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Abstract

Background Endocannabinoid (eCB) signaling has been implicated in the physiological and affective responses to
endurance exercise, including phenomena such as the runner’s high. However, although humans have the capacity to
run for several hours and even days, evidence regarding eCB signaling is largely limited to exercise bouts shorter than
60 min. Consequently, the temporal dynamics of eCB signaling during prolonged running and the accompanying
acute affective responses remain unclear.

Methods This study investigated eCB signaling during long-distance running and following a 45-minute break. Two
studies were conducted: In Study 1, 19 trained runners completed both a marathon and a duration-matched walking
session, with repeated blood sampling every 14 km during the marathon and after a 45-minute recovery. In Study
2,36 ultramarathon runners completed races of 100 km, 160 km, or 230 km and provided blood samples before

and after their respective races. Plasma concentrations of anandamide (AEA), 2-arachidonoylglycerol (2-AG), 1-AG,
arachidonic acid (AA), and palmitoylethanolamide (PEA) were quantified by a standardized liquid chromatography/
multiple reaction monitoring assay. Euphoria, anxiety, and pain were assessed as core features of the runner’s high
using visual analog scales.

Results AFA increased progressively throughout the marathon and remained elevated after 45 min, whereas
walking elicited only modest changes. In line, after all ultramarathon distances AEA levels were increased compared
with baseline. By contrast, an increase in 2-AG during exercise was observed only in the regular marathon, where
concentrations rose significantly during the later stages of running and into early recovery. Elevated post-race 2-AG
levels were also observed following all ultramarathon distances, consistent with a delayed, recovery-related response.
Marathon running was associated with higher euphoria and lower anxiety than walking, while pain increased after
28 km of running. Ultramarathon running increased pain, reduced anxiety, and did not significantly alter euphoria
post-exercise.
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Conclusions Together, these findings show robust, time-dependent changes in circulating eCB concentrations
during and after prolonged endurance running, as well as gradual increases in AEA during walking. These eCB
dynamics occurred alongside acute affective changes during sustained endurance exercise.

Keywords Runner’s high, Endurance exercise, Endocannabinoid system, Neuromodulation, Physical activity, Mood

regulation

Background

Humans are among the few mammals capable of sus-
tained long-distance running, comparable to species such
as dogs and horses [1]. Experimental studies have shown
that voluntary running behavior in mice is influenced
by intact endocannabinoid (eCB) signaling pathways [2,
3]. Whereas experimental animal studies have enabled
the investigation of eCB dynamics over extended peri-
ods of voluntary running, human studies have largely
been limited to short-duration exercise bouts lasting less
than 60 min [4]. Consequently, little is known about the
behavior of the eCB system during prolonged endurance
exercise under real-world conditions.

This gap is particularly relevant in the context of the
runner’s high, a phenomenon reported by some indi-
viduals during endurance exercise and characterized by
euphoria, reduced anxiety, diminished pain, and post-
exercise sedation [5]. Some individuals report experienc-
ing time distortion and a state of flow while engaging in
endurance activities. In the 1990s, the discovery of the
eCB system led to an alternative hypothesis explaining
the runner’s high [5, 6]. The eCB system includes anan-
damide (N-arachidonoylethanolamine, AEA), 2-arachi-
donoylglycerol (2-AG), the less active positional isomer
1-arachidonoylglycerol (1-AG), and related lipids such
as N-palmitoylethanolamide (PEA) [6, 7]. While AEA
and 2-AG primarily act via cannabinoid receptors CB1
and CB2, PEA exerts its effects mainly through non-
cannabinoid targets, including peroxisome proliferator-
activated receptor-a (PPAR-«) [8]. eCBs are synthesized
on demand from membrane phospholipid precursors,
primarily via N-acyl phosphatidylethanolamine-specific
phospholipase D (NAPE-PLD) for AEA and diacylg-
lycerol lipase (DAGL) for 2-AG. They are degraded by
specific enzymes: fatty acid amide hydrolase (FAAH)
hydrolyzes AEA to arachidonic acid (AA), whereas
monoacylglycerol lipase (MAGL) converts 2-AG into
AA. Unlike endorphins, eCBs are lipophilic and can cross
the blood-brain barrier [5]. Therefore, peripherally mea-
sured eCBs reflect neuromodulatory processes occurring
in the brain.

The runner’s high is most commonly associated with
moderate-intensity endurance exercise below the anaero-
bic threshold [9]. The most pronounced positive mood
effects have previously been observed after approxi-
mately 35 min of endurance exercise [10]. The concept of
the runner’s high was first described in the 1970s. Early

research attributed the runner’s high to the release of
endorphins, and the theory was widely supported [11,
12]. However, endorphins bind to opioid receptors and
are large, hydrophilic molecules. There is currently no
convincing evidence that they cross the blood-brain
barrier to a relevant extent. Furthermore, studies based
on peripheral blood sampling have yielded inconsistent
results and have provided only limited insights into the
neurochemical basis of this phenomenon [5, 10, 13]. In
contrast, several human brain imaging studies have indi-
cated opioid system activation during exercise; however,
its role appears to be most prominent during prolonged
(~2 h) and high-intensity endurance exercise [14—18].

