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ABSTRACT

Infrared radiation (IR) has previously been demonstrated to activate signalling pathways involved
in mitochondrial biogenesis and angiogenesis. We tested the hypothesis that IR emitting fabric
(IREF) would enhance translocation and phosphorylation of proteins, and mRNA expression of
genes, associated with mitochondrial biogenesis and angiogenesis in response to high-intensity
interval exercise (HIIE) compared to non-IREF. Eleven males (age, 22 + 4 yrs, VOapeak, 48.0 £ 4.6
ml-kg! min") completed two HIIE sessions consisting of 10 x 3 min intervals at a power output
equivalent to 60% of the difference between gas exchange threshold and peak power output. Each
interval was interspersed by 3 min at 25 W. In a repeated-measures, counter balanced, single-blind
design, participants wore IREF and non-IREF clothing (SHAM) before, during and following
HIIE. Muscle biopsies were obtained pre (Baseline), immediately post (PE) and 3 hours post
exercise (3hPE). Cytosolic and Nuclear p-CaMKII content were both greater PE in IREF compared
to SHAM (P = 0.001 and P = 0.003 respectively). Cytosolic and Nuclear p-p38 MAPK content
increased from baseline to PE in IREF (P = 0.008 and P = 0.005, respectively) but not SHAM.
NRF'I and TP53 mRNA expression were greater in IREF compared to SHAM PE (P <0.013) and
3hPE in NRFI only (P = 0.002). There was no change in the phosphorylated protein content or
gene expression of any angiogenesis related target in IREF compared to SHAM. Wearing IREF
before, during and following HIIE augments some of the acute cellular signalling cascades

associated with mitochondrial biogenesis.

Keywords: Skeletal muscle adaptation; Mitochondrial biogenesis; Angiogenesis; Gene

expression; Protein phosphorylation
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NEW & NOTEWORTHY

Infrared radiation (IR) has been demonstrated to activate skeletal muscle cellular signalling
pathways. We show that wearing IR emitting fabric (IREF) before, during and following high-
intensity interval exercise (HIIE) augmented some of the acute cellular signalling cascades
associated with mitochondrial biogenesis. Specifically, IREF enhanced the phosphorylation of
CaMKII and the mRNA expression of NRF'I and TP53 compared to a non-IREF sham condition.

Whether these acute changes translate to enhanced chronic adaptation remains to be determined.

Downloaded from journals.physiology.org/journal/jappl (083.061.233.209) on September 27, 2026.



53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

INTRODUCTION

Exercise is a potent stimulus for skeletal muscle adaptation that involves the activation of cellular
signalling pathways associated with mitochondrial biogenesis, the formation of new components
of the mitochondrial reticulum, and angiogenesis, the formation of new capillaries from the
existing capillary bed. Numerous interventions have been utilised to augment these cellular
signalling responses to enhance physiological adaptation and ultimately improve endurance
exercise performance (1, 2). These interventions include but are not limited to; 1) exercise training
in a glycogen depleted state (3), ii) exogenous dietary supplementation (e.g., caffeine, bicarbonate
and B-alanine) (4) and iii) blood flow restriction (5). Another novel intervention that has the
potential to augment the exercise induced cellular signalling response involves the use of infrared

(IR) radiation.

When used within safety limits (6), IR is a non-ionising electromagnetic wave that can be separated
into IR-A (0.78 — 1.4 um), IR-B (1.4 — 3.0 um) and IR-C (3 — 1000 um) wavelengths (7). At an
intensity > 5 mW-cm™ IR radiation can heat tissue to exert an effect on cellular signalling cascades
(8-10). Alternatively, lower powered irradiation (< 5 mW-cm™?) passes energy from IR-C waves
to increase the dielectric friction of water bound to subcellular components, such as ion channels
or proteins, which initiates vibration and alters their structure and/or function (9, 11-13).
Consequently, the effects of IR-C radiation may be passed indirectly through tissue to activate
cellular signalling cascades. Such mechanisms are important for IR-C wavelengths to influence

muscle tissue as this wavelength range does not directly penetrate epidermal layers (14—16).
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Previous work investigating the potential for IR to alter cell signally pathways have used IR lamps
and radiators that can emit up to 30 mW-cm™. For example, 15-60 minutes IR exposure in cultured
endothelial cells and murine models, has been demonstrated to increase NO production, in
addition to the phosphorylation of Ca?*/Calmodulin (CaM)-dependant kinase II (CaMKII) and p38
mitogen-activated protein kinase (MAPK) (8, 17-20) both of which are required for nuclear
translocation and subsequent production of new components of the mitochondrial reticulum (1,
21, 22). Increased nuclear factor erythroid 2-related factor 2 (Nrf2) and p53 protein content has
also been observed with IR exposure, which enables transduction of homeostatic disturbances to
enhance nuclear respiratory factor 1 (NRFI) and mitochondrial transcription factor A (TFAM)
expression (23-26). These are two key factors required to increase mitochondrial DNA and
protein  synthesis (27, 28). Increased Ca’" and CaM nuclear translocation have also
been demonstrated following up to 30-minutes of IR radiator exposure (17, 29). These factors are
essential for the downstream signalling cascade involving CaMKII and peroxisome proliferator-
activated receptor-gamma coactivator-la (PGC-1a) which work concurrently with TFAM and

NRF1 to increase mitochondrial DNA production (27, 28).

In addition to the mitochondrial biogenesis pathways, IR may also activate key angiogenic
pathways. These involve the release of vascular endothelial growth factor (VEGF) from
subsarcolemmal vesicles into the muscle interstitium and subsequent signal transduction through
VEGF receptor 2 (KDR) (30, 31). Furthermore, endothelial nitric oxide synthase
(eNOS) phosphorylation (30-32) and hypoxia-inducible factor la (HIF-
la) expression are important  for increasing VEGFA mRNA abundance for angiogenesis

(33). Indeed, this was demonstrated following 3 days of IR incubation in human umbilical vein
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endothelial cells (HUVEC) in which both VEGF secretion and HIF-1a mRNA expression were
increased (34). Additionally, increased eNOS phosphorylation and NO production were

demonstrated following up to 60-miutes IR exposure in endothelial cells (8, 17-20).

