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ABSTRACT

Background: Emerging data indicates that enrichment of 
peripheral blood with T lymphocytes during exercise and 
their associated changes in function are underpinned by 
modulation of cellular bioenergetics. However, there is a 
dearth of literature examining these responses using metabolic 
thresholds to prescribe exercise intensity or providing single 
cell resolution on immunometabolic outcome measures. 
Objectives: The current study was designed to examine the 
metabolic phenotypes and real-time bioenergetic responses 
to activation of enriched naïve helper (CD4+) and cytotoxic 
(CD8+) T cells and peripheral blood mononuclear cells 
(PBMCs) in response to prolonged cycling. Methods: Ten 
aerobically trained males and females (mean ± SD: age 
21 ± 1 years; maximal oxygen consumption: 53.9 ± 9.8 ml 
· kg-1 · min-1) undertook a 2-hour bout of continuous cycling 
at a power output eliciting 95% lactate threshold-1. Blood 
samples were collected at rest, immediately (post), and 2 hours 
after cycling cessation (recovery). Using injection sequences 
of cell respiration modulators and a CD3/CD28 activator, 
bioenergetic profiles of PBMCs and enriched naïve CD4+ and 
CD8+ T cells were determined using extracellular flux analysis. 
Mitochondrial membrane potential (ΔΨm) was examined using 
flow cytometry. Results: Despite cycling evoking significant 
fluctuations in peripheral blood T cell numbers, there were 
no changes in absolute or relative measures of mitochondrial 
respiration, glycolytic flux and ATP synthesis rate post and 
recovery vs rest. Contribution of mitochondrial respiration to 

ATP production was greater than glycolysis in naïve T cells 
across all timepoints, but not PBMCs in recovery. This was 
despite absolute and relative changes in ΔΨm of memory T cells 
being greater in recovery vs. rest. Bioenergetic responses to ex 
vivo T cell activation were not different between cell types or 
timepoints. Conclusion: These data indicate that the metabolic 
phenotypes of naïve T cells and PBMCs were largely unaltered 
within 2 hours of prolonged moderate intensity cycling.
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INTRODUCTION

Single bouts of exercise promote the preferential mobilisation 
of lymphocytes primed for migration to central and peripheral 
tissues. These include skeletal muscle (16) and work in ani-
mals indicates that lymphoid sites of foreign antigen encoun-
ter, such as the lung and Peyer’s patches accumulate T cells 
after exercise cessation (37). Trafficking of lymphocytes in this 
manner is believed to facilitate remodelling of these tissues; 
however, the underpinning mechanisms are unclear. In 1958, 
it was first reported using respirometry that moderate intensity 
exercise increased peripheral blood mononuclear cell (PBMC) 
oxygen consumption in humans (5). Recent advances in re-
al-time extracellular flux analysis (EFA) have permitted more 
comprehensive profiling of substrate metabolism from intact 
immune cells by measuring oxygen flow in response to various 
mitochondrial agents. In PBMCs isolated immediately after vs. 
before exercise, it has been reported that swimming exercise to 
exhaustion increased basal respiration (72) and low-intensity 
cycling (~35% V̇O2peak)increased basal and fatty acid-depen-
dent respiration (41). Other studies have reported no chang-
es in PBMC respiratory states immediately after steady state 
(75) and exhaustive exercise (72), notably when normalised 
to the number of PBMCs within peripheral blood. PBMCs 
are composed of diverse sub-populations of lymphocytes and 
monocytes with unique functions and distinct metabolic pro-
files (8, 12, 20, 46, 66). Moreover, bouts of exercise evoke an 
immediate increase in peripheral blood lymphocyte concen-
trations, followed by a decrease in recovery (≈1-3 hours) as 
differentiated lymphocytes with a cytotoxic phenotype leave 
the bloodstream. This presents a challenge when sampling 
cells for evaluation of their metabolism and conclusions have 
largely been drawn from mixed cell populations, i.e., PBMCs. 
One study by Lu et al, 2022 demonstrated that maximal and 
reserve oxygen consumption rate (OCR) were increased in im-
munomagnetically enriched natural killer (NK) cells isolated 
from the PBMC fraction after vs. before exhaustive cycling. 
This study also reported that after 6 weeks of regular exercise 
training, maximal and reserve OCR were increased in NK cells 
at rest (42). Other studies have similarly documented a rela-
tionship between aerobic fitness and basal and maximal PBMC 
respiration (2, 32) and mitochondrial mass was higher in naïve 
cytotoxic (CD8+) T cells isolated from active vs. inactive indi-
viduals (1). Immune cell metabolism is evidently remodelled 
with exercise training; however, due to marked compositional 
shifts in PBMCs, limited work has examined cell-by-cell bio-
energetic changes in response to single bouts of exercise, no-
tably in T cells.

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

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

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

This study was designed to examine the metabolic sen-
sitivity of T cell subsets to prolonged moderate intensity cy-
cling compared to the PBMC fraction. Naïve CD4+ and CD8+ 
T cells were a specific focus of EFA given that these cells are 
mobilised into peripheral circulation during exercise, abundant 
within the PBMC fraction and metabolically adaptable to ex-
ercise training  (1), thus providing a robust single cell model 
to examine immunometabolic responses to exercise. Previous 
studies in this area have largely prescribed exercise intensity 
based on a fixed proportion of maximal oxygen consumption 
(V̇O2max) (32, 42); however, this doesn’t account for inter-in-
dividual variability in substrate uptake and oxidation during 
exercise, which might govern subsequent immunometabolic 
responses. Prescribing intensity at the upper limit of moderate 
exercise intensity domain, demarcated by lactate threshold-1 
(LT1 - exercise intensity at which there is a measurable in-
crease in blood lactate concentration) would facilitate compa-
rable relative metabolic stress between participants (30, 31, 
40). Accordingly, the aims of this study were to 1) evaluate the 
metabolic phenotypes of immunomagnetically enriched naïve 
CD4+ and CD8+ T cells and PBMCs using extracellular flux 
analysis; 2) quantify ΔΨm of these T cell subsets using flow 
cytometry; 3) examine real-time metabolic, morphological and 
cytokine responses to ex vivo T cell activation and 4) draw as-



EIR 31 2025

69 Immunometabolic profiling of T cells after prolonged cycling

sociations of these outcomes with circulating T cell substrates 
(glucose, glutamine, and triglycerides) in response to 2 hours 
of cycling at 95% LT1.

