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Abstract

Monitoring exercise intensity is essential for optimizing the health benefits of physical
activity. Indirect calorimetry is the gold-standard method for assessing metabolic stress
during exercise, though, its reliance on extensive equipment for sampling and analyzing
exhaled gases restricts its widespread application. Skin interstitial fluid may represent an
ideal biofluid for the continuous monitoring of whole-body metabolism and exercise
intensity. However, specific metabolites in skin interstitial fluid that are more closely
associated with metabolic variables measured by indirect calorimetry remain unknown.
We examined which metabolites in skin interstitial fluid most closely reflect metabolic
responses assessed by indirect calorimetry during a continuous graded exercise protocol.
Twelve young participants (5 females) exercised at low, moderate, and high-intensity
phases (25%, 50%, and 75% VO:peak), each lasting 20 min. Skin dialysate, which reflects
the composition of skin interstitial fluid, were collected via intradermal microdialysis
during each exercise, and metabolites in the dialysate were measured and analyzed.
Medium- and long-chain acylcarnitines in skin dialysate increased during moderate-
intensity exercise in line with elevations in whole-body fat oxidation. During high-
intensity phase, lactic acid in skin dialysate was elevated along with increases in whole-
body carbohydrate oxidation. Many metabolites including those mentioned above in skin
dialysate were correlated with whole-body metabolic responses. Our preliminary data
suggest that metabolite concentrations in skin interstitial fluid may be associated with
variables measured by indirect calorimetry. These findings may inform the future
development of wearable devices that could potentially be used for continuous and

noninvasive monitoring of exercise intensity.

Keywords: skin interstitial fluid, wearable device, exercise metabolism, acylcarnitines,

exercise prescription.

Downloaded from journals.physiology.org/journal/jappl (081.041.187.198) on June 29, 2026.



49

50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68

69
70
71
72
73
74
75
76
77
78
79
80
81
82
83

Introduction

Regular exercise improves all aspects of human health and is widely accepted as a
preventative and therapeutic approach for various diseases (1,2). To maximize the
benefits of exercise, setting appropriate intensity is essential. For instance, higher-
intensity exercise training leads to greater (3) and more consistent (4) improvements in
maximal oxygen uptake. Subjective indices such as ratings of perceived exertion can be
used to assess exercise intensity, but it can be influenced by visual and auditory cues (5),
caffeine (6) and heat stress (7). Heart rate, another commonly used variable, increases
proportionally with exercise intensity. However, it is affected by caffeine intake (6), heat
stress (7), and hydration status (8). Furthermore, it is unsuitable for individuals with
arrhythmias, cardiac diseases, or hypertension who use medications like beta-blockers
that suppress heart rate (9). Blood lactate concentration is widely utilized in clinical
exercise stress tests and athletic performance evaluations (10). However, its invasiveness
limits its applicability in large populations. Other body fluids, such as sweat or tears, may
be used to measure metabolites like lactate. The accuracy of sweat can be significantly
compromised by dilution effects at the measurement site and fluctuations in biomarker
concentrations due to changes in sweat volume (11). Sampling tears is complex because
only small amounts (less than 10 pL) can be collected, and tear metabolites vary in
composition depending on collection methods (e.g., basal, reflex, flush, tears immediately
after sleep) (12).

Exercise intensity is strongly correlated with whole-body metabolic responses, and
the gold-standard method for evaluating metabolic strain during exercise is indirect
calorimetry. Based on the data provided by indirect calorimetry, fat oxidation
predominates during low-intensity exercise; however, as exercise intensity increases, fat
oxidation decreases, and carbohydrate oxidation becomes the primary contributor to total
energy expenditure (13). The respiratory exchange ratio, a key respiratory variable, rises
in conjunction with the increase in carbohydrate metabolism. However, the required
extensive equipment for sampling and analyzing exhaled gases limits the widespread use
of indirect calorimetry. Skin interstitial fluid, primarily present in the lowermost skin
layer of the dermis (14), increasingly gains attention as a biofluid marker (15,16).
Assessing biomarkers from interstitial fluid in the skin offers several advantages
compared to traditional biological fluids: 1) interstitial fluid does not clot; 2) the skin is
highly accessible; 3) minimally invasive techniques like microneedles can be employed
for interstitial fluid sampling in the skin; 4) specific analytes that may be undetectable in

the blood could be detectable in interstitial fluid, as interstitial fluid interacts locally with
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cells, whereas blood analytes result from integration across multiple organs; and 5) the
potential for future wearable devices attached to the skin, enabling continuous
biomolecule monitoring. Therefore, skin interstitial fluid is an ideal biofluid for
continuously monitoring whole-body metabolism during exercise and exercise intensity.
However, specific biomarkers in skin interstitial fluid that more reflect whole-body

metabolic response assessed by indirect calorimetry remain unknown.

