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Abstract: Background: Exercise may affect lipid profile which in turn is related to inflammation,
although changes of ceramides, diacylglycerols-DAG and sphingomyelin-SM and their relationship
with inflammatory parameters following a half-marathon have never been examined. Methods:
Ceramides, DAG and SM, and markers of inflammation (soluble fractalkine-CX3CL1, vascular
endothelial growth factor-VEGF, interleukin6-IL-6 and tumor necrosis factora-TNFx) were evaluated
in trained half-marathoners before, post-race (withdrawal within 20 min after the race end) and 24 h
after. Results: IL-6 and CX3CL1 increased immediately after the race, returning to baseline after
24 h. Total ceramides and total DAG significantly decreased post-race. Several ceramide classes
decreased after exercise, while only one of the DAG (36:3) changed significantly. Total SM and
specific species did not significantly change. Conclusion: Some inflammatory parameters (IL-6 and
CX3CL1) transiently increased after the race, and, being reversible, these changes might represent
a physiological response to acute exercise rather than a damage-related response. The decrease of
specific lipid classes, i.e., DAGs and ceramides, and the lack of their relationship with inflammatory
parameters, suggest their involvement in beneficial training effects, opening promising research
perspectives to identify additional mechanisms of aerobic exercise adaptation.
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1. Introduction

Half-marathon (21.0975 km) is an increasingly popular recreational activity. Its diffu-
sion is in part related to the fact that half-marathon requires less powerful training than the
marathon [1]. Nonetheless, one reason for its importance in terms of clinical risk is that
half-marathon is performed by a growing number of people in the world, although it still
remains a powerful training, which might potentially retain adverse health repercussions.
In fact, studies focusing on the role of exercise and inflammatory response have underlined
that several cytokines increased after a competitive marathon [2]. In this context, it is
interesting to assess the role of sphingolipids, bioactive lipids that regulate diverse cell
functions, since the activity of sphingomyelinases (sphingolipid metabolizing enzymes)
is increased under inflammation and oxidative stress [3]. Thus, ceramides have been
associated with oxidative stress status and inflammatory processes [3]. However, changes
of ceramide concentration after a half-marathon race have never been examined. Moreover,
to the best of our knowledge, the relationship that may exist between bioactive lipids and
markers of inflammation/immune response has never been studied in trained subjects fol-
lowing acute physical exertion such as a half-marathon. In this context, how changes in the
balance between inflammatory mediators, immune response or lipid may contribute to the
response in the post-race phase and affect the health status of subjects participating in such
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events also remains unclear. Thus, we aimed to evaluate levels of bioactive lipids related
to inflammation signaling pathways, and to this purpose, we studied plasma ceramides,
diacylglycerol and SM. These lipids can modulate the activity of intracellular enzymes
(e.g., those involved in insulin signaling). In detail:

- Ceramides exert their influence in cellular stress response, inflammatory processes,
apoptosis and signaling pathways. They are also accumulated in skeletal muscle,
promoting insulin resistance and oxidative stress, contributing to the onset and devel-
opment of cardiometabolic diseases and renal dysfunction [4]. Several inflammatory
cytokines may generate ROS and also induce ceramide formation in several cell
types [5].

- Diacylglycerols (DAG) act as second messengers affecting signal transduction from
many immune cell receptors and can be produced and metabolized through multiple
mechanisms. Moreover, DAG induces the hydrolysis of SM to ceramides.

- Sphingomyelins (SM) are reservoirs for other sphingolipids, influencing cell signaling
through their structural role in lipid rafts or through the effects of their catabolic
mediators (e.g., ceramides) [6]. Changes in SM concentration directly impact cell
membrane physiology by modifying its transmission signal.

Thus, we aimed to evaluate the changes in plasma levels of these bioactive lipids in
healthy runners performing a half-marathon, at the end of the race and after 24 h recovery,
and their associations with new recently proposed and common biomarkers of immune
activation, which are:

- The soluble fractalkine CX3CL1, a potent chemoattractant of T cells and monocytes,
which has a recognized role in both immune cell migration and adhesion and is
involved in many inflammatory processes and diseases [7].