Despite these observations, such IR emitters have limited practical application during exercise. A
novel, more accessible and convenient method of delivering IR radiation is IR emitting fabric
(IREF). IREF contains metal oxides (i.e., silicon oxide, aluminium oxide and titanium oxide) that
are embedded into the yarn fibres. These compounds absorb radiation (e.g., body heat and sunlight)
that is re-emitted to its surroundings, including into the body, predominantly in the IR-C
wavelength range (35). Predominantly used for clinical applications (36), commercially available
IREF can deliver 0.25 mW-cm™ of IR in the 2.5-16.7 pm wavelength range at 35°C (37). Such
technology has primarily been used in the context of improving acute exercise performance and
recovery (38, 39), while enhanced PPARGCIla mRNA expression has been demonstrated
following 72 hours and 1-4 weeks IREF exposure in L6 murine muscle cells (40) and in Sprague-
Dawley rats, respectively (41). However, there is limited information on the effect of IREF on
adaptive molecular signalling cascades in skeletal muscle after exercise. Furthermore, the effects
of IREF on mitochondrial and angiogenic cellular signalling pathways in humans are currently

unknown.

The aim of this study was to determine whether IREF would enhance protein translocation and
phosphorylation, and gene expression, associated with mitochondrial biogenesis and angiogenesis
in response to high-intensity interval exercise (HIIE) compared to a non-IREF sham condition in

humans. Specifically, the phosphorylation of AMPK, CaMKII, p38 MAPK, Nrf2, and eNOS,
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cytosolic-nuclear translocation of AMPK, CaMKII, p38 MAPK, PGC-1a and Nrf2 and gene
expression of PPARGCla, NRF1, TFAM, TP53, VEGFA, KDR, NOS3 and HIF-lo were
investigated. We tested the hypothesis that wearing IREF would augment these acute adaptive

signals to HIIE compared to a non-IREF sham condition.
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METHODS

Participants

An a priori sample size calculation was conducted in G*power (v3.1.9.2; (42)). An effect size was
generated by our laboratory when the effect of IREF on cultured skeletal muscle cells (C2C12)
was assessed. A significant interaction for CaMKII phosphorylation (partial eta squared (yp?) =
0.108) was observed which was converted to Cohen’s f(f=0.348) and used alongside an « of 0.05
and a power (1 - f) of 80%. From these data, the required sample size for the primary muscle
cellular signalling outcome was deemed to be 10. Eleven recreationally active males (age, 22 + 4
yrs; height, 1.72 + 0.04 m; body mass, 68.5 + 5.2 kg; mean + SD) volunteered to participate in this
study following recruitment via posters and online posts. All completed health and muscle biopsy
screening questionnaires prior to participation to mitigate for contraindications to maximal
exercise and muscle biopsy procedures. Inclusion criteria consisted of, 1) undertaking at least one
hour of training per week, ii) no history of smoking/vaping, iii) no history of cardiovascular,
metabolic, neuromuscular, haematological or musculoskeletal abnormalities or injuries that may
have affected study outcomes, iv) no contraindications to the muscle biopsy procedure, including
allergy to Lidocaine hydrochloride administration, and v) were not using pharmacological
treatments or dietary supplements during the study period. One female volunteered but was
excluded from the study due to ongoing pharmacological treatment. Participants were fully
informed of the risks and discomforts associated with all experimental trials before providing
written, informed consent. All experimental procedures were approved by the Loughborough
University Ethics Approvals Human Participants Sub-Committee (2023-16032-16038), and

conformed to the Declaration of Helsinki, except for pre-registration in a trial database.
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Experimental design

In a repeated-measures, counter-balanced, single-blind design participants performed HIIE
wearing either IR-emitting (IREF) or non-IR emitting (SHAM) garments. No resting control
condition was undertaken as previous work from our laboratory demonstrated that there was no
effect of IREF on acute cellular signalling cascades (phosphorylation of AMPK, CaMKII, p38
MAPK and eNOS and mRNA expression of PPARGCIa and VEGFA) following 3 hours wear at
rest (N = 8; (94)). Participants visited the laboratory on four occasions over a minimum 3-week
period. The first visit involved preliminary testing of pulmonary gas exchange threshold (GET),
VOapeak, and peak power output (Wopeak) followed (at least 2 days later) by a familiarization to the
HIIE protocol. Approximately 7 days later participants returned to the laboratory to perform the
first experimental trial, followed at least 7 days and less than 2 weeks later by the second

experimental trial.

All exercise tests were conducted on an electronically braked cycle ergometer (Lode Excalibur
Sport, Lode, Gronigen, The Netherlands). Ergometer saddle and handlebar configurations were
recorded during preliminary testing and standardized for the remainder of the testing period. Prior
to all visits, participants refrained from ingesting caffeine for 12 hours and alcohol for 24 hours
and avoided strenuous exercise (no more than an easy jog/cycle/walk or a light gym session with
no high load resistance exercise) for 48 hours. Additionally, 24 hours prior to experimental visits
participants refrained from ingesting nitrate-rich foods (e.g., beetroot, green leafy vegetables and
cured meats). All tests were conducted in constant laboratory ambient conditions (18-21°C, 40-

50% humidity).
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Preliminary testing and familiarization

Upon arrival to the laboratory for the first time, height (274 stadiometer, Seca GmbH, Hamburg,
Germany), body mass and fat percentage (mBCA 515 bioimpedence scales, Seca GmbH,
Hamburg, Germany) were measured. Participants then completed a ramp incremental cycling test
to exhaustion to assess GET, VOzpeak, and Wpeak. Participants began cycling, at a freely chosen
constant pedal cadence, at 25 W with power output increasing linearly at a ramp rate of 30 W-min~
"'(i.e., 1 W every 2 s) until volitional exhaustion or when cadence fell 10% below the chosen
cadence for more than 5 s, despite strong verbal encouragement. Pulmonary gas exchange was
measured continuously throughout exercise (Vyntus CPX; Carefusion, San Diego, California,
USA). VO2peak Was defined as the highest VO, for a 30 s period. Wyeak was defined as the highest
work-rate achieved during the test. GET was determined using three criteria (43): 1) the first
disproportionate increase in rate of carbon dioxide production (VCO) in proportion to VO2; 2) an
increase in expired ventilatory equivalent of oxygen (VE/VO2) in the absence of a concomitant
increase in the expired ventilatory equivalent of carbon dioxide (VE/VCO); 3) the first increase
in end-tidal O> tension with no fall in end-tidal CO,. To determine the power output that evoked
GET (WRGgeT) the linear interpolation method was used with account taken for the mean response
time for VO, during the ramp protocol (i.e., two-thirds of the ramp rate (20 W) deducted from the
WRGEeT to account for the muscle-to-lung gas transit time). From these data the power output
equivalent to 60%A (60% of the difference between Wger and Wyeak + WGEeT) Was calculated to be
used in the HIIE protocol. At least 2 days later, participants were familiarised with the HIIE

protocol by performing 3 x 3 minutes of cycling at the 60%A power output.
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Experimental protocol