Forearm skin dialysate is abundant in metabolites, including carbohydrates, lipids,
proteins, vitamins, and minerals (16). A previous study demonstrated that lactate
concentrations in skin dialysate progressively increase with rising exercise intensity (17);
lactate is a marker of anaerobic metabolism and is frequently used for metabolic
assessment (18-21). However, it remains unclear whether lactate levels in skin interstitial
fluid accurately reflect metabolic responses measured via indirect calorimetry. More
importantly, to the best of our knowledge, no study has yet investigated the behavior of
other metabolic intermediates in skin interstitial fluid across varying exercise intensities,
and identified which intermediates closely align with metabolic responses determined by
indirect calorimetry over a broad range of exercise intensities. This is important because
identifying multiple candidate metabolites would provide a broader range of options for
developing future wearable sensors. This, in turn, allows for the selection of more reliable,

reproducible, and cost-effective wearable devices.

In the present study, we examined which metabolites in skin dialysate, indicative
of skin interstitial fluid metabolic status, are most closely associated with metabolic

responses measured via indirect calorimetry during exercise at different intensities.

Methods
Ethical approval

The current study was approved by Human Subjects Committee of the University of
Tsukuba (#29-24), adhering to the latest version of Declaration of Helsinki. Verbal and
written informed consent were obtained from all participants before commencing the

experiment.
Participants

Twelve healthy, physically active young participants (5 females) were enrolled in the

current investigation. Their age, body mass, height, body mass index, and peak oxygen
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uptake (VOzpeak), expressed as mean and standard deviation, were 22 + 2 years, 61 + 7 kg,
1.66 + 0.06 m, 22 + 2 kg/m?, and 51 + 7 mL/kg/min/, respectively. As no relevant prior
data existed, a sample size calculation was not conducted. None of the participants were
prescribed medication or smokers. All participants abstained from alcohol and caffeine
for over 24 hours, rigorous physical activity for more than 12 hours, and food for more
than 2 hours before study participation. To mitigate potential confounding influences of
sex hormones, female participants were evaluated during their self-reported early
follicular phase (i.e., within 9 days following the onset of menstruation). None of the
female participants utilized contraceptives. Some participants were not familiar with
certain aspects of the experimental procedures, including microdialysis fiber insertion.
Although this may have influenced the data, most participants had previously participated

in similar experiments, and thus we believe that any such effect was minimal.

Peak oxygen uptake test

All participants underwent an incremental cycling test using a bicycle ergometer (818E;
Monark, Sweden) modified for semi-recumbent exercise to evaluate their VOzpeak in a
controlled environment chamber (Fuji Medical Science Co., Ltd, Chiba, Japan)
maintained at a temperature of 20 °C and relative humidity of 50% one to two weeks prior
to the experimental trial. Participants commenced with a brief low-intensity warm-up
session (0.5 kp, 60 rpm) lasting for 3 minutes, succeeded by an incremental exercise test
until volitional fatigue. The workload for male participants initiated at 1.5 kp and for
female participants at 1.0 kp, with increments of 0.5 kp and 0.25 kp, respectively, every
1 minute until volitional exhaustion. Participants maintained a pedaling rate of 60 rpm,
and volitional fatigue was defined as the inability to sustain a pedaling rate exceeding 55
rpm. Oxygen consumption (VO:) and carbon dioxide output (VCO2) were measured at
30-second intervals using indirect calorimetry (AE310s, Minato Medical Science, Osaka,
Japan). VOzpeax Was determined as the maximal oxygen uptake averaged over the final

30-second period.

Experimental protocol

Figure 1 illustrates the experimental procedure. All participants visited the laboratory at
7:00 a.m., except for one participant who arrived at 11:00 a.m. Upon arrival at the
laboratory, body mass was obtained using a digital weighing platform (model ICS429;

Mettler Toledo, Schwerzenbach, Switzerland). Participants then underwent a period of
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rest in an environmental chamber (Fuji Medical Science Co., Ltd) maintained at a room
temperature of 25°C and a relative humidity of 50%. Subsequently, four 25-gauge needles
were inserted into different skin sites of the unanesthetized forearm dermis using aseptic
technique, with entry and exit points separated by approximately 2.5 cm. A microdialysis
fiber, composed of a commercially available 10 mm regenerated cellulose membrane with
a 50 kDa cutoff (EICOM, Kyoto, Japan), was inserted through the lumen of each needle.
Following insertion, the needles were withdrawn, leaving the four membranes beneath
the skin. Approximately 5—10 minutes after the placement of the four fibers, lactic acid
Ringer’s solution (Fuso Pharmaceutical Industries, Ltd., Osaka, Japan) was continuously
perfused until the conclusion of the experiment. The perfusion rate at each skin site was
maintained at 2.0 pL/min throughout utilizing a micro infusion pump (BASi Bee Hive
controller and Baby Bee syringe drive; Bioanalytical Systems, West Lafayette, IN, USA).
Although a lower perfusion rate would theoretically increase metabolite concentrations
in skin dialysate, it requires a longer sample collection period. A longer exercise duration
during high-intensity exercise is not feasible for the population studied; therefore, we
selected a perfusion rate of 2.0 pL/min. We have also previously reported that this
perfusion rate or a similar rate is sufficient for metabolomic analysis of skin dialysate
(16,22). Following an initial continuous infusion of lactic acid Ringer’s solution lasting
>60 minutes to mitigate trauma associated with fiber insertion (23), a 20-minute baseline
measurement commenced. Subsequently, participants initiated cycling exercise at 25%,
50%, and 75% of VOapeak (defined as Ex 1, Ex 2, and Ex 3), each sustained for 20 minutes
without intermissions. Regardless of exercise intensity, a pedaling rate of 60 rpm was
maintained. Skin dialysate was gathered into sample tubes during the final 15 minutes of
each stage (i.e., baseline and each exercise intensity). Dialysate collected from the four
intradermal microdialysis sites (2.0 pL x 15 minutes x 4 sites) at each stage was
consolidated into a microtube (#11150, Sorenson Bioscience Inc, Salt Lake City, USA),
resulting in a total volume of approximately ~120 pL per each stage, which was preserved
at -80°C until subsequent analysis. The microdialysis-treated site was shielded by a local
heater (PeriFlux Heater PF 450, Perimed) maintaining a local skin temperature of 33°C
throughout the experiment. To minimize temperature- and blood flow—induced changes

