation of S. Le Garfet al. 2020 Does not meet review

Supplementation Increases the American Societies for dependent variable criteria

Efficacy of Exercise- and Diet- Experimental Biology (insufficient data regarding

Induced Obesity Treatment and Journal effect of exercise

Induces Immunometabolic specifically)

Changes in Female Mice and

Women

Effects of 6-Week Specific Low- | Genetics and Molecular Z. Jastrzebski, M. 2015 Missing data

Intensity training on Selected Research Zychowska

Aerobic Capacity Parameters

and HSPA1A, HSPBI, and

LDHb Gene Expression in High-

Level Rowers

The effect of mitochondrial Journal of Sports J.I. Karpova, E.N. 1987 Does not meet review

energetics inhibitors on Medicine and Physical Mokhova, N.I. Volkov dependent variable criteria

spontaneous rosette formation of | Fitness (no leukocyte energy

lymphocytes from athletes metabolism data)

Cycling Exercise Training Thrombosis and M.L. Lin et al. 2021 Does not meet review

Enhances Platelet Mitochondria Haemostasis dependent variable criteria

Bioenergetics in Patients with (no leukocyte energy

Peripheral Arterial Disease: A metabolism data)

Randomized Controlled Trial

Immune adaptation to chronic BMC Genomics D. Liu et al. 2017 Does not meet review

intense exercise training: new dependent variable criteria

microarray evidence (data from whole blood, not
leukocytes)

No Effect of Resveratrol in Journal of Inherited N. Lokken et al. 2021 Does not meet review

Patients with Mitochondrial Metabolic Disease dependent variable criteria

Myopathy: A Cross-over (insufficient data for unique

Randomized Controlled Trial exercise effect)

Affected pathways and PLOS One M. Maqueda, E. Roca, | 2017 Does not meet review

transcriptional regulators in gene D. Brotons, J.M. Soria, dependent variable criteria

expression response to an ultra- A. Perera (data from whole blood, not

marathon trail: Global and leukocytes)

independent activity approaches

Sixteen-Week Physical Activity Journal of the American M.P. Noz et al. 2019 Does not meet review

Intervention in Subjects With Heart Association independent variable criteria

Increased Cardiometabolic Risk (physical activity, not

Shifts Innate Immune Function exercise data)

Towards a Less

Proinflammatory State

Moderate to vigorous physical Hepatology S. Oh et al. 2015 Does not meet review

activity volume is an important
factor for managing
nonalcoholic fatty liver disease:
A retrospective study

independent variable criteria
(physical activity, not
exercise data)
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Influence of Cardiorespiratory Journal of Diabetes M.R. Queiroga et al. 2015 Does not meet review

Fitness on PPARG mRNA Research independent variable criteria

Expression Using Monozygotic (participant adults)

Twin Case Control

Genomic signatures of a global Annals of human genetics | E. Rampersaud et al. 2013 Does not meet review

fitness index in a multi-ethnic dependent variable criteria

cohort of women (data from whole blood, not
leukocytes)

Mitochondrial reactive oxygen Nature- Scientific R. Shirakawa et al. 2019 Does not meet review

species generation in blood cells | Reports independent variable criteria

is associated with disease (comparisons by disease

severity and exercise intolerance status, not exercise or

in heart failure patients physical fitness)

Patients with chronic fatigue Journal of Translational R.C.W. Vermeulen, 2010 Does not meet review

syndrome performed worse than | Medicine R.M. Kurk, F.C. independent variable criteria

controls in a controlled repeated Visser, W. Sluiter, (comparisons by disease

exercise study despite a normal H.R. Scholte status, not exercise or

oxidative phosphorylation physical fitness)

capacity

High-Intensity Interval Training | Nature- Scientific L.-H. Wu, S.-C. 2017 Does not meet review

Improves Mitochondrial Reports Chang, T.-C. Fu, C.-H. dependent variable criteria

Function and Suppresses Huang, J.-S. Wang (no leukocyte energy

Thrombin Generation in metabolism data)

Platelets Undergoing Hypoxic

Stress

Do Blood Cells Mimic Gene European Journal of J. Zeibig, H. Karlic, A. | 2005 Does not meet review

Expression Profile Alterations
Known to Occur in Muscular
Adaptation to Endurance
Training?

Applied Physiology

Lohninger, R.
Dumsgaard, G. Smekal

independent variable criteria
(participant adults)
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