- Vascular endothelial growth factor (VEGF) is a multifactorial cytokine that derives
from endothelial cells and pericytes in response to hypoxia, and is implicated in
angiogenesis and microvascular hyperpermeability events [8]

- Interleukin-6 (IL-6), which is generated by different cell types (e.g., macrophages,
endothelial cells and T cells). The contraction of skeletal muscle may induce the
release of IL-6 into the interstitium as well as into blood in response to an exercise
burst. Moreover, IL-6 may modulate the immunological and metabolic reactions to
exercise [9].

- Tumor necrosis factor alpha (TNF«), an inflammatory cytokine produced by macrophages/
monocytes during acute inflammation, which affects different ranges of signaling
pathways, including those leading to necrosis or apoptosis [10].

2. Materials and Methods
2.1. Characteristics of the Participants

The studied population included 13 healthy Caucasian trained runners belonging to
the “Gruppo Podistico Rossini” enrolled during the 2018 edition of the Pisa half-marathon.
Inclusion criteria of athletes were regular training and absence of cardiovascular disease
or any other systemic disorder. Preliminarily to the race, each participant was submitted
to a questionnaire to obtain demographic and clinical data and training history. Body
mass index (BMI) was calculated by height and weight, measured in each subject. Body
fat composition (fat-free mass (FFM); fat% and fat mass) was evaluated by TANITA. The
study was conducted according to the guidelines of the Declaration of Helsinki, and was
approved by the Pisa Ethics Committee, Italy (protocol number for study acceptance 2805).
Informed consent was obtained from all subjects enrolled in the study.

2.2. Sample Collection, Preparation and Evaluation of Lipids and Inflammatory Markers

Three blood samples were collected from the peripheral vein of the athletes (in fasting
conditions): (1) the day before the race (baseline), (2) within 20 min after the end of the
half-marathon (post) and (3) 24 h after the run (24 h, recovery period). Blood samples
were immediately centrifuged at 2500 g for 10 min and stored at —80 °C until assayed.
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Ceramides, SM and DAG were evaluated from 20 pL of plasma (upon being deproteinized
using 200 pL of cold methanol) in 13 healthy Caucasian trained runners.

An aliquot of 20 puL of a mix of internal standards SM (d18:1/17:0), ceramide (d18:1/17:0),
(Avanti Polar Lipids, Alabaster, AL, USA); DAG (17:0/17:0) (Larodan Solna SE) was added
to the sample before deproteinization. The extract was injected in high performance liquid
chromatography (Agilent UHPLC 1290, Santa Clara, CA, USA), coupled with a quadrupole
time-of-flight mass spectrometry QTOF (QTOF-MS, Agilent 6540, Santa Clara, CA, USA),
equipped with electrospray ionization source (ESI). For liquid chromatography analysis,
we used ZORBAX Eclipse Plus C18 2.1 x 100 mm 1.8-micron column at 50 °C (Agilent,
Santa Clara, CA, USA). The mobile phase A was made by water with 0.1% formic acid
and the mobile phase B was made by isopropanol/acetonitrile (1:1, v:v) with 0.1% formic
acid. Injection volume was 1 pL. Lipids were measured in positive electrospray ionization
and identified using an internal spectral library. The data were normalized by internal
standard representative lipids present in the sample and the analysis of the peaks was
performed with Agilent MassHunter software program [11]. DAG species founded in
plasma were 32:0, 32:1, 34:1, 34:2, 36:3 and 36:4, while ceramide species evaluated in plasma
sample were 18:1/16:0, 18:1/18:0, 18:1/25:0, 18:1/26:0, 18:1/22:0, 18:1/24:1, 18:1/24:0,
18:0/24:0. The metabocard for ceramide species was reported as supplementary material
(supplemental data). Fractalkine CX3CL1, VEGEF, IL6 and TNF«x were analyzed in 25 pL of
plasma by a specific assay (MILLIPLEX MAP Millipore corporation, Billerica, MA, USA)
using an integrated multi-analyte detection platform (high-throughput technology MagPix
system, Luminex xMAP technology) with combined analyst software (MILLIPLEX®) for
the biomarkers quantification developing new curve fitting algorithms and optimizing
mathematical methods to minimize fitting errors.