in metabolite concentrations in skin dialysate (16), we maintained skin temperature at a
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thermoneutral level (33 °C), which is known to keep skin blood flow low. Venous blood
samples were obtained by a skilled nurse from the median cubital vein of the right upper
arm using an 8.5 mL vacutainer pre-filled with EDTA-2Na as an anticoagulant (NP-
ENO0557, NIPRO, Japan) at end of baseline and each exercise. Collected venous blood
samples were allowed to stand at room temperature (~25°C) for ~15 minutes and
subsequently centrifuged at 1,500 x g for 10 minutes at 4°C. The plasma was then
extracted and pipetted into microcentrifuge tubes (#11150, Sorenson Bioscience Inc, Salt

Lake City, USA), which were frozen at -80°C until further analysis.

Indirect calorimetry

During the experimental session, respiratory gases were continuously collected using
the breath-by-breath indirect calorimetry (AE310s, Minato Medical Science, Osaka,
Japan). VO2, VCOa, respiratory exchange ratio (RER = VCO2/VO»), total energy
expenditure (24) and substrate oxidation (25) were calculated from the measured O»
consumption and CO> production. For the measurement of total energy expenditure,
carbohydrate oxidation and fat oxidation, stoichiometric equations were applied

according to the methodology described by Peronnet and Massicotte (25).
Energy expenditure (kcal/min) = 3.941 VO, (L/min) — 1.106 VCO: (L/min)
Carbohydrate oxidation (g/min) = 4.585 VCO; (L/min) — 3.226 VO; (L/min)
Fat oxidation (g/min) = 1.695 VO (L/min) — 1.701 VCO> (L/min)

When the RER was equal to or greater than 1.0, calculated fat oxidation values that

became negative were set to zero.

Assessment of metabolites in venous plasma and skin dialysate

100 pL of plasma or skin dialysate sample were combined with 300 pL of 0.1% formic
acid in acetonitrile and 30 pL of an internal standard solution. This mixture was agitated
in a vortex mixer (Lab Companion VM-96A, MITSUWA FRONTECH, Japan) for 3

minutes. The solution was then centrifuged at 16,000 rpm for 5 minutes at 4 °C, and the

supernatant was collected. Prior to sample loading, a solid phase extraction column was
conditioned with 1 mL of 0.1% formic acid in acetonitrile. The sample was subsequently

loaded into the solid phase extraction column. All dissolved samples were collected in
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test tubes, and the eluate was evaporated using nitrogen gas. The residue was re-dissolved
in 30 pL of 50% isopropanol. Metabolites from venous plasma and skin dialysate sample
were analyzed using a liquid chromatograph interfaced with a Shimadzu LCMS-8050
tandem mass spectrometer featuring an electrospray ionization source. The

chromatographic system was equipped with a CTO-40C column oven (maintained at
40°C), LC-40D XS pumps, and an SCL-40 system controller, all from Shimadzu, Kyoto,

Japan. Chromatographic conditions were described in the previous study (26) and are
included in the supplementary material (Tables S1 and S2). Metabolites were quantified
based on the internal standard method and analyzed using Shimadzu LC Solution
Software, Version 1.22 SP1. Limits of detection (LOD) and limits of quantification (LOQ)
were determined for representative metabolites using a signal-to-noise—based approach.
LOD was defined as a signal-to-noise ratio of 3, and LOQ was defined as three times the
LOD. LOD and LOQ were determined using authentic standards, including lactic acid
(Tokyo Chemical Industry, Tokyo, Japan), succinic acid and valine (FUJIFILM Wako
Pure Chemical Corporation, Osaka, Japan), and acylcarnitine standards (NeoSMAAT®
AC; Sekisui Medical Co., Ltd., Tokyo, Japan). The LOD and LOQ values are provided in
table S3.