MATERIALS AND METHODS

Participants
Ten participants (5 males and 5 females) gave written informed 
consent to take part in this study (Table 2). Participants under-
went screening prior to enrolment to include individuals who 
were physically active as defined by the General Practice Physi-
cal Activity Questionnaire (GPPAQ) (21), and exceeded an aero-
bic fitness threshold for males (> 50 ml · kg-1 · min-1) and females 
(> 35 ml · kg-1 · min-1) (77). All experimental visits for female 
participants were conducted at the same phase of menstrual cycle 
to prevent the influence of estrogen on immunometabolic mark-
ers (52). Participants were excluded if they were smokers, cur-
rently taking medication/s, eating a ketogenic diet, had donated 
blood in the last 3 months, or had a history of cardiovascular, 
metabolic, neurological, or inflammatory disease.

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

termine LT and V̇O2max, participants undertook three randomised 
visits, consisting of two identical cycling trials (CT-1 and CT-2) 
and one rest trial (REST), each separated by 7 days (Figure 1). 
Our preliminary data indicated differences in real-time glycolytic 
responses to T cell activation based on blood sample processing 
(0-4 hours after collection) and temperature (room temperature 
or 37°C) of metabolic assays (data not shown). Given that T cell 
metabolism was to be examined over a 4-hour period, the study 
protocol was designed to equalise time spent preparing T cell 
metabolic assays and eliminate the effect of blood ‘sitting time’. 
Therefore, primary blood samples were collected on different tri-
als at rest or ‘Pre-Ex’ (REST), immediately after or ‘Post-Ex’ 
(CT-1), and 2 hours after or ‘Recovery’ (CT-2) cycling and pro-
cessed immediately at room temperature. CT-1 and CT-2 were 
differentiated only by the timing of these blood sample with-
drawals after cycling cessation, and conducted under identical 
conditions, with the aim of eliciting comparable physiological 
and immunological responses. These were confirmed by moni-
toring gas exchange data and drawing secondary blood samples 
at every timepoint throughout CT-1 and CT-2 respectively (de-
tails below). Between all trials, lifestyle factors that might in-
fluence immunity were subjectively monitored, including illness 
symptoms, anxiety, and sleep quality.

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

Figure 1. Study schematic illustrating a time axis for each of the 4 laboratory visits. On visit 1, a cycling ramp test to exhaustion was used to 
determine lactate threshold-1 (LT1) and maximal oxygen consumption (VO2MAX). Participants then undertook 3 randomised trials, including Rest 
(RT) and cycling trials 1 and 2 (CT-1 and CT-2). Blood sampling is indicated with small droplets (1 mL) for samples collected for determination 
of complete blood cell count and large droplets (77 mL) for all other outcomes. Key indicates when breakfast, questionnaires, warm-up and rest 
periods took place. Created with BioRender.com. 
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tion of caffeine and alcohol for 48 hours prior to attending each 
visit. Furthermore, to standardise nutrition, participants were 
asked to record their food intake for 24 hours before the first 
visit and to replicate this diet for all subsequent visits, as well 
undertaking an overnight fast from 10pm, consuming only water 
(ad libitum) during this period. Participants were provided with 
a breakfast of oats mixed with semi-skimmed milk (normalised 
for carbohydrate content: 1 g · kg–1 body mass) (6, 76) to ensure 
the energy and macronutrient intake across trials and between 
participants was standardised.

Screening Visit (Visit 1)
Participants attended the laboratory for screening and determina-
tion of LT and V̇O2max. Body mass (Ohaus CD31, New Jersey, 
USA), height (Seca Alpha, Hamburg, Germany) and resting blood 
pressure (Thuasne BP 3W1-A, Taipei, Taiwan) were recorded. An 
exercise tolerance test was then conducted on an electromagnet-
ically braked cycle ergometer (Excalibur, Lode, Netherlands). 
After a warm-up for 5 minutes at a rating of perceived exertion 
(RPE) of 8–10 using the Borg scale (61), participants commenced 
cycling at 70 watts and then 30-watt increments were added every 
4 minutes until volitional exhaustion (RPE = 20). A breath-by-
breath system (Vyntus, Vyaire Medical, IL, US) was used for con-
tinuous measurement of oxygen uptake, and fingertip blood lac-
tate measurements were made at the end of every 4-minute stage 
(Lactate Pro 2, Arkray, Kyoto, Japan). Participants were asked to 
maintain a pedal cadence > 60 and encouragement was given by 
the research team. V̇O2max was calculated using gas exchange data 
from the final stage and expressed relative to body weight (ml · 
kg-1 · min-1) (28). Participants were provided with breakfast and 
during this time, LT software (36) was used to determine the pow-
er output that elicited a 0.5 mmol · L–1 increase in lactate above 
baseline value, thus defining LT1 (30, 31). A 15-minute familiari-
sation was then conducted at a power output eliciting 95% of LT1 
and a final blood lactate measurement made to confirm the correct 
intensity for subsequent trials. 

Experimental Trials (Visits 2-4)
In the morning of each trial (REST, CT-1, and CT-2), partici-
pants were asked to complete questionnaires evaluating illness 
symptoms (48) state and trait anxiety (71) and sleep efficiency 
(percentage of time asleep relative to the amount of time spent in 
bed) (11) during a 30-minute period of rest (Pre-Ex). During this 
time, blood pressure and body mass were also measured. A stan-
dardised breakfast was provided as described above and then a 
catheter (Becton, Dickson & Company, Oxford, UK) inserted into 
the antecubital vein of the forearm to obtain a resting blood sam-
ple 15 minutes after feeding. Each exercise trial commenced with 
a 5-minute warm-up at a RPE of 8–10, followed by 2-hours of 
continuous-cycling at a power output eliciting 95% LT1 (CT-1 or 
CT-2). Every 15 minutes during CT-1 and CT-2, exercise intensity 
was confirmed by measuring V̇O2 uptake for 3 minutes and heart 
rate (H10, Polar Electro, Finland), RPE and the affective response 
(26) recorded. Energy expenditure, carbohydrate and fat oxida-
tion were calculated based on gas exchange data (33). Following 
completion of CT-1 and CT-2, participants remained seated in the 
laboratory for a 2-hour recovery period. 