2.3. Statistical Analysis

Data were expressed as mean £ SD. Repeated-measures ANOVA was used for com-
pared data from the same subjects measured more than once (baseline, post, 24 h). Cor-
relation analysis was performed by Spearman parametric test to assess the relationship
between continuous variables. Post A and 24 h A values from baseline (differences) and %
change at different successive time periods with respect to values observed at baseline were
calculated for fractalkine (pg/mL), IL-6 (pg/mL), TNFax (pg/mL) and VEGF-« (pg/mL).
Owing to skewness, log transformation of fractalkine and TNF«x was used for statistical
analyses. Log-transformed values were then back-transformed for data presentation.

Data statistical analyses were performed with the Statview statistical package, version
5.0.1 (SAS Institute, Abacus Concept, Berkeley, CA, USA). A p value of <0.05 was considered
statistically significant. Heatmapping was performed using MetaboAnalyst R 1.0.3 (XiaLab
at McGill University, Montreal, QC, Canada). The data in heatmaps were analyzed by t test,
the algorithm used was the average method and the measure of distance was Euclidean.

3. Results
3.1. Demographic and Training Characteristics

The characteristics of the runners are summarized in Table 1. Each athlete was regu-
larly engaged in marathon training for more than 3 years, 3-7 times/week in 1-2 h/session.
Athletes performed a running race over the distance of 21.0975 km. Race time ranged
between 1.33 and 1.46 h. No correlation of inflammatory parameters or sphingolipids with
demographic and training characteristics was observed. No gender-related differences
were observed for all the biomarkers evaluated.
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Table 1. Anthropometric measurement of runners and physical activity.

Anthropometric Measurement R;I}I;;r s
Age (years) 47+ 6
Gender (M/F) 7/6
Height (cm) 171.6 =2
Weight (kg) 67.5+22
BMI (kg/m?) 21.6 £0.7
WAIST (cm) 782 +3.1
PAS (mmHg) 1283 +5.2
PAD (mmHg) 7216 £2.3
FFM (kg) 55.6 + 3.6
FAT% (kg) 1154+ 15
Physical activity
Day/week of training 4+03
Km/week 50.1 £4.7
Years of training 61
Half-marathon race finish time (min) 105.2 + 3.7

Abbreviations: BMI: body mass index, PAS: systolic arterial pressure, PAD: diastolic arterial pressure, FEM: free
fat mass.

3.2. Lipids Levels and Race-Related Trends
3.2.1. Total Ceramides, DAG and SM

Total ceramides, total DAG and SM at baseline, post and 24 h after the race are reported
in Figure 1 (panel A, B and C, respectively). When plasma levels of total ceramides were
considered, a significant decrease was observed after the race and after 24 h compared to
baseline (12.25 4 3.0, 8.68 £ 0.62, p = 0.011 vs. baseline; 9.70 £ 0.51, umol/L, p = 0.059 vs.
baseline; baseline, post-race, 24 h, respectively), Figure 1A. DAG total analysis evidenced a
significant decrease post-race compared to baseline (53.26 &+ 21.83 vs. 36.07 & 18.75 pmol/L,
post-race vs. baseline, p = 0.04; and 51.56 & 34.25 24 h umol/L, not significant), Figure 1B.
Instead, SM tended to decrease after the race and at 24 h, although not significantly
(145.66 + 44.83; 100.2 & 8.9; 105 £ 7.31 pmol/L), Figure 1C.

3.2.2. Ceramides, DAG and SM Species

The specific DAG and SM ceramide species at baseline, post and 24 h after the race
are shown by heatmaps that provide intuitive visualization of the data table. Each colored
cell on the map corresponds to a concentration value in the data file, with samples in rows
and compound in columns (supplemental data).