A meal was provided on the evening before the visit (i.e., pizza and a chocolate bar providing, 109
g carbohydrate, 39 g protein, 40 g fat) with no other food consumed after 7 pm and water consumed
ad libitum. Participants were asked to record their physical activity for 48 hours and dietary intake
for 24 hours preceding the first experimental visit and to repeat this prior to the second

experimental visit.

On the morning of the trial, participants arrived at 8 am (£ 1 hour) and were provided with a
standardised breakfast (1.5 g-kg! of body mass (BM) carbohydrate, 0.4 g-kg"' BM protein, 0.4
g-'kg! BM fat, with a total energy intake of ~50 kJ-kg! BM) consisting of cereal, milk, toast and
a cereal bar, and water ad libitum. Thirty minutes after finishing breakfast, participants rested in a
supine position for approximately 10 minutes before a baseline blood sample and muscle biopsy
were obtained. Skin temperature (Tsin) sensors were then attached to the contralateral side to
which the muscle biopsy was taken. Following this, either the IREF or SHAM clothing was
donned which comprised of a t-shirt and cycling leggings (bib-tights). Participants remained in a
resting position (seated or semi-supine) for 75 minutes. At this point, participants returned to a
supine position for 10 minutes before another blood sample was obtained. These procedures
resulted in a 90-minute period of pre-exercise clothing wear prior to commencing the HIIE to
reflect the wear time suggested to increase tissue oxygen saturation in previous studies utilising

IREF (44, 45).

Downloaded from journals.physiology.org/journal/jappl (083.061.233.209) on September 27, 2026.



217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

Participants then commenced the exercise protocol. This consisted of an initial warmup of 5 min
at 25 W followed by 10 x 3 min intervals at 60%A with 3 min recovery at 25 W between each
interval. Participants were instructed to maintain a constant cadence, and water was available ad
libitum throughout the exercise. Heart rate (HR) was measured within the final 15 s of each
interval. Capillary blood samples for the measurement of lactate concentration ([La’]) were
obtained pre-exercise, within the final 15 s of the 1%, 5™ and 10" interval of the HIIE and 10

minutes post-exercise (postio).

Immediately after completing the exercise participants dismounted the cycle ergometer and
quickly moved to an adjacent laboratory where post-exercise (PE) venous and capillary blood
samples and a muscle biopsy were obtained. This process took approximately 10 minutes.
Participants were then provided with a snack bar containing 15 g of carbohydrate and 15 g of
protein (Maximuscle Protein Bar, Maximuscle, Nantwich, UK) and allowed to shower, after which
they were given a fresh set of experimental (IREF or SHAM) clothing (t-shirt and leggings).
Participants then rested (in a seated or semi-supine position) for 3 hours. During this period, they
were able to work or use an electronic device for entertainment. Finally, a 3 hour PE (3hPE) venous
blood sample and muscle biopsy were obtained. One participant was exhausted after 8 intervals of
HIIE during their first experimental visit and therefore repeated this number of intervals on their
second experimental visit. Their muscle tissue samples were included at all post-exercise
timepoints as the session was deemed sufficient to elicit the desired stimulus. A schematic

depicting the timeline for an experimental visit is shown in Figure 1.

Experimental clothing
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In the IREF experimental trial participants wore garments (Kymira Ltd, Reading, UK) containing
IR emitting polyester (Celliant®, Hologenix LLC, CA, USA) with metal oxides (i.e., silicon oxide,
aluminium oxide and titanium oxide) contained within the yarn fibres. IR emission occurred at an
intensity of 0.25 mW-cm™ in the 2.5-16.7 pm wavelength range at 35°C (37) (Table 1). IR
emission was verified to be within this wavelength range from fabric used in this study. In the
SHAM trial participants wore garments (Kymira Ltd, Reading, UK; Danish Endurance,
Copenhagen, Denmark; Nike, Oregon, USA) that were matched as closely as possible for material

composition, fit and colour (Table 1).

Physiological measures

Skin temperature

Tskin sensors (DS1922L ibuttons; Measurement Systems Ltd, Newbury, UK) were placed on the
chest, upper arm, thigh and calf on the same side of the body with measurements pooled for
determination of weighted mean skin temperature (46). Data were sampled every minute with an
average of 5 min of data used at each respective timepoint: baseline, 90 min following the donning
of clothing pre-exercise (Pre-ex) and 3hPE values. The data point corresponding to the last minute

of each HIIE interval repetition was used to analyse Tskin during exercise.

Capillary blood sampling and analysis

Capillary blood samples (20 pL) were collected from the finger into capillary tubes and
immediately placed into haemolysing solution (EKF Diagnostics, Cardiff, UK). Blood [La’] was
determined using a Biosen C-Line analyzer (EKF Diagnostics, Cardiff, UK) within 4 hours of

collection.
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Heart rate
HR was recorded using a Polar Unite watch with a Polar H10 HR sensor (Polar, Kempele, Finland)

placed around the chest, below the sternum.

Venous blood sampling and analysis

Venous blood was obtained from an antecubital vein using a 21G gauge needle (BD Valu-Set;
Becton-Dickinson, Helsingborg, Sweden). Samples were collected (6 ml, Lithium Heparin
Vacutainer, Becton-Dickinson, Helsingborg, Sweden) and, within 2 minutes, centrifuged (3500 x

g at 4°C for 10 min). Plasma was aliquoted and stored at —80 °C for subsequent analysis.