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

draws during CT-1 and CT-2 (Pre-Ex, Post-Ex, and Recovery). 
The catheter was kept patent through regular flushes with saline 
(0.9% NaCl, Becton, Dickson & Company, Oxford, UK). The 
volumes of blood drawn at each timepoint varied depending on 
the trial (Figure 1). During REST (Pre-Ex), immediately after 
CT-1 (Post-Ex) and 2 hours post-exercise in CT-2 (Recovery), 
70 mL of blood was collected into sodium heparin vacutainers 
(Becton, Dickson & Company, Oxford, UK) for isolation of pe-
ripheral blood mononuclear cells (PBMCs). Additionally, 6 mL 
of blood was collected into K2EDTA vacutainers (Becton, Dick-
son & Company, Oxford, UK) and 4 mL into clotting vacutainers 
(Becton, Dickson & Company, Oxford, UK) for isolation of plas-
ma and serum at these 3 timepoints, respectively. Across all seven 
timepoints, 1 mL of blood was collected into K2EDTA vacutain-
ers (Greiner Bio-One, Frickenhausen, Germany) to obtain a com-
plete blood cell count using an automated haematology analyser 
(Yumizen H500, Horiba, Kyoto, Japan). These data were obtained 
to ensure comparable leukocyte counts at rest (REST vs. CT-1 vs. 
CT-2) and in response to prolonged cycling (CT-1 vs. CT-2).

Blood Processing and Immunomagnetic Separation of Naïve 
T Cells
PBMCs were isolated by density gradient centrifugation and then 
naïve CD4+ and CD8+ T cells enriched using magnetic activated 
cell sorting (MACS) microbead isolation kits (Cat #130-045-
101 and Cat #130-093-244, Miltenyi Biotec, Bergisch Gladbach, 
Germany) (82). Purity of each cell fraction was confirmed using 
flow cytometry. All methods and the gating strategy for naïve, 
CM, EM and TEMRA T cells are presented in Supplemental Fig-
ure 1. Whole blood in clotting tubes was left for 15 minutes at 
room temperature and then centrifuged alongside K2EDTA blood 
collection tubes for 10 minutes at 1,525 x g at 4 °C for isolation 
of serum and plasma respectively. Both serum and plasma were 
then aliquoted and stored at -80 °C until subsequent analysis.

Immunophenotyping and Assessment of Mitochondrial 
Membrane Potential
Assay Conditions
Fluorescently conjugated antibodies and the mitochondrial indi-
cator (MI) MitoSpy Orange chloromethyl-tetramethylrosamine 
(MSO, Cat# 424804, Biolegend) were combined to quantify the 
ΔΨm of naïve, CM, EM and TEMRA CD4+ and CD8+ T cell 
subsets using nine-colour flow cytometry (Beckman Coulter, 
California, USA) (25, 54). Peripheral blood T cell concentra-
tions (cells/µL) were also determined and adjusted for changes in 
blood volume (44). MSO is a cationic compound that passively 
diffuses across the plasma membrane and accumulates in mito-
chondria based on its electrochemical gradient, thus serving as 
a surrogate for mitochondrial activity. A separate sample was 
stained under identical conditions, but with BAM-15 to uncouple 
mitochondria and permit measurement of baseline MSO mean 
fluorescence intensity (MFI). MSO was monitored by the λ610 
nm laser and λ585/42nm detector. MitoView Green (Cat # 70054, 
MVG, Cambridge Biosciences) was monitored on the λ488 nm 
laser and λ525/40nm detector to quantify mitochondrial mass. 
Full details of antibody and MI staining and flow cytometry gat-
ing are described in supplementary materials. 

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

Real-time metabolic profiling 
Experimental assays were carried out using the Seahorse XFe96 
extracellular flux analyser and pre-designed using Seahorse an-
alytics software 1.0.0-570 (Agilent Technologies, USA). A met-
abolic profiling assay (Figure 3A–B) was used to examine the 
bioenergetic profile of PBMCs, enriched naïve CD4+ and CD8+ 
T cells (via OCR and ECAR measurement) using an injection 
sequence of different cell respiration modulators (Oligomycin, 
BAM 15, Rotenone and Antimycin A) (45). A T cell activation 
assay (Figure 5C–E) was coupled to this by injecting anti-human 
CD3/CD28 soluble antibody complexes to evaluate real time bio-
energetic responses, measured via changes in PER and OCR (35, 
47). The assay preparation and injection strategies are outlined 
separately below for simplicity.

Mito Stress Assay
Preparation
A Seahorse XFe96 sensor cartridge was hydrated in 200 µL/well 
of XF Calibrant in a non-CO2 incubator overnight at 37°C. The 
day after, Seahorse XFe96 extracellular flux analyser was cali-
brated for minimum 5 hours prior to starting the assay. PBMCs, 
enriched naïve CD4+ and CD8+ T cells (2 x 105 cells/well) were 
suspended in 50 μL of pre-warmed Seahorse XF RPMI assay 
medium (supplemented with 10 mM glucose, 1 mM pyruvate, 
and 2 mM glutamine, pH = 7.4, Agilent Technologies, USA) and 
seeded onto a Seahorse XFe96 cell culture microplate (Agilent 
Technologies, USA). A total of 4 technical replicates were used 
for each assay. Each well was pre-coated with sterile Cultrex 
Poly-D-lysine (Bio-techne, Minneapolis, USA). The plate was 
centrifuged at 300 x g for 5 minutes at room temperature with the 
brake off and the plate rested for 1 hour in a non-CO2 incubator 
at 37°C. Assay medium (130 μL) was added 15 minutes prior to 
starting experiments.

Assay Injection Strategy
Injected reagents (20 μL/well) were prepared including 2 μg · 
mL–1 Oligomycin (Sigma-Aldrich, Merck, UK) in port A, 3 μM 
BAM 15 (TOCRIS, Minneapolis, USA) in port B and a mixture 
of 2 μM Rotenone + 2 μM Antimycin A (Sigma-Aldrich, Merck, 
UK) in port C. The experimental plate was then inserted into the 
analyser, and an induced real-time ATP rate (pmol · min–1) assay 
was performed. Following the pre-design experimental assay, 
OCR (pmol · min–1) and ECAR (mpH · min–1) were measured 
14 minutes after the assay begun reflecting the baseline measure-
ment (3 cycles) and following each of 3 consecutive injections 
over a 40-measurement period (Figure 3B). Injections of Oligo-
mycin (port A, 3 cycles) after 15–28 minutes, BAM 15 (port C, 
3 cycles) after 29–41 minutes and a mixture of Rotenone + Anti-
mycin A (port C, 3 cycles) after 42–54 minutes were implement-
ed to provide a detailed metabolic profile including mitochondri-
al respiration, glycolytic and ATP synthesis rate for each sample. 