Trends of DAG classes at baseline and after the race are reported in Figure 2. The greatest
changes were attributed to the DAG 36:3 that decreased significantly post-race (25.56 £ 10.6
basal vs. 14.89 £ 8.14 post-race p = 0.01; 22.44 4 8.14 24 h pmol/L). The other DAG species
followed the same pattern but did not significantly change: DAG 32:0 (1.06 =+ 0.26; 2.32 &= 4.6;
121 £ 0.71 umol/L, baseline, post-race, 24 h, respectively); 32:1 (2.07 £ 0.71; 1.64 = 0.94;
224 £ 1.62 umol/L); 34:1 (822 £ 2.68; 5.85 & 3.32; 8.66 + 4.54 umol/L); 34:2 (12.1 + 4.85;
8.45 £ 4.76;12.76 & 9.39 umol/L) and 36:4 (4.24 £ 4.13;2.92 £ 2.04; 4.24 + 3.95 umol /L)
(Figure 2).
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Figure 1. Bar chart reporting mean and SD of total ceramides, total DAG and SM (panel A, B and C,
respectively) at baseline, post and 24 h after the race.
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Figure 2. Bar chart reporting the trend of DAG classes as mean and SD at baseline, post and 24 h
after the race.

Trends of ceramide species at baseline and after the race are reported in Figure 3. Ce-
ramide species containing long chain fatty acids (18:1/16:0; 18:1/18:0) transiently increased
after the race, to significantly decrease at 24 h (0.16 % 0.06; 0.20 = 0.05; 0.18 £ 0.04 umol/L,
baseline, post-race, 24 h, respectively); (0.18 £+ 0.07; 0.18 £ 0.03; 0.16 & 0.03 pumol/L)
(Figure 3). Instead, ceramides containing very long chain fatty acids, i.e., 18:1/25:0;
18:1/26:0; 18:1/22:0; 18:1/24:1; 18:1/24:0; 18:0/24:0 significantly decreased after the race
and at 24 h when compared to baseline (0.82 £ 0.21; 0.55 £ 0.13; 0.62 = 0.15 pmol/L,
baseline, post-race and 24 h, respectively); (0.16 £ 0.05; 0.11 £ 0.03; 0.13 & 0.03 pmol/L);
(1.52 £0.35;1.91 £ 0.50; 1.46 £ 0.43 pmol/L); (3.29 £ 0.91;2.36 = 0.60; 2.61 & 0.38 pmol/L);
(5.56 = 1.4;1.46 £ 0.43; 4.35 £ 0.95 umol/L) and (0.17 £ 0.05; 0.12 4 0.04; 0.13 +£ 0.38 pmol/L),
Figure 3. SM did not significantly change.
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Figure 3. Boxplots with indication of the median, interquartiles and error bars reporting the temporal

profile of ceramides are given.

3.3. Inflammatory Levels and Race-Related Trends

Basal plasma levels, post and after 24 h of
in all runners are reported in Table 2.

TNF«, IL-6, fractalkine CX3CL1 and VEGF-A

Table 2. Plasma values of chemokine and cytokines in runners.

X Mean + SD
Variables
Baseline Post 24 h
Fractalkine (pg/mL) 143.4 £ 1249 219.6 + 126.9 107.7 +149.4
IL-6 (pg/mL) 0.7 £0.6 9.1+69 0.64 +0.49
TNF« (pg/mL) 32.44+27.8 35.8 +29.1 20.5+24.1
VEGF-A (pg/mL) 186.1 = 128.4 178.5 +161.3 147.6 +142.8
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Cytokines and chemokines at baseline and after the race are reported in Figure 4.
IL-6 and fractalkine CX3CL1 significantly changed soon after the race, decreasing towards
baseline values after 24 h (Figure 4A,B). TNFo had the same trend but the increment
after the race was not significant (Figure 4C). VEGF-A tended to decrease after the race
(Figure 4D), but these changes were not significant when compared to baseline. Table 3
shows the exercise-induced change from baseline, as A values (% change) for each variable.
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Figure 4. Bar chart reporting mean and SD of cytokines and chemokines at baseline, (A) IL-6 (pg/mL),
(B) Fractalkine (pg/mL), (C) TNF« (pg/mL), (D) VEGF-A (pg/mL), post and 24 h after the race.

Table 3. Exercise-induced change from baseline, A values (% change) in fractalkine, IL-6, TNFox and
VEGF-A.