Plasma [NO>]
Plasma nitrite concentration ([NO;]) was measured using 500 pL injections as previously

described (47). The CV for this analysis was 7.3%.

Plasma cGMP

Plasma cGMP concentration was measured using a commercially available ELISA (cat. No.
581021; Cayman Chemical Company, MI, USA) according to the manufacturer’s instructions.
Briefly, prior to plate loading, samples were mixed 1:1 with ethanol and vacuum dried (miVac
Quattro Concentrator, Genevac™, Ipswich, UK). Samples were then re-suspended in supplied
buffer prior to plate loading. Once loaded in a 96-well plate, samples were incubated at room
temperature for 18 hours before absorbance was measured on a Varioskan LUX multimode
microplate reader (Thermo Fisher Scientific, Loughborough, UK) at 405 and 420 nm. The intra-

assay CV was 6.4%.

Muscle sampling and analysis
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Skeletal muscle biopsies were obtained from the lateral portion of the vastus lateralis under local
anesthesia (1% lidocaine, 4 mL) using the percutaneous needle biopsy technique (48) with suction.
Experimental clothing was pulled below the knee to allow access to the biopsy site. In each
experimental trial, samples were obtained from the same leg, ~2 cm apart and in the second
experimental trial, from the contralateral leg. Muscle samples (~150 mg) were blotted on filter
paper to remove excess blood and cleaned of fat and connective tissue and portioned for

subsequent analysis before storage at -80°C until analysis.

Cytosolic and nuclear protein fractions

Approximately 20-50 mg (wet weight) of tissue was fractionated into cytosolic and nuclear
components using a NE-PER Nuclear and Cytoplasmic Extraction Kit (Thermo Fisher Scientific,
Loughborough, UK). Samples were homogenized in cytoplasmic extraction reagent (CER)-I
buffer using a glass pestle and mortar (DWK Life Sciences, Wertheim, Germany) prior to
centrifugation at 16,000 g in CER-II buffer. Supernatant (crude cytosolic fraction) was then
removed and stored at -80°C. Remaining pellets were washed 5 times in phosphate-buffered saline
(PBS) before addition of nuclear extraction reagent and centrifugation at 21,100 g. Supernatant
was then removed (crude nuclear fraction) and stored at -80°C. All buffers and PBS were
supplemented with protease and phosphatase inhibitors (HaltTM, Thermo Fisher, USA).
Purification of all cytosolic and nuclear fractions was confirmed by LDHA (cytosolic) and Histone
H3 (nuclear) protein content. Purity was calculated as the ratio between LDHA and Histone H3 in

an individual target compartment divided by the sum of cytosolic and nuclear compartments.

Immunoblotting
Cytosolic and nuclear sample protein concentration was quantified using a commercial

colorimetric assay according to the manufacturer’s instructions (PierceTM BCA Protein Assay,
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Thermo Fisher Scientific, Loughborough, UK). Samples were prepared at 0.75 or 1.5 ug/uL of
protein for nuclear and cytosolic fractions, respectively, and combined with 4x LDS buffer
(Invitrogen, Loughborough, UK) and -mercaptoethanol (Sigma-Aldrich, Dorset, UK) as required.
Samples were boiled for 5 min at 95 °C then stored at -20 °C until analysis. For SDS-PAGE, protein
loading for each target was pre-determined (using serial dilution optimisations) with either 5 pLL
(AMPK, p38 MAPK, PGC-1a, LDHA, Histone H3, and Nrf2) or 10 uL (eNOS & CaMKII) of
cytosolic sample and 10 uL (AMPK, p38 MAPK, PGC-1a, LDHA, Histone H3 and Nrf2) or 13.3
uL (CaMKII) of nuclear sample loaded per lane. Membranes were first probed for phosphorylated
(p-) eNOS, AMPK, CaMKII, p38 MAPK and Nrf2 before being stripped for 2 hours at 37°C
(Restore™ stripping buffer, Thermo Fisher Scientific, Loughborough, UK) and probed for the
requisite total (#-) protein target. PGC-1a, LDHA and Histone H3 were probed for the #- target

only.

Samples were loaded into a 15 lane 4-15% Mini-PROTEAN™ TG Stain-free™ protein gel (Bio-
Rad, Hertfordshire, UK) and run for 1 hour at 150 V. The gel was activated by UV exposure for 1
min before protein was transferred to a PVDF membrane (Bio-Rad, Hertfordshire, UK), that was
pre-activated for 1 min in methanol, using a Trans-blot Turbo Transfer System (Bio-Rad,
Hertfordshire, UK) at 25 V for 30 min in transfer buffer (80% dH20, 10% 10x Tris/Glycine buffer
[Bio-Rad, Hertfordshire, UK], 10% methanol). Membranes were then imaged using a Stain Free
Blot setting to determine total protein for use as a loading control before being washed in Tris
Buffered Saline with Tween (TBST) for 5 min. Subsequently, membranes were blocked
(Supplemental Table S1) and cut at the molecular weight of the protein of interest. Following

overnight incubation at 4°C in the requisite primary antibody, membranes were incubated with
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secondary antibody for 1 hour at room temperature (Supplemental Table S1). Clarity Western ECL
Substrate (Bio-Rad, Hertfordshire, UK) was applied to membranes for 5 min in the dark prior to
imaging in a Chemidoc™ imaging system (Bio-Rad, Hertfordshire, UK). Band densities were
quantified using image analysis software (ImageLab™ v6.0, Bio-Rad, Hertfordshire, UK).
Membranes were washed for 3 x 5 min in TBST before and after each antibody
incubation. Antibodies were purchased from Cell Signalling Technologies (MA, USA) and
Abcam (Cambridge, UK) (Supplemental Table S1). Phosphorylated proteins were expressed

relative to total protein and total protein relative to total membrane protein.