Data analyses

Delta (A) changes in the concentrations of each metabolite from baseline to exercise
were calculated for each sample (i.e., skin dialysate fluid and venous plasma). The ratio
of the sum of C16 (palmitoylcarnitine) and C18 (stearoylcarnitine) to CO (free carnitine)
[(C16 + C18) / CO] was calculated as a surrogate index of carnitine palmitoyltransferase
I (CPT1)-mediated fatty-acid transport, wherein CO represents a substrate of CPT1, and
C16 + C18 shows the sum of acylcarnitines with a 16 or 18 carbon length that were
products of CPT1. This calculation is a modified version of the original calculation for
the assessment of CPT 1 (27-29). Liquid chromatography quantification provided data
on 49 energy metabolism-related metabolites in skin dialysate and venous plasma. The
obtained dataset was imported into SIMCA-P multivariate analysis software (version
13.0.3, Umetrics, Umea, Sweden) for statistical analysis and modeling of score and
loading plots. PCA models was described by two main principal components, scaled by
Pareto mode and Autofit function. Unsupervised separation and score contribution plots
of skin dialysate and venous plasma samples up to exercise at low, moderate, and high

intensities were analyzed.
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Statistical analyses

All statistical analyses were performed using SPSS (version 23.0; SPSS Japan), SIMCA
13 (Umetrics AB, Umed, Sweden), and RStudio (2026.01.0 + 392, Posit Software, PBC).
a was set at 0.05. Normal distribution of data was checked by Q-Q plots. All values are
reported as mean (standard deviation) for normally distributed variables and as median
(interquartile range) for non-normally distributed variables. Respiratory variables were
analyzed using one-way repeated measures ANOVA with time (baseline and exercise at
three different intensities) as a factor, followed by Bonferroni's multiple comparison test.
Changes in metabolite concentrations were examined using Friedman test with time
(same as above) as a factor, followed by Wilcoxon’s signed ranks tests. To account for
multiple comparisons in metabolite analyses, p-values were adjusted using false
discovery rate (FDR) control based on the Storey method, as implemented in the qvalue
package in Rstudio (30). Correlation analysis between exhaled gas and metabolite
concentrations in skin dialysate and venous plasma was performed using Spearman's
nonparametric correlation coefficient. For correlation analyses involving multiple
metabolites, p-values were further adjusted by the aforementioned FDR correction (30).
The Wilcoxon’s signed ranks tests were employed to compare baseline metabolite
concentrations between skin dialysate and venous plasma.

PCA was performed using SIMCA 13, where linear regression was applied to the
metabolite data from skin dialysate and venous plasma, and the variables were
Pareto-scaled prior to model construction; two principal components were then selected.
The choice of principal components was established based on the fitting (R2X, 0.802)
and predictive (Q2X, 0.426) values. Associations between venous plasma and skin
dialysate metabolite concentrations were assessed using three complementary
approaches: (i) Spearman’s rank correlation was applied to raw (untransformed) data to
evaluate overall cross-sectional associations across all participants and time points. (ii)
Agreement analysis was performed using Bland-Altman plots on log-transformed
concentrations to account for skewed distributions and proportional bias. (iii) Within-
subject relationships were examined using repeated-measures correlation (rmcorr) on raw
data to quantify common intra-individual trends across repeated measurements. These
analyses described above were conducted in Rstudio using the repeated-measures

correlation analysis (rmcorr) (31).

Results

Whole-body metabolic responses
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Figure 2 illustrates whole-body metabolic responses during the continuous graded
exercise assessed by indirect calorimetry. As anticipated, energy expenditure (panel A)
and carbohydrate oxidation (panel B) increased with elevations in exercise intensity. Fat
oxidation (panel C) was higher during Ex 1 and Ex 2 relative to baseline, while at Ex 3,
it was comparable to baseline. RER (panel D) was elevated during Ex 2 and Ex 3
compared to baseline. These metabolic responses were relatively stable after 5 min from
the initiation of exercise (Figure S1), during which skin dialysate was collected. Other
respiratory variables are detailed in Table S4 and the time course of respiration-related

variables is illustrated at 30-second intervals (Figure S1).

Metabolites in skin dialysate and venous plasma

Figure 3 illustrates a heat map showing changes in skin dialysate metabolites during the
continuous graded exercise protocol relative to baseline for skin dialysate (panel A) and
venous plasma (panel B). In skin dialysate, C6-, C8-, C10-, C12-, C14-, C16-, and C18-
acylcarnitine showed an increase during the Ex 2 phase of the continuous graded exercise
protocol compared to baseline, with only C8-acylcarnitine remaining elevated during Ex
3 (Figure 3A, Figure S2C - I). Glycolytic metabolites including lactic acid, along with
succinic acid, a TCA cycle metabolite, were elevated in the skin dialysate during Ex 3
relative to baseline (Figure 3A, Figure S2A and B). Other assessed metabolites in skin
dialysate did not exhibit significant increases at any exercise intensity. In venous plasma,
lactic acid, C12-, C14-, C16- and Cl18-acylcarnitines showed increases during Ex 3
compared to baseline (Figure 3B, Figure S3A - E). Other metabolites in venous plasma

did not exhibit significant increases at any exercise intensity.