Calculations
Data are resented in absolute values per 2 x 105 cells as OCR 
(pmol O2 · min-1), Glycolytic PER (pmol H+ · min-1) and ATP syn-
thesis rate (pmol ATP · min-1). Calculations were then performed 
to define respiratory parameters, which are provided in Table 1 
and visually depicted in Figure 3A. Absolute values for naïve 
CD4+ and CD8+ T cells were coupled to T cell frequencies de-
termined by flow cytometry to calculate the contribution of naïve 
CD4+ and CD8+ T cells to each metabolic outcome within the 
PBMC fraction. In addition, relative contributions of OCR (% 
of total and % of maximum) and ATP synthesis rate (% of total) 
were determined separately for each cell fraction.

T cell Activation Assay
Assay Injection Strategy
A T cell activation assay was used to examine real-time meta-
bolic responses to activation and followed identical preparation 
procedures to the Mito stress assay. PER (pmol · min–1) and OCR 
(pmol O2. min-1) were measured 14 minutes after the assay base-
line measurement (3 cycles) and following each of 2 consecutive 
injections over a 100-minute period (Figure 5C–E). A human Im-

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

Parameter Calculation

Basal mitochondrial respi-
ration

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

Proton leak OCR after oligomycin injection minus 
OCR after addition of rotenone plus 
antimycin A. 

Maximal mitochondrial 
respiration

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

Spare respiratory capacity Maximal mitochondrial respiration minus 
basal mitochondrial respiration 

ATP-linked respiration Basal mitochondrial respiration minus 
proton leak

Non-mitochondrial respi-
ration

OCR after the injection of rotenone plus 
antimycin a 

Mitochondrial PER Basal mitochondrial respiration (OCR) 
multiplied by 0.61 (CO2 contribution 
factor)

Glycolytic PER Total PER minus mitochondrial PER

Mitochondrial ATP synthe-
sis rate

ATP-linked respiration (corrected for a 
10% overestimation of proton leak due to 
oligomycin-induced hyperpolarisation of 
mitochondrial inner membrane) multiplied 
by 5.45 (P/O2 ratio for glucose) plus basal 
mitochondrial respiration multiplied by 
0.242 (P/O2 ratio for TCA flux).  We have 
accounted for mitochondrial ATP driven 
by reducing equivalents generated during 
both glycolysis and the oxidation reactions 
of pyruvate dehydrogenase plus the 
tricarboxylic acid cycle, and substrate-level 
phosphorylation at succinyl-CoA synthe-
tase during activity of the tricarboxylic 
acid cycle.

Glycolytic ATP synthesis 
rate

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

ATP synthesis rate Glycolytic ATP synthesis rate + mitochon-
drial ATP synthesis rate

Abbreviations: OCR, oxygen consumption rate; ATP, adenosine triphos-
phate; PER, proton efflux rate; P/O ratio, phosphorylated per atom of 
oxygen. 
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munoCult CD3/CD28 activator (Catalog # 10991, STEMCELL 
Technologies, Cambridge, UK) or assay media were injected at 
20 μL/well (port A, 10 cycles) after 15–79 minutes and then the 
glucose analog 2-Deoxy-D-glucose (2-DG, Thermo Scientific, 
UK) injected after 80–120 minutes (port B, 4 cycles). The in-
jection of 2-DG caused a rapid inhibition of glycolysis and sub-
sequent decrease in PER, thus providing confirmation that prior 
changes in PER were primarily due to glycolysis (70).

Calculations
Data were presented in absolute values per 2 x 105 cells as Gly-
colytic PER (pmol H+ · min-1), ATP-linked respiration based on 
OCR (pmol O2. min-1), and ATP synthesis rate (pmol ATP · min-1). 
Data were calculated following the formula provided in Table 1 
and visually depicted in Figure 5C–E). 

Ex Vivo T-cell Stimulation
Under sterile conditions, PBMCs and enriched naïve CD4+ and 
CD8+ cells (2 x 105 cells/well) were suspended in 180 μL of 
pre-warmed ImmunoCult-XF T-cell expansion medium (STEM-
CELL Technology, UK) and seeded onto a non-treated 96-well 
round bottomed microplate (Fisher Scientific, UK). Into each 
well, 20 μL of ImmunoCult human CD3/CD28 T-cell activator 
(Catalog # 10991, STEMCELL Technologies, Cambridge, UK) 
or 20 μL of expansion medium (control well) was gently mixed 
with the cells and incubated for 12 hours at 37 °C (5% CO2). All 
cell suspensions were centrifuged at 300 x g for 5 minutes at 
room temperature to harvest cells for measurement of post-ac-
tivation diameter (µM) using a dual fluorescence cell counter 
(Nexcelom Bioscience, Massachusetts, USA), and quantify inter-
leukin 2 (IL-2) in the supernatant from activated naïve T cells us-
ing high sensitivity ELISA kits (Bio-techne, Minneapolis, USA, 
Cat# HS200).

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

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

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

RESULTS

Participant Characteristics, Sleep Efficiency and Anxiety 
Mean participant characteristics including anthropometrics, car-
diorespiratory fitness, maximal and LT1 power output are report-
ed in Table 2. A repeated measures ANOVA showed no signifi-
cant differences in sleep efficiency (F 1,11 = 1.87, p = 0.20), state 
anxiety (F 2,15 = 0.69, p = 0.49) or trait anxiety (F 2,17 = 0.23, 
p = 0.79) (Table 3). Sleep efficiency and anxiety were therefore 
not included as covariates in subsequent statistical analyses of 
primary and secondary variables.

Physiological Responses to Exercise and Workload Measure-
ments
Physiological data, estimates of energy expenditure and subjec-
tive perceptions during CT-1 and CT-2 are presented in Table 4. 
A paired T-test revealed no significant differences in average HR 
(t(9) = 0.83, p = 0.43), absolute V̇O2 uptake (t(9) = 0.84, p = 
0.42), relative V̇O2 uptake (t(9) = 0.84, p = 0.42), total energy 
expenditure (t(9) = 0.38, p = 0.71), carbohydrate oxidation (t(8) 
= 0.22, p = 0.83), fat oxidation (t(8) = 0.30, p = 0.77), affective 
response (t(9) = 1.77, p = 0.11) or RPE (t(9) = 0.56, p = 0.59) 
between CT-1 and CT-2, demonstrating consistent physiological 

Table 2. Participant characteristics

Variable Male (n = 5) Female (n = 5)

Age (years) 20.60 ± 1.14 20.80 ± 1.10

Height (cm) 185.70 ± 5.94 164.80 ± 4.16

Body mass (kg) 69.81 ± 9.03 61.89 ± 5.07

BMI (kg · m2) 20.17 ± 1.47 22.79 ± 1.70

V̇O2max (mL · kg-1 · min-1) 60.26 ± 2.74 47.63 ± 10.40

Maximum Power output (W) 299.10 ± 43.74 225.78 ± 33.61

Power output at LT-1 (W) 156.42 ± 31.54 142.40 ± 23.29

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

Abbreviations: BMI, body mass index; V̇O2max, maximum rate of oxygen 
uptake; LT, lactate threshold.