Post A Values 24 h A Values
Pre-Exercise from Baseline from Baseline
(% Change) (% Change)
Fractalkine (pg/mL) 143.4 £ 124.99 76.2 (53.3%) —35.7 (—24.9%)
IL-6 (pg/mL) 0.7 & 0.649 —0.1 (—7.6%) 8.4 (+1208.6%)
TNF« (pg/mL) 32.4 4+ 27.844 —11.9 (—36.8%) 3.4 (+10.5%)
VEGF-A (pg/mL) 186.2 4+ 128.379 —38.5 (—20.7%) —7.6 (—4.1%)

Post A and 24 h A are differences from baseline. % change at different successive time
periods with respect to values observed at baseline is reported in brackets.

Interestingly, a strong correlation between basal fractalkine CX3CL1 and TNFax was
found at baseline and during recovery (Rho = 0.91 p = 0.0017), Figure 5.
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Figure 5. Regression of fractalkine and TNF« in runners (Rho = 0.91 p = 0.0017 24 h). Green
dots—baseline, blue dots—post-race, red dots—24 h post-race.

4. Discussion

This is the first study which assessed levels of DAGs and ceramides, and evalu-
ated their relationship with inflammatory parameters in athletes before and after a half-
marathon race. Data evidenced the decrease of specific lipid classes, and the lack of
relationship between lipids with inflammatory biomarkers, suggesting their possible con-
tribution to exercise-related beneficial effects.

4.1. Demographic and Training Characteristics

The population was similar in demographic and training characteristics; likely, for
this reason, we did not observe any correlation concerning inflammatory parameters
and sphingolipids. Regarding gender-related differences, it is not clear in literature if
ceramides are different in males and females, and neither wheter there is a differential
effect of exercise on ceramides in the two sexes. In our population, we did not observe
gender-related differences for any of the biomarkers evaluated. Moreover, there is still a
lack of a shared consensus on the optimal cutoffs and reference ranges of ceramides to be
used. In this context, our data might suggest a lack of need to establish gender-specific
reference ranges. However, considering the low number of subjects enrolled in the study,
this issue merits further investigation.

Notably, values of inflammatory biomarkers of athletes at baseline did not differ from
those observed in a group of 15 sedentary subjects (corresponding to 0.6 £ 3.1 pg/mL
for IL-6, 164 & 145 pg/mL for fractalkine CX3CL1, 23 + 38 pg/mL for TNFx), except for
VEGEF-A, which was significantly lower in sedentary subjects (28 + 61 pg/mL, p < 0.001)
(unpublished data).

4.2. Lipids Levels and Race-Related Trends

To the best of our knowledge, this is the first report describing half-marathon con-
sequences on circulating sphingolipid metabolism. It is known that exercise may induce
modification in plasma levels of numerous circulating biomarkers, inflammatory param-
eters and lipid metabolites in humans [12] Thus, these changes may affect sphingolipid
metabolites as well. In recent years, plasma sphingolipids have attracted attention for
their role in pathophysiology of cardiometabolic diseases. In fact, high plasma ceramides
may induce endothelial dysfunction, which is closely correlated with aerobic capacity [13],
and promote cell growth arrest, cytoskeleton rearrangements, senescence and death (e.g.,
activation of caspases), impairment of nitric oxide synthase (eNOS) activity and insulin
signaling, increasing vascular permeability, oxidative stress and inflammation [14], thus
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contributing to onset and development of atherosclerosis [15,16]. Accordingly, sphin-
golipids may represent an independent risk determinant for ischemic disease [17]. In
particular, Cer(d18:1/16:0) appears to be independently correlated with the presence of
more vulnerable coronary plaques in CAD patients [18]. Conversely, the Mediterranean
diet shows the potential to reduce the adverse effects of high ceramide levels in the PRED-
IMED trial (Prevencion con Dieta Mediterranea, a prospective case-cohort study), which is
a study including nearly 1000 elderly subjects at high cardiovascular risk [19].