A surrogate index of CPT1 activity in skin dialysate and venous plasma

Figure 4 illustrates the surrogate index of CPT1 activity in skin dialysate (panel A) and
venous plasma (panel B). The surrogate index of CPT1 activity in skin dialysate was
higher during Ex 1 and Ex 2 compared to baseline, while during Ex 3, it was comparable
to baseline. The surrogate index of CPT1 activity in venous plasma was higher during

Ex3 compared to baseline.

Comparison between whole-body metabolism and metabolite concentration in skin
dialysate and venous plasma

Figure 5A illustrates the correlation relationships between respiratory variables and
metabolic concentrations in skin dialysate using a heat map. Several metabolites showed

significant correlations during exercise, particularly during Ex 2 and Ex 3. Several
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acylcarnitines, free fatty acids, and vitamins displayed significant negative correlations
with RER or carbohydrate oxidation during Ex 2 and Ex 3, whereas C8-AC and C10-AC
demonstrated significant positive correlations with fat oxidation during Ex 3. Conversely,
no significant correlations were observed between respiratory variables and metabolite

concentrations in venous plasma after FDR correction (Figure 5B).—

Comparison between skin dialysate and venous plasma

During the baseline, the concentrations of intermediates of the glycolytic pathway,
amino acids, short-chain acylcarnitines and long-chain fatty acids were higher in skin
dialysate than in venous plasma (Tables S5 and S6). Concentrations of medium- and long-
chain acylcarnitines and polyunsaturated fatty acids in skin dialysate concentrations were
lower than in venous plasma (Tables S5 and S6). For PCA models, the chosen PC1 and
PC2 explained 23.5 % and 22.2 % of the variance, respectively, for a total explained
variance of 45.7 % (Figure 6A). TCA circuit intermediates, amino acids, and short-chain
acylcarnitine features showed the highest contributions to skin dialysate, whereas
medium- and long-chain acylcarnitines and long-chain free fatty acid features showed
high positive contributions to plasma (Figure S4). Skin dialysate and venous plasma
showed positive correlations for many metabolites involved in glycolysis, the TCA cycle,
amino acids, and fatty acids at baseline and during Ex 1 (Figure 6B). In the agreement
analysis, the vast majority of pairs fell within the & 1.96 standard deviation limits across
exercise intensities (Figure S5A-I). In contrast, within-subject repeated-measures

correlations revealed a divergent pattern among acylcarnitines (Figure S6A - H).

Discussion

Key findings of our preliminary study are as follows. First, during a continuous graded
exercise protocol, concentrations of medium- and long-chain acylcarnitines in skin
dialysate increased during moderate-intensity exercise and subsequently decreased during
high-intensity exercise compared with resting conditions. These changes closely
resembled whole-body fat oxidation assessed by indirect calorimetry. Second,
concentrations of several metabolites in skin dialysate, including medium- and long-chain
acylcarnitines, were correlated with respiratory variables, such as the respiratory
exchange ratio, as well as with carbohydrate and fat oxidation across low- to
high-intensity exercise. Our preliminary data suggest that metabolite concentrations in
skin interstitial fluid, specifically medium- and long-chain acylcarnitines, are associated

with respiratory metrics of indirect calorimetry during graded exercise.
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Fat metabolism

Whole-body fat oxidation assessed by respiratory gas during Ex1 was elevated relative
to baseline and further increased during Ex 2 (Figure 2C), then decreased during Ex 3.
Parallel to whole-body fat oxidation, acylcarnitines in the skin dialysate increased during
Ex2 relative to baseline but decreased during Ex 3, returning to near baseline levels,
except for C8-acylcarnitine (Figs 3A and S2). These findings suggest that acylcarnitines
in skin interstitial fluid may track changes in whole-body fat metabolism associated with
increasing exercise intensities during graded exercise.

Parallel changes in whole-body fat metabolism evaluated by respiratory gas and
acylcarnitines in the skin dialysate could be attributed to the fact that acylcarnitines
readily migrate from skeletal muscle to other organs via the bloodstream. Acylcaritines
increase in cells and blood when the production of acetyl-CoA, the end product of
mitochondrial B-oxidation, exceeds the capacity of the TCA cycle (32,33). The
accumulation of acylcarnitines in muscle, particularly medium- and long-chain
acylcarnitines, can induce reductive and/or oxidative stress due to mitochondrial overload,
potentially leading to various dysfunctions in the body, including insulin resistance, if left
unchecked (34). To avoid these detrimental effects, medium- and long-chain
acylcarnitines produced within skeletal muscle may be rapidly distributed via the
bloodstream to the brain, kidneys, and other tissues (35). Since acylcarnitines are highly
membrane-permeable, they rapidly diffuse into the skin interstitium (36) , and are perhaps
relatively stable, which may underlie the parallel changes observed in whole-body
metabolism and acylcarnitine levels in the skin dialysate. We do not know, however, the
time required for acylcarnitines produced in active skeletal muscle to reach the skin
interstitial fluid. In this context, acylcarnitine levels in the gastrocnemius medialis
increase within 15 minutes of the onset of moderate-intensity exercise (37,38) . Thus, at
least 15 minutes may be required to observe elevations in acylcarnitines in skin interstitial
fluid after the initiation of exercise, although this requires direct investigation in future
studies.