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

Experimental Trial

Variable RT CT-1 CT-2 p-Value

Sleep Effi-
ciency (%)

83.80 ± 
11.74

83.83 ± 8.06 88.60 ± 4.48 > 0.05

Anxiety 
State (Sanxiety)

44.40 ± 2.07 45.80 ± 4.87 45.40 ± 3.41 > 0.05

Anxiety 
Trait (Tanxiety)

45.00 ± 5.50 45.10 ± 5.26 44.20 ± 3.97 > 0.05

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

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

Effects of CT-1 and CT-2 on Total White Blood Cell Concen-
trations
The average blood volume adjusted total white blood cell con-
centrations throughout CT-1 and CT-2 are displayed in Table 5. 
Total WBC (p < 0.001), neutrophil (p < 0.001) and monocyte 
(p < 0.01) concentrations significantly increased Post-Ex and re-
mained elevated at Recovery. There was no significant increase 
in lymphocyte concentration Post-Ex (p = 0.33), and concentra-
tions were similar between Pre-Ex and Recovery. There were no 
significant differences in any subset between trials or timepoint 
(p > 0.05), demonstrating consistent immunological responses 
between CT-1 and CT-2.

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

Mitochondrial Membrane Potential
ΔΨm for each T cell populations at Pre-Ex are reported in Sup-
plementary Figure 2, expressed as a ratio of the raw MSO-MFI to 
the BAM-15 treated control. There were no differences between 
total lymphocytes, CD3+, CD4+ and CD8+ T cells. Within CD4+ T 
cells, EM exhibited greater ΔΨm than naïve cells (p = 0.03) and 
within CD8+ T cells, ΔΨm was greater in CM than naïve cells (p 
= 0.01). 

Relative changes in total CD4+ and CD8+ T cell ΔΨm (and as-
sociated daughter subpopulations) in response to prolonged cycling 
are shown in Figure 2A-D. There were no changes in ΔΨm between 
Pre-Ex and Post-Ex, except for an increase in naïve CD8+ T cells (p 
= 0.02, Figure 2D). In Recovery relative to Pre-Ex, ΔΨm increased in 
total CD3+ T cells (p = 0.002, Figure 2B), and this change was driv-
en by increases within CD8+ CM (p = 0.03), CD4+ CM (p = 0.02) 
and EM (p = 0.008) subsets (Figures 2C-D). For absolute changes, 
there was an increase in ΔΨm of CD4+ T cells between Pre-Ex and 
Recovery only (p = 0.01), driven by CM (p = 0.03) and EM (p = 
0.01) subsets (Supplementary Figure 3B). There were no changes in 
mitochondrial mass in any cell type across any timepoint (p > 0.05).

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

Experimental Trial

Immune cell 
subset

Pre-Ex Post-Ex Recovery p-Value

WBCs 5700 ± 
10801,2

9330 ± 
19371

9463 ± 
11352

< 0.001

Neutrophils 2913 ± 
7941,2

6056 ± 
17821

6852 ± 
11352

< 0.001

Lymphocytes 1960 ± 457 2222 ± 
5823

1803 ± 
5083

< 0.01

Monocytes 490 ± 1371,2 691 ± 2201 577 ± 
1272

< 0.01

T cells 701 ± 5011 1248 ± 
5071,3

546 ± 
4623

< 0.05

CD4+ T cells 435 ± 364 722 ± 3043 300 ± 
2793

< 0.001

N 283 ± 280 430 ± 2303 177 ± 
1843

< 0.001

CM 53 ± 351 108 ± 471,3 42 ± 323 < 0.05

EM 92 ± 52 172 ± 135 76 ± 61 > 0.05

TEMRA 7 ± 5 12 ± 63 5 ± 63 < 0.05

CD8+ T cells 183 ± 1401 348 ± 
1651,3

139 ± 
1073

< 0.01

N 98 ± 751 171 ± 951,3 70 ± 483 < 0.05

CM 7 ± 7 11 ± 73 5 ± 43 < 0.05

EM 63 ± 591 116 ± 771,3 49 ± 513 < 0.05

TEMRA 15 ± 141 50 ± 441,3 15 ± 153 < 0.05

Data displayed as mean ± SD. p > 0.05 indicates no significant differences 
between trials.
1, significant difference between Pre-Ex and Post-Ex (P < 0.05)
2, significant difference between Pre-Ex and Rec-Ex (P < 0.05)
3, significant difference between Post-Ex and Rec-Ex (P < 0.05)

Abbreviations: Pre-Ex, pre-exercise; Post-Ex, post-exercise; Rec-Ex, 
Recovery-Exercise; WBC, white blood cell; N, Naïve; CM, central mem-
ory; EM, effector memory; TEMRA, terminally differentiated effector 
memory.

Table 4. Mean Physiological responses during identical cycling trials

Experimental Trial

Variable CT-1 CT-2 p-Value

HR (bpm) 137 ± 16 135 ± 16 > 0.05

RPE 11.05 ± 1.92 10.84 ± 1.54 > 0.05

Affective Response 2.10 ± 1.13 2.50 ± 0.64 > 0.05

Average V̇O2 Uptake 
(mL · min-1)

2311 ± 337 2268 ± 333 > 0.05

Total Energy Expen-
diture (kcal)

1363 ± 207 1351 ± 198 > 0.05

Relative V̇O2 Uptake 
(%V̇O2max)

67 ± 11 66 ± 11 > 0.05

Respiratory Ex-
change Ratio 

0.89 ± 0.03 0.90 ± 0.02 > 0.05

Carbohydrate Oxida-
tion (g/min)

1.86 ± 0.36 1.86 ± 0.38 > 0.05

Fat Oxidation (g/
min)