Ceramide metabolism also appears responsive to the exercise stimulus. Better car-
diopulmonary fitness correlated with low ceramide concentration in elderly coronary
artery disease patients has been observed [20], whereas muscle ceramide levels decreased
after chronic aerobic exercise [21]. Moreover, experimental data suggests that total content
of ceramides decreased in the muscle in trained rats, contributing to the elevation of the
glucose uptake observed in skeletal muscles after training [22]. Previous data suggested
that 12 weeks of aerobic exercise training in obese or diabetic subjects [23] and 16 weeks of
exercise in overweight/obese subjects may reduce sphingolipids (e.g., C18:0, C20:0 and
C24:1) [24].

A decrease in ceramide concentrations hints at increased insulin sensitivity, which
contributes, at least in part, to the beneficial exercise effects [25]. According to these previ-
ous results, we also observed a decrease in total ceramides after the race in trained subjects.
Thus, all together these data suggest that sphingolipid species can represent valuable
mediators of cardiovascular risk. Studies related to cardiac lipotoxicity showed that the
lipotoxic species were primarily driven by ceramides and DAG and not triacylglycerol [26].
Regarding DAG species, Luukkonen et al. showed that DAG (32:1, 34:1, 36:2, 36:3) were
significantly increased in subjects with high peripheral insulin resistance versus low pe-
ripheral insulin resistance subjects [27] In our study, DAG 36:3 decreased significantly after
the race, indicating an improvement of lipotoxicity, attributable to that species after the
acute exercise. Experimental data suggest that total content of ceramides decreases in the
muscle of trained rats, contributing to the elevation of the glucose uptake observed in
skeletal muscles after training [22]. In overweight, obese subjects or type 2 diabetes (T2D),
there is a decrease in total ceramides, indicating that endurance training reduces total
content of ceramides, likely improving glucose tolerance [22,25,27-29]. However, ceramide
metabolism in patients and obese subjects could be dissimilar to that in lean, trained indi-
viduals. In fact, the increased lipid metabolism following the physical exercise reduces the
substrate availability required for ceramide synthesis (e.g., palmitate, myristate). Moreover,
the analysis of the lipid classes in its total assessment may be unsatisfactory, as the specific
and complex relationship of different chains of fatty acids in ceramides with chronic and
acute exercise demonstrates the complexity of these biological pathways, which require the
assessment of increased, decreased or unchanged specific species. Accordingly, our data,
for the first time, associate specific molecular species of lipids to exercise. In particular,
Cer18:1/16:0 and Cer18:1/18:0 were very low at baseline in athletes and, after the race,
the same ceramides increased, indicating a lower consumption of fatty acids contained in
these species (palmitic and stearic acid), making these ceramides a non-preferential species
for energy purposes. Mardare, Kruger et al. suggest that endurance training in mice is
able to reduce long-chain fatty acids ceramides [28]. In particular, this experimental study
suggests that the exercise-induced decrease of very long chain fatty acids ceramides (C24:0
and C24:1) may account, almost in part, for the reduced expression of blood inflammatory
markers, as well as the increased glucose tolerance. An elevation in long chain fatty acids
(C24:0, C24:1, C26:0, C25:0, C22:0) was associated with mitochondrial damage, apoptosis
and cell necrosis [29]. It is not completely clear which are the mechanisms able to prevent
the elevation in plasma ceramide level correlated with aerobic exercise. In addition to the
possibility that lipid utilization during exercise reduces ceramide production by decreas-
ing the availability of substrates required for ceramide synthesis, there are a number of
hypothesis-generating ideas [25]; for example, aerobic exercise may accelerate ceramide
degradation and clearance by increasing the expression of genes responsible for ceramide
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clearance (e.g., acidic and alkaline ceramidase 1 and 3, glucosylceramide synthase and
sphingosine kinase 1) [30].