RNA isolation

Approximately 10-30 mg (wet weight) of tissue was homogenized (Tissue lyser Qiagen, Hilden,
Germany) in TRIzol™ reagent (Invitrogen, Loughborough, UK) for 2 x 2 min at 20 Hz. The
solution was separated into an organic and aqueous phase following the addition of chloroform
and centrifugation. RNA was isolated from the aqueous phase following precipitation with 2-
propanolol. The RNA pellet was washed with 75% ethanol, air dried, and suspended in RNA
Storage solution (Thermo Fisher, USA). The quantity and quality of RNA was determined
spectrophotometrically using a Nanodrop 2000 (Thermo Fisher Scientific, Loughborough, UK) at
optical densities of 260 and 280 nm. RNA was extracted with a yield of 241.7 = 82.1 ng-ul"! and
260/280 nm absorbance of 2.05 + 0.03.

RT-qPCR

Two-step RT-qPCR was used to analyse the gene expression of GAPDH, PPARGCla, NRF1I,
TFAM, TP53, VEGFA, KDR, NOS3 and HIF-1o. Genomic DNA was removed from 750 ng of
RNA by addition of gDNA removal mix prior to a 2 min incubation at 45°C. RNA was then reverse

transcribed to cDNA using a commercially available kit (QuantiNova® Reverse Transcription Kit,
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Qiagen, Hilden, Germany) according to manufacturer’s instructions. cDNA reactions were diluted
tenfold and stored at -20°C before addition to the PCR cocktail. RT-qPCR was performed using a
QuantiTect Studio 6 Pro cycler (Thermo Fisher Scientific, Loughborough, UK) in 10 uL reactions
consisting of 5 ul QuantiNova® SYBR® Green master mix (Qiagen, Hilden, Germany), 100 nM
forward and reverse primer, 0.05 pl carboxyrhodamine and 1 uL cDNA template. Reactions were
performed in triplicate consisting of 2 min at 95°C followed by 40 cycles of 5 sec at 95°C and 10
sec at 60°C. Target gene cycle threshold (Cr) values were normalized to GAPDH and presented
as a fold change from the individual within condition baseline using the 222D method (49). The
reference gene GAPDH showed low within-subject variability, with a mean CV of 2.7% (range
1.8 - 3.6%) across all time points. Primers optimised for use with two-step PCR are displayed in
Supplemental Table S2. Outliers were identified as samples with a value greater than 3 SD from
the mean. Where two or more samples were identified as outliers for one participant, the individual

was removed from the analysis of the gene target.

Statistical analysis

Data were analysed using Jamovi v2.4.11 (50). A two-way condition (IREF or SHAM) x time
linear mixed model (LMM) was used to analyse data with participants as a random factor. The
number of time points for different analyses are indicated in brackets: immunoblot and PCR (3),
cGMP and plasma [NO>7] (4), Tskin (13), blood [La’] (5), and HR (11). Holm-Bonferroni corrected
post-hoc t-tests were carried out where significant main effects or interactions were detected.
Normality was assessed using the Shapiro-Wilk statistic, however non-normal data were still
included due to the robustness of the LMM (51). Statistical significance was accepted at P < 0.05.

np* effect sizes were calculated for omnibus tests (small: 0.01, medium: 0.06, large: > 0.14) and
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Hedges g (g) bias correction effect sizes were calculated for post hoc t-tests (small: 0.2, medium:

0.5, large: > 0.8) (52). All data are N = 11 and presented as mean £+ SD unless otherwise stated.

RESULTS

Physiological responses to HIIE

Physiological and performance parameters from preliminary testing were as follows: VO2peak, 48.0
+4.6 ml-kg'min’'; Wpeak, 316 =34 W; Waer, 132+ 16 W; 60% A, 226 +27 W.

Skin temperature

There was a main effect of time and a condition x time interaction, but no main effect of condition
for Tskin (Fig. 2). There was no difference between IREF and SHAM at any timepoint.

Heart rate and blood lactate

There were main effects of time but no main effects of condition or condition x time interactions
for HR or blood [La’] (Supplemental Figure S1 & S2).

Plasma [NO2-] and cGMP

There was a main effect of time but no main effect of condition or condition x time interaction

for plasma [NO>"] and cGMP responses (Supplemental Figure S3 & S4).

Muscle protein phosphorylation and content

Fraction quality analysis confirmed the attainment of highly specific cytosolic and nuclear
fractions of skeletal muscle tissue (Supplemental Table S3 & Supplemental Figure S5).
Representative Western blot membrane images and a stain free gel image are shown in Fig. 3. Due

to limited tissue availability, one SHAM 3hPE data point was missing from cytosolic fractions and
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one data point from IREF and SHAM baseline and one from SHAM 3hPE were missing from

nuclear fractions.

AMPK

There was a main effect of time but no main effect of condition or condition x time interaction for
p-AMPK content in the cytosolic fraction (Fig. 4A). There was a main effect of time and a main
effect of condition but no condition x time interaction for p-AMPK content in the nuclear fraction
(Fig. 4B).

CaMKII

There was no main effect of time but there was a main effect of condition and condition x time
interaction for cytosolic p-CaMKII content (Fig. 4C) which was greater PE in IREF compared to
SHAM (4.04 = 1.15 a.u. vs 2.42 £ 0.61 a.u.; P =0.001, g = 1.691). There was no main effect of
time but there was a main effect of condition and condition x time interaction for nuclear p-
CaMKII content (Fig. 4D) which was greater PE in IREF compared to SHAM (5.58 + 1.78 a.u. vs
241 £0.67 au.; P=0.003, g =2.267).

p38 MAPK

There was no main effect of time or condition but there was a significant condition x time
interaction for cytosolic p-p38 MAPK content (Fig. 4E) which increased from baseline to PE in
IREF (3.25 £ 1.60 a.u. vs 6.59 £ 2.55 a.u.; P=0.008, g = 1.509) but not SHAM (4.47 + 1.91 a.u.
vs 4.15 + 1.53 a.u.; P=1.000, g = 0.178). There was no main effect of condition but there was a
main effect of time and a significant condition x time interaction for nuclear p-p38 MAPK content
(Fig. 4F) which increased from baseline to PE in IREF (1.50 = 1.08 a.u. vs 3.87 + 1.80 a.u.; P =

0.005, g = 1.514) but not SHAM (2.24 % 0.90 a.u. vs 2.56 + 1.01 a.u.; P = 1.000, g = 0.322).

Nif2
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There was no main effect of time, condition or condition x time interaction for cytosolic p-Nrf2
content (Fig. 4G). There was no main effect for time, condition or condition x time interaction for
nuclear p-Nrf2 content (Fig. 4H).