0.41 ± 0.16 0.38 ± 0.12 > 0.05

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

Abbreviations: CT-1, cycling trial 1; CT-2, cycling trial 2; HR, heart rate; 
RPE, rating of perceived exertion; V̇O2, rate of oxygen uptake.
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Changes in the Metabolic Profile of PBMCs and Isolated 
Naïve T cells in Response to Prolonged Cycling
Purity of Enriched CD4+ and CD8+ Naïve T cells
The purity of naïve CD4+ and CD8+ T cells were confirmed by 
flow cytometry. Prior to enrichment, naïve (CD45RA+ CCR7-) 
CD4+ and CD8+ T cells composed 67.15% ± 16.08 and 52.12% 
± 14.69 of the total T cell fraction respectively. After MACS en-
richment, the mean frequencies of naïve CD4+ and CD8+ T cells 
were 98.85% ± 1.18 and 99.84% ± 0.14 respectively, indicating 
purity in line with manufacturer standards (> 95%). Subsequently, 
absolute (Figure 3) and relative (Figure 4) changes in the metabolic 
phenotypes of PBMCs and enriched naïve CD4+ and CD8+ T cells 
in response to prolonged cycling are presented. Immunometabol-
ic outcomes for naïve CD4+ and CD8+ T cells are presented as a 
proportion of the PBMC fraction, based on compositional shifts in 
lymphocytes and monocytes elicited by cycling (Figure 3C–D). A 
full description of the latter is reported in Supplementary Materials. 

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

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

Relative Changes in Metabolic Parameters
Measurements of OCR and PER in response to modulators of mi-
tochondrial respiration were used to calculate the relative contribu-
tions of mitochondrial parameters within each cell fraction (Figure 

Figure 2. Relative changes in the mitochondrial membrane potential of T Cell subsets in response to prolonged cycling. ΔΨm was expressed 
as a ratio of the raw mean fluorescence intensity (MFI) of MitoSpy Orange (MSO) to the BAM-15 treated control. (A) Representative histograms 
depicting MSO-MFI of gated central memory CD4+ T cells treated with MSO (red) and BAM-15 + MSO (green). Changes in ΔΨm immediately and 
in recovery from cycling were expressed relative to Pre-Ex (Increase vs. Pre-Ex >100, Decrease vs. Pre-Ex <100) in total lymphocytes (light grey), 
CD3+ (purple), CD4+ (red) and CD8+ (dark grey) T cells (B). ΔΨm of naïve, CM, EM and TEMRA subsets (progressively darker colour representing 
antigen experience: TEMRA > EM > CM > naive) for (C) CD4+ (red) and (D) CD8+ T cells (grey) are also depicted. * represents significant differences 
between cell subsets: *p < 0.05, **p < 0.01.
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Figure 3. Mitochondrial profile of naïve CD4+ and CD8+ T cells within 200 x 103 seeded PBMCs/well. (A) Schematic representation of changes in 
oxygen consumption rate (OCR) monitored using a Seahorse XFe96 Analyzer when oligomycin, BAM 15 and rotenone + antimycin A + monensin 
were injected. Basal (yellow), ATP-linked (grey), maximal respiration (blue), proton leak (red), and spare respiratory capacity (blue) were calculated. 
(B) Representative live traces of OCR within naïve CD4+ T cells (red circles), CD8+ T cells (grey circles) and PBMCs (blue circles). OCR was 
measured continuously throughout the experimental period at baseline followed by the addition of the 3 indicated drugs. (C) A heat map presents 
the proportions of immune cell populations determined using flow cytometry within Pre-Ex, Post-Ex and Recovery PBMC samples. N.B. monocyte, 
B cell and NK cell frequencies were calculated from negative populations acquired during flow cytometry analysis and not directly using antibody 
conjugates. (D) Frequencies of naïve CD4+ and CD8+ T cells in seeded PBMCs from each timepoint for OCR measurement are graphically 
depicted. (E) Basal, (F) ATP-linked respiration, (G) Proton leak, (H) Maximal respiration, and (I) Spare respiratory capacity (J) Glycolytic PER, (K) 
Mitochondrial and (L) Glycolytic ATP production rates are presented for naïve CD4+ T cells (red stacked bars), CD8+ T cells (grey stacked bars) 
and PBMCs (total bar). N.B. Blue stacked bars represent values for ‘PBMC – naïve CD4+ and CD8+ T cells’. Data presented as the mean ± SD of 
10 participants x 3 timepoints. * indicates significant differences between Pre-Ex and Post-Ex or Recover, and + indicates significant differences 
between Post-Ex and Recovery: p > 0.05, *p < 0.05, **p < 0.01, +p < 0.05, ++p < 0.01, +++p < 0.001, ++++p < 0.0001. All immunometabolism 
outcomes were significantly greater in PBMCs vs. naïve T cells, but not indicated on every graph.
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4). There were no significant differences in coupling efficiency (% 
basal OCR, Figure 4A) or spare respiratory capacity (% maximal 
OCR, Figure 4B) across timepoints (p > 0.05). Similarly, there were 
no changes observed in the proportional contributions of proton 
leak, ATP-leaked respiration and spare respiratory capacity (Fig-
ure 4C) in any cell type or between timepoints (p > 0.05). When 
comparing the relative contribution of glycolysis and mitochondri-
al respiration to ATP synthesis rate (Figure 4D), total ATP produc-
tion was driven by mitochondrial respiration relative to glycolysis 

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

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

In response to activation, there were significant increases in 
glycolytic PER (Figure 5F–H) and Supplementary Table 4) in all 
cell types at all timepoints and significant increases in glycolytic 
ATP synthesis rate, but not mitochondrial, across all timepoints 
for naïve CD4+ and Naïve CD8+ T cells but not PBMCs (Figure 
5L-N and Supplementary Table 5). Across all timepoints, absolute 
PER was significantly greater in PBMCs (average pmol H+ · min-1: 
267.84 ± 129.41) vs. naïve CD4+ (average pmol H+ · min-1: 70.01 
± 32.20) and CD8+ (average pmol H+ · min-1: 41.49 ± 23.55) T 
cells (F 2,54 = 79.67, p < 0.0001, Figure 5F-H). There were no 
exercise effects found for any variable from any cell type as values 
remained unaltered between timepoints (p > 0.05).