4.3. Inflammatory Levels and Race-Related Trends

IL-6, a pro-inflammatory cytokine, is known to increase after endurance exercise [31].
However, in this setting, IL-6 may have a role as a myokine, and as such, with anti-
inflammatory properties, rather than as an inflammatory facilitator [32]. In fact, the
observed post-exercise elevations may be in line with exercise-related metabolic IL-6 effects
(regulation of glucose homeostasis and fat oxidation) and adaptation to training [33]. More-
over, the release of IL-6 during exercise induces an increase in circulating anti-inflammatory
cytokines (e.g., IL-10 and IL-1 receptor antagonist) and decrease of TNF, or the release
of cortisol from the adrenal glands, suggesting that the beneficial effects of exercise (IL-
6-mediated) can be expressed, almost in part, through protection against TNFa-induced
insulin resistance [34]. These responses, which probably mediate autocrine and paracrine
benefits of training, are likely related to training levels, intensity and type of exercise
and individual characteristics (e.g., sex and age), and thus may be different in differ-
ent categories of subjects. Instead, relatively low information is known on the balance
between IL-6 and other cytokines and inflammatory biomarkers under such conditions.
TNFa did not increase significantly in our population, and this may be the effect of the
anti-inflammatory cytokine cascade, which may oppose TNF« increase, giving protection
against TNFo-induced damage, as previously observed [35].

CX3CL1 exists in two forms; one form anchors to the membrane, acting as an adhesion
molecule, whereas the other form acts as a soluble chemoattractant. CX3CL1 A acts in
acute skeletal muscle damage and regeneration through recruitment of macrophages and
other immune cells involved in repair and growth of skeletal muscle, influencing the
adaptive response to exercise [36,37]. As in our population, previous data suggested an
increase of CX3CL1 related to exercise (e.g., cycling) [38]. The variation of circulating
CX3CL1 is closely related to changes in muscle gene expression, and as such, might have
significance in the adaptive response to exercise [38,39]. Moreover, local CX3CL1 synthesis
and expression depend on many factors, including inflammatory cytokines (e.g., TNF«),
giving evidence of the relationship that we observed between these two biomarkers [40].
Experimental data suggested that CX3CL1 stimulation of monocytes is associated with a
marked increase of TNFa, which is known to stimulate satellite cell proliferation [41,42].
Accordingly, we observed a strong correlation between fractalkine and TNF«, suggesting
that this effect could represent an indirect mechanism by which CX3CL1 acts as a mitogen
for muscle cells. Moreover, CX3CL1 seems to have beneficial effects in muscle regeneration
through a direct effect on myogenic cells [43]. Thus, CX3CL1 likely induces the monocytic
and myogenic expression of different factors known to increase in human skeletal muscle
after exercise, with a role in the adaptive response following an exercise burst.

Interestingly, in our population, inflammatory biomarkers did not influence the re-
lationships between sphingolipids and exercise, not supporting the existence of a link
between inflammation and sphingolipids in half-marathon response, although further
studies are needed to verify this possibility. In this context, we also did not observe any
relationship between total and species of SM, ceramides and DAG and reactive oxygen
species (ROM, a biomarker of oxidative stress) (unshown data) [44].

4.4. Strengths and Limitations

This study has limitations. First, the number of athletes enrolled is not high. However,
a strength is that studied athletes were very similar according to training characteristics
(day/week of training, Km/week, years of training). Moreover, each subject served as
a control for him/herself, increasing the statistical power, and reducing the effects of
confounding factors.

Second, insulin was not directly assessed in these subjects. This important issue merits
further investigation in future studies to understand the link between species of lipids,
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inflammatory markers and insulin resistance (IR) during exercise. However, all our subjects
had no history of IR and type 2 diabetes (T2D) and they showed normal body mass index;
therefore, this relationship could be negligible. Nonetheless, it will be interesting to assess
exercise effects on lipid-related biomarkers in IR, T2D or obese subjects in future studies.

5. Conclusions

IL-6 and CX3CL1 transiently increased soon after the half-marathon. As they are
promptly reversible, these changes might represent a physiological response to acute exer-
cise rather than a damage-related response. The decrease in plasma ceramide concentration
observed after the race and the lack of their relationship with inflammatory mediators
suggested the involvement of lipids in exercise adaptation, as well as their possible role in
mechanisms underlying beneficial effects of regular physical activity on disease prevention,
especially regarding cardiometabolic disease. This opens up a new area of investigation
for future research to establish whether the measurement of specific plasma ceramides
could provide new biomarkers useful to assess exercise adaptation and to evaluate specific
exercise interventions in different categories of healthy subjects and patients.
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