PGC-la

There was no main effect for time, condition or condition x time interaction for cytosolic -PGC-
la content (Fig. 4I). There was a main effect of time but no main effect of condition or condition
X time interaction for nuclear ~-PGC-1a content (Fig. 47J).

eNOS

As expected, eNOS was detected in the cytosol only. There was a main effect of time but no main

effect for condition or condition x time interaction for p-eNOS content (Fig. 4K).

Muscle gene expression

One participant was removed from this analysis due to being an outlier in multiple targets,
therefore gene analysis data is reported from a total of 10 participants.

PPARGCla

There was a main effect of time but no main effect of condition or condition x time interaction for
PPARGCIla mRNA expression (Fig. 5A).

NRF1

There was no main effect of time, but there was a main effect of condition and condition x time
interaction for NRF'/ mRNA expression (Fig. 5B) which was greater PE (2.16 = 1.24 vs 0.69 +
0.53 fold change from baseline; P = 0.013, g = 1.478) and 3hPE (2.34 + 1.91 vs 0.60 + 0.51 fold
change from baseline; P=0.002, g=1.191) in IREF compared to SHAM. For IREF but not SHAM
there was an increase from baseline to 3hPE (P = 0.030, g = 0.950) but not PE (P = 0.076, g =

1.267).
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TP53

There was a main effect of time, condition and a condition x time interaction for 7P53 mRNA
expression (Fig. 5C) which increased from baseline to PE in IREF only (6.41 + 6.98 fold change
from baseline; P < 0.001, g = 1.283). Furthermore, 7P53 mRNA expression was greater PE in
IREF compared to SHAM (6.41 + 6.98 vs 2.03 + 3.14 fold change from baseline; P < 0.001, g =
1.278).

TFAM

There was no main effect of time, condition or condition x time interaction for 7FAM mRNA
expression (Fig. 5D).

NOS3

There was a main effect of time but no main effect of condition or condition x time interaction for
NOS3 mRNA expression (Fig. 6A).

HIF-1a

There was a main effect of time but no main effect of condition or condition x time interaction for
HIF-1a mRNA expression (Fig. 6B).

VEGFA

There was a main effect of time and condition (3.55 £ 2.76 vs 1.49 £ 1.21 fold change from
baseline) but no condition x time interaction for VEGFA mRNA expression (Fig. 6C).

KDR

There was a main effect of time but no main effect of condition or condition x time interaction for

KDR mRNA expression (Fig. 6D).
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DISCUSSION

The main findings of this study were: 1) in cytosolic and nuclear fractions, content of p-CaMKII
were greater following HIIE in IREF compared to SHAM; 2) the content of p-AMPK, p-p38
MAPK, p-Nrf2, p-eNOS, and -PGC-1a were not different between IREF and SHAM; 3) mRNA
expression of NRFI, TP53 were greater following HIIE in IREF compared to SHAM; 4) mRNA
expression of PPARGCla, TFAM, VEGFA, KDR, NOS3 or HIF-1 were not different in IREF

compared to SHAM.

Mitochondrial biogenesis involves the phosphorylation and nuclear translocation of sensor
proteins including AMPK, CaMKII, and p38 MAPK (27, 28). Wearing IREF before, during and
following HIIE resulted in a greater cytosolic and nuclear p-CaMKII immediately following HIIE
compared to the SHAM condition. The potential mechanism by which IREF may enhance p-
CaMKII content is uncertain but will likely involve increased [Ca®*]; (53-55). Exposure to an IR

2+]i

emitting radiator for 30 minutes increased [Ca~]i and p-CaMKII content simultaneously in

endothelial cells (17). An increased [Ca?*]; may result from greater action potential derived Ca*"
release from the sarcoplasmic reticulum (SR). Indeed, previous observations in cultured pancreatic
B cells demonstrated that 30 minutes exposure to an IR emitting generator concomitantly increased
[Ca?"]i and the mRNA expression and protein abundance of Cav1.2, a key protein in SR calcium
release (56). Alternatively, it may be that the IREF increased the activity of transient receptor
potential vanilloid (TRPV) channels, which allow an influx of extracellular Ca*" to the cytoplasm.
Such an increase has been demonstrated in tonsil-derived mesenchymal stem cells following 30

minutes of exposure to an IR emitting radiator (9). However, it is unclear if one or more of the

mentioned mechanisms or another, yet to be discerned mechanism, were responsible for the

Downloaded from journals.physiology.org/journal/jappl (083.061.233.209) on September 27, 2026.



496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

alterations to cellular signalling observed here in human skeletal muscle tissue. Future work should
assess SR Ca?" release and reuptake rates (57) which would help determine the effect of IREF on

Ca?" flux following HIIE.

Further investigations into [Ca®’]; adaptations may also uncover the mechanism associated with
the increased cytosolic and nuclear p-p38 MAPK content observed in IREF. Previous work has
highlighted the association between raised [Ca*']i and p-p38 MAPK whereby rat epitrochlearis
muscle incubated with caffeine to induce SR Ca?" release, was shown to have greater p-p38 MAPK
content. Moreover, when incubated with KN93, a CaMKII-specific inhibitor, this effect was
abolished, suggesting p38 MAPK phosphorylation is mediated by CaMKII in response to raised
[Ca?"]i (58). Oxidative stress is also a regulator of p38 MAPK, in addition to inflammatory
cytokines and mechanical stress (59—61) and we cannot rule out an effect of these stimuli on p38

MAPK phosphorylation in the current study.