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

Effect of Prolonged Cycling on Metabolic Substrates
To evaluate changes in circulating nutrient availability in response 
to prolonged moderate-intensity cycling, the concentrations of lac-
tate, glucose, glutamine, and triglycerides were quantified (Figure 
7A–C). There was no significant increase in lactate concentration 

Figure 4. Relative changes in metabolic parameters (% maximal OCR) 
within isolated naïve CD4+ and CD8+ T cells vs. PBMCs in response 
to prolonged cycling. (A) Coupling Efficiency, (B) Spare Respiratory 
Capacity, (C) Differences in proton leak, ATP-linked respiration, and 
spare respiratory capacity and (D) ATP synthesis rate (% total). Data 
presented as the mean ± SD of 10 participants. * indicates significant 
differences between ATPmito and ATPglyc: p > 0.05, *p < 0.05, **p < 
0.01, ***p < 0.001, ****p < 0.0001.
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Figure 5. Real-time metabolic responses to CD3/CD28 activation within enriched naïve CD4+ and naïve CD8+ T cells, and PBMCs. (A) a stacked 
graph presents the numbers and (B) a heat map shows the frequency of T cell subsets within the seeded PBMC fraction for the activation assay. 
Representative traces of Glycolytic PER vs. Mitochondrial OCR upon activation of (C) Naïve CD4+, (D) Naïve CD8+ T cells, and (E) PBMCs were 
recorded with a Seahorse XFe96 Analyzer. CD3/CD28 activation beads were injected at 14 – 20 minutes, and PER was measured continuously 
throughout the experimental period after 3 measurements at baseline. (F–H) PER and (I–K) ATP-linked respiration of activated naïve CD4+ (red 
bars), naïve CD8+ (grey bars) T cells, and PBMCs (blue bars) vs. control (white bars) were then calculated. Differences in ATP synthesis rate 
between mitochondrial respiration (blue bars) and glycolysis (red bars) on (L) Naïve CD4+, (M) Naïve CD8+ T cells, and (N) PBMC. Data presented as 
the mean ± SD of 10 participants. # indicates significant differences between Pre-Ex and Post-Ex, and * indicates significant differences between 
timepoints or condition: p > 0.05, #p < 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 6. (A–B) Changes in cell diameter and (C–D) IL-2 secretion from naïve CD4+ T cells (red bars) and naïve CD8+ T cells (grey bars) after 
prolonged activation or control (white bars). A Pearson correlation between IL-2 concentration and PER are then indicated for (E) naïve CD4+ T 
cells (red circles) and (F) naïve CD8+ T cells (grey circles). Data presented as the mean ± SD of 10 participants. * indicates significant differences 
between control and activation: p > 0.05, ***p < 0.001, ****p < 0.0001. 
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from Rest (Pre-Ex: 1.83 ± 0.54 mmol/L) to the prescribed LT-1 exer-
cise intensity domain (Average during exercise: 2.09 ± 0.39 mmol/L, 
p = 0.25). There were no differences in glucose (F 2,27 = 1.89, p = 
0.17) and triglyceride (F 2,25 = 2.17, p = 0.14) concentrations across 
timepoints, but glutamine concentration (Figure 7B) significantly de-
creased at Recovery compared to Pre-Ex (F 2,27 = 4.17, p = 0.03). 
There were no significant correlations between changes in plasma 
glucose, glutamine or triglyceride concentration and metabolic out-
comes in all cell types across any timepoints. 

DISCUSSION

This study investigated changes to the bioenergetic profile of T cells 
in response to prolonged moderate intensity cycling. The primary 
finding was that relative to rest, 2 hours of cycling at 95% LT1 elic-
ited no marked changes to the immunometabolic profiles of naïve 
CD4+ and CD8+ T cells, or PBMCs immediately after and 2 hours 
into recovery. Using XF analysis, absolute and relative measures 
of mitochondrial respiration, glycolytic flux and ATP synthesis rate 
were similar across all timepoints. The contribution of mitochondrial 
respiration to ATP production was greater than glycolysis in naïve T 
cells across all timepoints and Pre-Ex and Post-Ex in PBMCs, but not 
Recovery. Using flow cytometry to further examine the mitochondrial 
activity of each T cell subset, the ΔΨm of CD8+ and memory CD4+ T 
cells was observed to be greater in Recovery vs. Rest. Functional T 
cell responses were preserved across all timepoints, with no changes 
in cellular bioenergetic responses after ex vivo CD3/CD28 activation 
in all cell fractions. Collectively, these data indicate that the metabol-
ic phenotype and ex vivo responses to activation of the total PBMC 
fraction and isolated naïve T cells were largely unaltered within 2 
hours of prolonged moderate intensity cycling. 

The current study demonstrated an expected exercise-in-
duced lymphocytosis (7, 23, 62, 79), with significantly greater 
concentrations of CM CD4+ (+204%), and naïve (+174%), EM 
(+184%) and TEMRA CD8+ T cells (+333%) in peripheral blood 
immediately after prolonged cycling at 95% LT1, relative to rest 
(Table 5). A pattern of preferential mobilisation of antigen ex-
perienced T cells was present for CD8+ (TEMRA > EM > N), 
but not CD4+ T cells. The mobilisation of antigen experienced 
T cells during bouts of exercise has been a reproducible finding 
in the field of exercise immunology (7, 29, 82) and relates to 
higher cell surface expression of beta-2 adrenergic receptor (19). 
The subsequent redeployment of these cells from the circulation 
is believed to govern immunosurveillance during recovery (37, 
62, 67) and shifts in cellular metabolism have been proposed to 
facilitate this (3, 23, 34, 51, 72). Data from the present study in-
dicate no marked changes in the bioenergetic profile of the total 
PBMC fraction immediately after prolonged moderate intensity 
cycling. This corroborates previous data indicating limited effect 
of moderate-to-vigorous intensity cycling (30 minutes at 65–70% 
V̇O2max) (75) or maximal swimming (72) on the mitochondrial 
respiratory function of PBMCs on a cell-by-cell basis. Interest-
ingly, low-intensity cycling (~35% V̇O2peak) for 1 hour has been 
reported to increase fatty acid-dependent respiration in PBMCs 
(41), indicating metabolic sensitivity of PBMCs to acute exer-
cise. When contrasting the current study design to Liepinsh et 
al, 2020, participants in our study were more aerobically trained 
(V̇O2max: 53.9 ± vs 33.3 ± 1.3), exercised at a substantially higher 
relative exercise intensity (V̇O2max: 66.1 ± 11.1 vs. 36.0 ± 1.8) and 
this resulted in less contribution of fat oxidation (Fat: Carbohy-
drate Oxidation Ratio: 0.22 ± 0.44 vs. 0.59 ± 0.43). Examination 
of fatty acid specific respiration (41) vs. real-time measurements 
of mitochondrial and glycolytic energy metabolism and carbohy-
drate specific respiration in other studies (72, 75) in part, explain 