Alternatively, acylcarnitines may be locally produced by increased lipid
metabolism in skin tissue during exercise. CPT1, which promotes lipid metabolism by
binding carnitine to fatty acids in muscle tissue, is present in human skin (39) and may
be activated by exercise (40). The surrogate index of CPT1 activity in skin dialysate
increased predominantly during Ex1 and Ex2 compared to baseline (Figure 4A), which
partially explains the increase in long-chain productions. However, future studies are
warranted to directly assess CPT1 activity in the skin during exercise and validate this

possibility. In contrast to medium- and long-chain acylcarnitines, short-chain
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acylcarnitines (i.e., C3- and CS5-acylcarnitines) did not increase during exercise,
regardless of exercise intensity. This is possible because most C3- and C5-acylcarnitines
are formed by transferring the acyl groups produced by the catabolism of branched-chain

amino acids to carnitine (41), a process that is not active during exercise.

Carbohydrate metabolism

Carbohydrate oxidation and RER increased with elevations in exercise intensity,
consistent with previous findings (42). In line with this, lactic acid in venous plasma and
skin dialysate increased during Ex 3 relative to resting states (Figs 3 A, B, S2 and S3),
which is consistent with previous findings (43,44). Increases in lactic acid concentrations
in skin dialysate are plausible, considering that lactate can easily move from active
skeletal muscle to several organs (45). Alternatively, the elevated lactic acid
concentrations in skin dialysate may be attributed to increased glycolytic activity in the

skin, as glycolytic activity is high in the epidermis (46), which requires future scrutiny.

Correlation analysis

Whole-body fat oxidation was positively correlated with medium- and long-chain
acylcarnitines in the skin dialysate during Ex 3 (Figure 5A). Conversely, a negative
correlation was observed between whole-body carbohydrate oxidation and medium- and
long-chain acylcarnitines in the skin dialysate during Ex 2 or Ex 3, which may reflect the
inhibition of lipolysis associated with pyruvic acid and lactate production (47). Based on
the aforementioned exercise-intensity-dependent data as discussed above and correlation
outcomes, several metabolites specifically medium- and long-chain acylcarnitines, and
lactic acid in the skin dialysate are candidates for predicting metabolic rate during
exercise at different intensities.

By contrast, most of the acylcarnitines in the plasma were not correlated with
whole-body fat oxidation (Figure 5B). This can be explained by the fact that
acylcarnitines in the blood would rapidly diffuse into the skin interstitium as noted above.
Alternatively, since acylcarnitines are continuously metabolized in major organs such as
heart, liver, and skeletal muscles and released into the bloodstream (48), concentrations

of acylcarnitines in the blood may not precisely reflect whole-body metabolic rate.

Metabolite profiles and correlations in skin dialysate and venous plasma
Succinic acid and C8-acylcarnitine increased exclusively in skin dialysate during Ex 3,
whereas long-chain acylcarnitines (C12—-18) increased only in venous plasma (Figs 3A

and B). PCA clearly separated the skin dialysate and venous plasma (Figure 6A).
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Moreover, although significant correlations between skin dialysate and venous plasma
were observed for multiple metabolites under resting and low-intensity exercise condition,
these correlations disappeared as exercise intensity increased (Figure 6B). Repeated
correlation analysis further showed no significant correlations for most major metabolites
(Figure S6). Collectively, these findings indicate that plasma and skin dialysate do not
reflect identical metabolic profiles; rather, they capture distinct yet complementary
aspects of metabolic regulation during exercise. Furthermore, correlations between
respiratory variables and metabolite concentrations differed markedly between skin
dialysate and venous plasma, with a greater number of significant correlations observed
in skin dialysate (Figs 5A and B). Therefore, assessing skin interstitial fluid may be more
suitable for estimating whole-body metabolic state during exercise compared to blood
analysis, encouraging the development of wearable devices for continuous monitoring of
metabolites in skin interstitial fluid. However, the lower concentrations of metabolites in
skin dialysate (Tables S5 and S6) may affect precision and reproducibility. Notably,
several metabolites show higher concentrations in skin dialysate compared to venous
plasma (Table S5), making them potential candidates for estimating whole-body
metabolism. It is important to note that acylcarnitines, which are candidates for assessing
whole-body fat metabolism, exhibit lower concentrations in skin dialysate vs. venous
plasma as the carbon chain length increases (Table S6). Therefore, short- and
medium-chain acylcarnitines may be more suitable for detection in skin interstitial fluid.
Our findings offer valuable insights into the development of wearable devices that access

human skin interstitial fluid to assess whole-body metabolic state during exercise.