Phosphorylation of AMPK is often considered to be one of the critical steps in the initiation of
mitochondrial biogenesis in response to exercise, particularly given the nature of energy
transduction that occurs during HIIE (62). In the present study, there was no difference in p-AMPK
content in IREF compared to SHAM. The only other study to have measured the effect of IR on
p-AMPK content in vivo was Li et al. (63) where 2 weeks of exposure to a 30 W graphene-based
IR emitting film resulted in an increased p-AMPK content in both exercised and rested mouse
gastrocnemius muscle. These observations suggest repeated exposure or a greater ‘dose’ of IR may

be required to elicit significant increases in cytosolic and/or nuclear p-AMPK content.
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The observations of increased p-CaMKII and p-p38 MAPK content with IREF exposure need to
be considered against the context that no increase in the phosphorylation of these sensor proteins
were observed PE in the SHAM condition, where an increase in phosphorylation might have been
expected (64—70). A possible explanation is the ~10 min delay in obtaining the PE biopsy whereby
it was previously demonstrated that 1 minute of recovery following an exhaustive incremental
cycling test was sufficient to restore p-CaMKII content to resting levels (71, 72). Hence, the current
study likely missed the immediate post-exercise signalling response. However, as this appears to
have been the case for SHAM and not for IREF, this could suggest that IREF may sustain post-
exercise p-CaMKII and p-p38 MAPK signalling. Subsequently, prolonging the phosphorylation
of these kinases could extend the activation of downstream transcription factors involved in
mitochondrial biogenesis, although it remains unclear whether this would increase mitochondrial

protein abundance (73).

When in the nucleus, CaMKII, p38 MAPK and AMPK phosphorylate intermediary proteins that
bind to the PGC-la promoter and initiate PPARGCla transcription (28, 74). However,
transcription is not instantaneous, and expression of PPARGC1a mRNA typically peaks 3 h post-
exercise (75-80), a finding corroborated in the present study, across both SHAM and IREF
conditions. Despite the increased phosphorylation and nuclear accumulation of upstream kinases
PE, PPARGCIlo mRNA expression 3hPE was not greater in IREF compared to SHAM. The lack
of'increase in PPARGCIa mRNA expression with IREF contrasts with previous studies employing
IREF that observed enhanced PPARGCIa mRNA expression in L6 murine muscle cells following
72 h incubation (40) and following 4 weeks exposure in rats (41). However, as the time course of

the upstream signal for PPARGC1a mRNA expression, namely p-CaMKII content, appears to be
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altered with IREF, it may be that this is also the case for PPARGCla mRNA expression at a time
point other than those measured here. Moreover, NRFI mRNA expression was increased in IREF
compared to SHAM at both PE and 3hPE. Increases in NRF'I expression were earlier than the
expected 10-24 h time course typical for mitochondrial protein encoding genes post-exercise (81,
82). The signal for the increased NRF'/ mRNA expression is unclear given there was no change in
PPARGC1a expression or nuclear PGC1a protein abundance with IREF wear compared to SHAM.
Given the snapshot of muscular signalling provided by muscle biopsies, further study is required

to determine the effect of IREF on the time course of acute adaptive signals to HIIE.

Furthermore, there was a greater 7P53 mRNA expression PE with IREF which returned to baseline
at 3hPE. Mitochondrial biogenesis is not solely regulated by PGC-1a with p53 being a putative
regulator activated by p38 MAPK and AMPK post-exercise (83). The expression of 7P53 would
be expected to peak as much as 48 h post-exercise (84), thus the increased expression seen PE in
IREF further suggests an alteration to the time course of mRNA expression compared to SHAM.
TFAM mRNA expression, a regulator of mitochondrial DNA synthesis that lies downstream of
NRFI and TP53, did not change following HIIE with IREF suggesting the purported acceleration
to mRNA expression did not lead to the subsequent increased expression of TFAM. The
mechanism and time course of mitochondrial gene expression with IREF during HIIE remains to

be fully elucidated.

The acute angiogenic response to HIIE with IREF was also investigated. IREF did not influence

p-eNOS content, or NOS3 and HIF-1oo mRNA expression. These targets are important in shear

stress and hypoxia-induced angiogenesis (30, 31, 85, 86). Such a finding contrasts previous work
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suggesting 30 minutes of IR exposure in endothelial cells may augment p-eNOS and HIF-1o
mRNA expression (87, 88). In the present study there was no increase in circulating plasma [NOy"
], a surrogate of eNOS-derived NO, or [cGMP], a marker of eNOS signalling (89). NO has a
VEGF-independent role in angiogenesis, and these findings suggest IREF does not augment NO-

dependant angiogenesis in humans following HIIE.

Despite no changes in these angiogenic signals, VEGFA mRNA expression indicated a main effect
of condition with a large effect size (7p? = 0.130). As baselines were normalised to 1, this indicates
VEGFA mRNA expression may be increased across both post exercise timepoints in IREF. An
increase in VEGFA mRNA expression is in contrast to the only other study to assess the effect of
IR radiation on VEGFA mRNA expression where there was no increase following up to 30 minutes
exposure to an electrified ceramic IR emitting plate in endothelial cells (18). PGC-1a may be
responsible for the increase in VEGF mRNA expression as crosstalk between these signals have
been identified post-exercise (90). However, as there was no change to PGC-1a protein expression
nor mRNA expression with IREF at the timepoints measured here, further work is required to

identify the upstream signal for the increased VEGF mRNA expression.

The biophysical mechanisms by which IREF can alter cellular signalling cascades during HIIE in
humans is unclear but may be meditated through heat-dependent and/or heat-independent
processes. The ‘dose’ of IR supplied by the IREF in the present study is similar to the optimal
intensity discerned from a dose response study in cultured endothelial cells which were subjected
to up to 90 minutes of irradiation at either 0.13, 0.8, 1.8 and 7.2 mW-cm™. Irradiation at 0.13

mW-cm™ for 30-minutes was deemed to be most effective for influencing cellular signalling.
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Moreover, this irradiation intensity and duration did not result in any change to cell culture media
temperature, an increase in which was said to be inhibitory to the effect of IR-C radiation (20). In
the present study, IR radiation did not induce any greater increase in Tskin compared to SHAM, and
whilst measuring intramuscular temperature would confirm if heating occurred at the site of
protein signalling, the low intensity emission from an IREF (0.25 mW-cm™) makes bulk tissue
heating unlikely (16, 91). Therefore, the observed effects may be heat independent and possibly a
result of IR radiation-mediated water vibration (8, 29, 92). IR waves are postulated to increase the
dielectric friction of water bound to subcellular components, such as ion channels, initiating
vibration and consequently altering the structure and/or function of the associated assembly (11,
93). As IR-C waves do not penetrate directly beyond epidermal layers (14, 15), this mechanism
allows a transfer of IR energy deeper into tissue (16). Furthermore, heat production from humans
during exercise would warm IREF to a greater extent than at rest. According to the Stefan-
Boltzmann Law, higher black body temperature increases IR emission. Thus, there may have been
a higher effective ‘dose’ of IR delivered to participants compared to rest. Indeed, in a parallel
study, it was demonstrated that there were no changes in the phosphorylation (AMPK, CaMKI]I,
p38 MAPK and eNOS) or mRNA expression (PPARGCla ad VEGFA) of key proteins measured
in this study when IREF was worn over a 3-hour time course at rest (94). Therefore, the
observations in the present study appear to be mediated by exercise per se through increased IR

delivery and/or an effect of IR on the activated signalling cascades.