Figure 7. Concentrations of (A) glucose, (B) glutamine, and (C) triglycerides in response to prolonged cycling. (D–F) Representative correlations 
between each metabolite and basal respiration are provided. Data presented as the mean ± SD of 10 participants. * indicates significant differences 
between timepoints: p > 0.05, *p < 0.05. 
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the observed inverse relationship between exercise intensity and 
PBMC respiration. However, lower intensity exercise would 
have perturbed peripheral blood immune composition to a less-
er degree than in the present (Table 5, Figure 3C) and previous 
studies (72, 75). Examining cell-by-cell changes after more in-
tense bouts of exercise, where leukocyte ingress/ egress is more 
marked and not uniform (23, 55, 62) makes examination of the 
cells of interest more challenging. Analysis 2 hours into recovery 
was a novel element of the present study design and our data 
indicate modulation of energy phenotype within PBMCs at this 
timepoint. The contribution of mitochondrial respiration to ATP 
production was significantly greater than glycolysis in PBMCs at 
rest and immediately after prolonged cycling; however, there was 
no difference in recovery (Figure 4D). This relative shift favour-
ing greater glycolytic > mitochondrial contribution indicates an 
activated energy phenotype; however, there was no accompany-
ing absolute changes in PER. Collectively, PBMC bioenergetics 
were largely unaltered within two hours of prolonged cycling. A 
conundrum persists when examining functional changes of the 
PBMC fraction after single bouts of exercise. This was exem-
plified by the notable compositional shifts in CD4+ and CD8+ N, 
CM, EM and TEMRA cells after cycling (Table 5, Figure 3C), 
underpinning the importance of providing single cell resolution 
on measures of cellular bioenergetics (27). 

To overcome these challenges, the present study used immu-
nomagnetic separation to enrich naïve T cells from the PBMC 
fraction and examine their metabolic phenotype and comple-
mented by a flow cytometry assay that coupled immunopheno-
typing to measurements of ΔΨm. Rates of basal OCR (Figure 
3E–I) and PER (Figure 5F–H) were substantially lower in naïve 
T cells vs. PBMCs and ΔΨm was lower in naïve vs. EM CD4+ 
and CM CD8+ T cells (Supplemental Figure 2). This confirms 
previous findings indicating greater mitochondrial and glycolyt-
ic respiration (17) and ΔΨm in antigen experienced vs. naive T 
cell subsets (73). These differences are independent of any effect 
of exercise, making interpretation of changes within the mixed 
PBMC fraction between timepoints challenging. However, sim-
ilar to PBMCs, there were no statistically significant differenc-
es in the real-time metabolic profiles of enriched naïve CD4+ 
and CD8+ T cells either immediately or 2 hours after cessation 
of cycling, despite mean trends mirroring naïve T cell mobili-
sation patterns (supplementary Table 1). Specifically, absolute 
and relative OCR measures of basal, maximal and ATP-linked 
respiration, proton leak and spare respiratory capacity were un-
altered (Figures 3E-I). Furthermore, rates of glycolysis nor the 
relative contributions of glycolysis and mitochondrial respiration 
to ATP synthesis rate significantly changed across timepoints 
(Figures 3J-L). In contrast, flow cytometry data revealed a rel-
ative increase in the ΔΨm of naïve CD8+ T cells immediately 
after prolonged cycling (+43.0%, Figure 2D). Coupling MSO 
to immunophenotyping provides a reflection of total mitochon-
drial activity based on charge, rather than directly quantifying 
oxygen consumption rate during XF analysis (25). Similar dyes  
(5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolcarbo-
cyanine iodide (JC-1)) have been used previously to examine 
changes in ΔΨm after bouts of exercise; however, measure-
ments were only taken from the entire lymphocyte population 
based on forward vs. side scatter (78). Perhaps surprisingly, there 
were no significant changes in ΔΨm within CM, EM or TEM-
RA CD4+ and CD8+ T cells immediately after cycling (Figure 

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

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

FUTURE DIRECTIONS & LIMITATIONS

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

Given the emerging literature in support of immune cell bio-
energetic adaptions after exercise training (2, 32) it is important 
to highlight that our findings are restricted to aerobically trained 
males and females. Most participants in the current study would be 
classified as having ‘Excellent’ aerobic fitness based on their age 
category (mL · kg-1 · min-1: male > 57.1, female > 46.5), as defined 
by American College of Sports Medicine (60). Our sample size 
was relatively small due to the logistical constraints of conducting 
extensive and detailed biological analysis. This prevented further 
stratification of data to examine sex-specific differences in acute 
bioenergetic responses to exercise. Recent studies have highlight-
ed differences between males and females with regards to immu-
nity and exercise (4, 14), although our initial data (N=5 vs. N=5) 
revealed no striking differences (data not shown). The changes in 
some bioenergetic variables exhibited moderate to large effect siz-
es and these should be explored in future studies using a larger 
sample size. 

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

Many previous studies examining immunometabolic respons-
es to bouts of exercise have mostly defined ‘intensity’ based on 
a proportion of V̇O2max (40), which doesn’t account for inter-in-
dividual variation in metabolic thresholds that occur at different 
stages of V̇O2max (40). The current study therefore used 95% LT1 to 
prescribe a metabolically controlled bout of cycling near aerobic 
threshold. At this intensity, exercise can be sustained for prolonged 
durations with minimal fatigue and metabolite (e.g. lactate and 
adrenaline) accumulation (9, 30). An ongoing narrative in exercise 
immunology literature purports that prolonged arduous exercise (≥ 
2 hours) may impair aspects of immune function (8, 48–50, 68). 
For the current study population of aerobically trained young males 
and females, 2 hours of cycling at a moderate intensity (66.1 ± 11.1 
% V̇O2max) was subjectively perceived as ‘fairly light’ (RPE: 11.1 
± 1.9) and ‘fairly good’ (affective response: 2.5 ± 0.6) for physi-

cal exertion and enjoyment respectively, despite significant energy 
expenditure (1357 ± 203 kcal). Although not ‘arduous’, these data 
indicate that despite robust T cell mobilisation in response to pro-
longed cycling, bioenergetic responses were unaltered, therefore 
providing no evidence to indicate impairment of immune function 
within 2 hours of recovery, most notably in naïve T cells. To fur-
ther address this question, future studies should utilise these single 
cell methods to examine immunometabolic outcomes after more 
intense bouts or periods of exercise training.

CONCLUSION

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