Implication

Metabolites in skin interstitial fluid potentially track whole-body metabolic status
assessed by indirect calorimetry during low-to-high-intensity exercise as discussed above.
If a wearable device is developed to continuously monitor the concentrations of these
metabolites in skin interstitial fluid, similar to continuous glucose monitoring, it may
enable continuous, non-invasive monitoring of whole-body metabolic stress during
exercise without expensive equipment. This may support exercise prescription, training
intensity optimization, and evaluation of training effects. Wearable-based monitoring of
skin interstitial fluid may also facilitate the collection of large-scale metabolic data during
exercise, thereby contributing to advances in exercise physiology and metabolic research.
It should be noted that our data are preliminary; therefore, further research is needed to
rigorously characterize the metabolic profile of skin interstitial fluid during exercise

including repeatability for the future development of wearable devices.
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Limitations

This study has several limitations. First, metabolite concentrations in skin dialysate are
generally lower than those in skin interstitial fluid, suggesting that the actual
concentrations in skin interstitial fluid would be higher (49) . We did not perform recovery
rate experiments; therefore, we could not estimate the absolute concentration of each
metabolite. It is worth highlighting that some metabolites exhibit much higher
concentrations in skin dialysate compared to venous plasma, indicating that high-
sensitivity sensors may not be necessary to detect these metabolites in skin interstitial
fluid. Second, the interpretations are confined to a limited number of metabolites.
Extracting more sample material and/or utilizing additional analytical platforms would
provide a more comprehensive metabolomics profile, including very low-abundance
metabolites across multiple chemical classes. Third, our participants were healthy young
men and women. It remains unknown whether age, training status, sex differences,
disease states, or the use of topical medications influence concentrations of metabolites
in skin interstitial fluid. Moreover, although female participants were tested during the
self-reported early follicular phase, circulating female hormone levels were not measured
and may have varied among participants, potentially affecting the results. Fourth, the
influence of dietary intake on our data remains unclear. Although a standardized meal was
provided during the experiments to minimize variability in diet-derived metabolites, the
timing of food intake was not strictly controlled. Additionally, certain metabolites
originating from dietary sources may remain in our body for extended periods. Fifth,
individual variability in metabolic responses during Ex 3 was greater than that during Ex
1 or Ex 2, which might underlie the larger number of significant correlations observed at
this intensity. Sixth, we cannot exclude the possibility that time/ carry-over effects
influenced our data, given we employed a graded exercise protocol. Nevertheless, we
believe that this effect is relatively small, as the metabolic data were relatively stable
during the last 5 minutes of each exercise stage (Fig S1), during which we collected skin
dialysate. Seventh, it was not possible to precisely match the collection time of the venous
plasma samples with that of the dialysate, which might have affected the correlation

analysis between venous plasma and skin dialysate.

Conclusion
Medium- and long-chain acylcarnitine levels increased during moderate intensity
exercise compared to resting conditions, along with elevations in whole-body fat

oxidation measured indirect calorimetry. Lactic acid increased during high-intensity
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exercise relative to resting levels, which aligns with elevations in whole-body
carbohydrate oxidation. Concentrations of several metabolites, including medium- and
long-chain acylcarnitines in skin dialysate, were correlated with respiratory variables
during graded exercise. Our preliminary findings suggest that metabolite concentrations
in skin interstitial fluid may be associated with respiratory variables measured by indirect
calorimetry during graded exercise. These results may inform the future development of

wearable devices for estimating whole-body metabolic states during exercise.
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Figure legend

Fig 1.

A schematic of the experimental protocol. Following baseline measurements, participants
exercised at low, moderate, and high intensities, corresponding to 25%, 50%, and 75% of
VOopeak (designated as Ex 1, Ex 2, and Ex 3, respectively). Skin dialysate samples were
collected during the final 15 minutes of each stage, while blood samples were obtained

12.5 minutes into each stage.

Fig 2. Changes in respiratory variables from baseline (BL) to exercise at low, moderate,
and high intensities, corresponding to 25%, 50%, and 75% of VOzpeax (defined as Ex1,
Ex2, and Ex 3, respectively). Data includes energy expenditure (panel A), carbohydrate
oxidation (panel B), fat oxidation (panel C) and respiratory exchange ratio (RER, panel
D) (n=12 for panel A-D). All data are averaged over the final 15 minutes of each stage
and presented as mean (standard deviation). Data were analyzed by one-way repeated
measure ANOVA, followed by Bonferroni. A main effect of exercise intensity was
significant for all variables (P < 0.01). Statistical significance at levels of P < 0.05, P <
0.01, and P <0.001 is denoted by *, **, and ***, respectively.

Fig 3. Heat map illustrating changes in metabolite concentrations in skin dialysate (panel
A) and venous plasma (panel B) from baseline (BL) to exercise at low, moderate, and
high intensities, corresponding to 25%, 50%, and 75% of VO2peax (defined as Ex1, Ex2,
and Ex 3, respectively). Data are normalized to baseline values (% change from baseline;
BL = 100%) and presented as medians (n = 12). The colour scale represents percent
change from baseline, with increases shown in red (up to 400%) and decreases shown in
blue (down to 0%). All data in panel A are medians of concentrations in skin dialysate
collected at 2 uL/min during the final 15 minutes of each stage. All data in panel B are
medians of concentrations in venous plasma collected at the end of baseline and each
exercise. Metabolites exhibiting a significant increase relative to baseline are annotated
with *. Statistical significance at the P < 0.05 levels is indicated by *. Data were analyzed
using the Friedman one-way repeated measures analysis of variance, followed by
Wilcoxon’s signed ranks tests, with FDR correction applied using Storey’s method (q <
0.05). G6P, Glucose 6-phosphate; F6P, Fructose 6-phosphate; Gr3P, Glycerol 3-
phosphate; GI1P, Glucose 1-phosphate; GA3P, Glyceraldehyde 3-phosphate; TCA,
tricarboxylic acid; 3MHis, 3-methyl histidine; AC, acylcarnitine; FFA, free fatty acid;
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ARA, arachidonic acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid.