There are several limitations to the present study. Although protein phosphorylation and content

were measured in cytosolic and nuclear fractions from whole muscle, we did not consider any

muscle fibre type-specific differences. Type II muscle fibres experience greater rates of glycogen
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utilisation during HIIE, leading to increased p-AMPK content (95). Additionally, type II fibres
exhibit larger [Ca®"]; transients (96) and differential expression of Ca®" handling proteins (97, 98).
Thus, it might be possible that the effect of IREF on the adaptive signal processes may be fibre
type specific. Unfortunately, no females that volunteered for the study met all inclusion criteria,
therefore the observations are unable to be generalised to both biological sexes (99, 100). It is also
unclear if the acute signalling responses detected in the current study may translate to longer term

training adaptations.

In conclusion, IREF enhanced the phosphorylation of cytosolic and nuclear CaMKII and the
mRNA expression of NRF'I and TP53 compared to SHAM following HIIE. Wearing IREF before,
during and following HIIE appears to augment some of the acute cellular signalling cascades
associated with mitochondrial biogenesis. Whether these acute changes translate to enhanced

chronic adaptation remains to be determined.
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FIGURE LEGENDS

Figure 1. Schematic depicting the timeline for an experimental visit. Created in BioRender.

Bond, J. (2026) https://BioRender.com/yqyv6jw.

Figure 2. Skin temperature (Tskin) at baseline, pre-exercise, repetitions 1-10 and 3hPE in
infrared emitting fabric (IREF) and non-infrared emitting fabric (SHAM) conditions. Data
are mean = SD. N = 10 for repetitions 9 and 10 due to one participant completing 8 repetitions,
otherwise N = 11. # P < 0.05 compared to baseline; T P < 0.05 compared to Pre-ex; ? P < 0.05
compared to repetition 3; I P < 0.05 compared to repetition 7; § P < 0.05 compared to repetition

8; A P <0.05 compared to repetition 9; 0 P < 0.05 compared to repetition 10.

Figure 3. Representative Western blot membrane and stain free gel images at baseline, PE
and 3hPE in infrared emitting fabric (IREF) and non-infrared emitting fabric (SHAM)
conditions. A: Cytosolic and nuclear p- and #- protein targets for mitochondrial biogenesis and

representative stain free gel image. B: Cytosolic p- and ¢- protein targets for angiogenesis

Figure 4. Cytosolic and nuclear content of phosphorylated (p-) and total () proteins at
baseline, PE and 3hPE in infrared emitting fabric (IREF) and non-infrared emitting fabric
(SHAM) conditions. A & B: p-AMPK. C & D: p-CaMKII. E & F: p-p38 MAPK. G & H: p-Nrf2.
I & J: +-PGC-1a. K: cytosolic p-eNOS. Box and whisker plots are presented with black symbols
representing individual responses. Whiskers extend to minimum and maximum values and the bar

within each box represents the median value. Boxes represent the interquartile range. One sample
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was missing from all targets 3hPE in SHAM and at baseline in IREF and SHAM in the nuclear
fraction due to insufficient muscle tissue. Another sample was missing from cytosolic p-Nrf2
analysis 3hPE in IREF due to insufficient sample. N = 7 for nuclear p-AMPK and N =11 for all
other targets at all other timepoints. * P < 0.05 between conditions; # P < 0.05 compared to

baseline; T P < 0.05 compared to post-exercise.

Figure 5. Changes in mitochondrial gene expression from baseline to PE and 3hPE in
infrared emitting fabric (IREF) and non-infrared emitting fabric (SHAM) conditions. A:
PPARGCla. B: NRFI. C: TP53. D: TFAM. Box and whisker plots are presented with black
symbols representing individual responses. Whiskers extend to minimum and maximum values
and the bar within each box represents the median value. Boxes represent the interquartile range.
The dotted line represents the within condition baseline value of 1, to which each value was
normalised using the 2("*2t) method. N = 9 for TP53 due to a participant having multiple outliers
in this data set. Another sample was removed as an outlier from IREF 3hPE. N = 10 for all other
targets. * P < 0.05 between conditions; # P < 0.05 compared to baseline; T P < 0.05 compared to

post-exercise.

Figure 6. Changes in angiogenic gene expression from baseline to PE and 3hPE in infrared
emitting fabric (IREF) and non-infrared emitting fabric (SHAM) conditions. A: NOS3. B:
HIF-1a. C: VEGFA. D: KDR. Box and whisker plots are presented with black symbols
representing individual responses. Whiskers extend to minimum and maximum values and the bar
within each box represents the median value. Boxes represent the interquartile range. The dotted

line represents the within condition baseline value of 1, to which each value was normalised using
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the 2("**C1) method. A single sample was removed from NOS3 in SHAM PE and KDR in IREF
3hPE due to being identified as an outlier. N = 10 for all other targets. # P < 0.05 compared to
baseline; T P < 0.05 compared to post-exercise.

TABLE LEGEND

Table 1. Composition of IREF and SHAM garments.
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Garment IREF SHAM

(KYnergy polyester®/polyester/elastane, %) (polyester/elastane, %)
T-shirt 50/50/0 (front) 69/22/9 (back) 94/6
Cycling leggings 50/30/20 85/15
Leggings 50/30/20 83/17

KYnergy polyester® is IR emitting and was supplied by Kymira Ltd. IREF, infrared emitting
fabric; SHAM, clothing without infrared emitting properties.
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Infrared emitting fabric wear augments acute cellular signalling cascades
in response to high-intensity cycling interval exercise
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