Fig 4. Changes in the (C16 + C18) / CO ratio in skin dialysate (panel A) and venous
plasma (panel B). The ratio of the sum of long-chain acylcarnitines (C16 + C18) to free
carnitine (C0) was computed as a surrogate index of CPT1 activity, where free carnitine
serves as the substrate for CPT1, whereas the long-chain acylcarnitines are products of
CPT1. Data are presented as median (interquartile range) at baseline (BL), and during
exercise at low, moderate, and high intensity, corresponding to 25%, 50%, and 75% of
VOzpeak (defined as Ex 1, Ex 2, and Ex 3, respectively). (C16 + C18) / CO ratio exhibiting
a significant increase relative to baseline are annotated with *. Statistical significance at
the P <0.05 and P <0.01 levels is indicated by * and **, respectively. Data were analyzed
by The Friedman one-way repeated measures analysis of variance, followed by
Wilcoxon’s signed ranks tests. Readers should be cautious because this index does not

necessarily reflect CPT1 activity.

Fig 5. Heat map illustrating correlations between metabolite concentrations in skin
dialysate (panel A) or venous plasma (panel B) and metabolic variables assessed by
respiratory gases. Data are presented at baseline (BL), and during exercise at low,
moderate, and high intensity, corresponding to 25%, 50%, and 75% of VO2peax (defined
as Ex 1, Ex 2, and Ex 3, respectively). Spearman’s non-parametric test was employed for

correlation analyses. The colour scale represents Spearman’s correlation coefficients (q),
ranging from — 1 to +1, with positive correlations shown in red and negative correlations

shown in blue. Statistical significance was assessed using FDR correction based on
Storey’s method, with q < 0.05 indicated by *. RER, respiratory exchange ratio. G6P,
Glucose 6-phosphate; F6P, Fructose 6-phosphate; Gr3P, Glycerol 3-phosphate; G1P,
Glucose 1-phosphate; GA3P, Glyceraldehyde 3-phosphate; TCA, tricarboxylic acid,
3MHis, 3-methyl histidine; AC, acylcarnitine; FFA, free fatty acid; ARA, arachidonic

acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid.

Fig 6. Unsupervised separation (panel A) of skin dialysate and venous plasma samples
from baseline (BL) to exercise at low, moderate, and high intensities corresponding to
25%, 50%, and 75% of VOzpeak (defined as Ex 1, Ex 2, and Ex 3, respectively). The
numbers in panel A indicate subject ID (Subjects 1-12) and exercise condition (BL,
Ex1, Ex2, and Ex 3 labeled 1-4, respectively). After log-transformation of energy
metabolism-related metabolite concentrations, principal component analysis (PCA)
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revealed distinct metabolomic profiles between skin dialysate (blue) and venous plasma
(red). The model included 49 metabolites, with principal components selected based on
goodness of fit (R2X = 0.802) and predictive ability (Q2 = 0.426); the oval indicates
Hotelling’s T? (95% confidence limits). Panel B shows a heat map illustrating
correlations between skin dialysate and venous plasma metabolite concentrations at BL

and during Ex 1-Ex 3. Spearman’s non-parametric correlation analysis was performed.
The colour scale represents Spearman’s correlation coefficient (q), ranging from —1 to

1, with positive correlations shown in red and negative correlations in blue. Statistical
significance was assessed using FDR correction based on Storey’s method, with q <
0.05, 0.01, and 0.001 indicated by *, **, and ***. G6P, Glucose 6-phosphate; FOP,
Fructose 6-phosphate; Gr3P, Glycerol 3-phosphate; G1P, Glucose 1-phosphate; GA3P,
Glyceraldehyde 3-phosphate; TCA, tricarboxylic acid; 3MHis, 3-methyl histidine; AC,
acylcarnitine; FFA, free fatty acid; ARA, arachidonic acid; EPA, eicosapentaenoic acid;

DHA, docosahexaenoic acid.
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Can we assess exercise metabolism from skin?
Metabolomic profiles in skin dialysate collected during exercise.

€ Participants:
12 young participants
(7 males and 5 females)

€ Purpose: To identify skin interstitial metabolites associated with metabolic responses measured
by indirect calorimetry during graded exercise.

Metabolites in skin dialysate, reflecting the metabolic state of the skin interstitial fluid, were analyzed during graded exercise.

€ Experimental protocol:
Respiratory gases, skin dialysate, and venous plasma
were collected at baseline and during each stage of a graded
exercise protocol consisting of three exercise stages (Ex 1-Ex 3).
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