Subsequent research found that eCB levels increase sig-
nificantly during running and, to a lesser extent, during
cycling [19, 20]. While their exact origin during endur-
ance running remains incompletely understood, eCBs
are generally considered to be synthesized “on demand”
from membrane phospholipid precursors in multiple tis-
sues, including the vasculature, skeletal muscle, and the
brain [2, 21, 22]. However, the specific sources and regu-
latory mechanisms underlying exercise-induced changes
in circulating eCB levels remain unclear, and peripheral
measures should therefore be interpreted as an indirect
reflection of these processes.

Our previous research focused on the question of
whether eCBs or endorphins mediate the runner’s high.
In a mouse study, we were able to show that two key
features of the runner’s high (anxiolysis and hypoalge-
sia) depend on the eCB system rather than the opioid
system by blocking both pathways pharmacologically
and through genetic mutagenesis [2]. In the next step,
we aimed to reproduce our results in humans. We con-
ducted a follow-up randomized, double-blind, placebo-
controlled trial involving 63 participants running and
walking on a treadmill for 45 min [23]. Half of the par-
ticipants received 50 mg of naltrexone, a central opi-
oid antagonist, while the other half received a placebo.
Both groups reported similar self-assessed runner’s high
scores, indicating that the runner’s high occurred inde-
pendently of opioid levels. In contrast, running induced
significantly elevated eCB levels, which were accom-
panied by increased runner’s high ratings. Walking for
45 min, however, led to smaller increases in eCB levels
and did not produce comparable euphoric or anxiolytic
effects, suggesting a potential role of eCBs in mediating
the runner’s high. In a systematic review, we found that
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eCB release after endurance sports is a robust finding
[10]. Long-term sports programs have been shown to
reduce baseline eCB levels, suggesting a potential adap-
tive mechanism [10].

In the present study, we aimed to close the research
gap regarding the dynamics of eCBs in endurance exer-
cise lasting longer than 60 min. To date, only one study
has examined the relationship between changes in energy
metabolism and endocrine alterations: in 18 ultramara-
thon runners participating in a 100-km race, with incom-
plete race distances due to non-finishers, the authors
observed increases in AEA and related lipids, but not in
2-AG [24]. However, the study did not provide clarity on
the temporal dynamics of eCB signaling and included
both finishers and non-finishers. To examine these pro-
cesses more closely under real-world endurance running
conditions, we conducted a marathon study (Study 1)
and an ultramarathon study (Study 2).

Our aims were threefold: first, to examine how eCB
signaling evolves during long-distance running in real-
world running conditions; second, to assess the persis-
tence of eCB levels after a post-marathon 45-minute
recovery period; and third, to evaluate whether core psy-
chological features of the runner’s high, namely euphoria,
anxiety, and pain, which have been associated with eCB
release, would also be affected by prolonged endurance
exercise. We conducted a marathon field study using a
within-subject design to compare prolonged running and
walking in nature (Study 1). Based on prior findings, we
expected eCB levels to continuously increase throughout
running and to decline after a 45-minute recovery period
[10]. To explore whether the findings from the marathon
study would also be relevant in more extreme endurance
conditions, we studied participants in the TorTour de
Ruhr® (TTdR) ultramarathon, in which 36 athletes com-
pleted distances of 100 km, 160 km, or 230 km (Study 2).
We hypothesized that eCB levels would be elevated com-
pared with baseline.

Methods

Study 1: marathon study

Participants

We conducted a marathon-walking study at Lake
Baldeney in Essen, Germany. A total of 21 individuals
were recruited for the study through internet forums,
word of mouth, and announcements in running shops.
Following telephone screening, 20 participants were
considered eligible based on inclusion and exclusion
criteria. One individual was excluded due to insufficient
running experience (inability to complete a marathon
distance). Of the 20 participants initially enrolled, one
participant was excluded from the final analysis due to
non-attendance at the second (walking) session, resulting
in a final sample of n=19. Inclusion criteria included the
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ability to run a marathon, fluency in German, and being
experienced runner aged 18—60 years not taking any pre-
scription medication (except contraceptives). Running
experience was defined as the ability to complete a mar-
athon distance, which was assessed during a structured
pre-study telephone screening based on participants’
reported training routines and previous marathon com-
pletion. Exclusion criteria involved pre-existing medi-
cal conditions, drug use including cannabis use within
four weeks prior to testing, pregnancy, breastfeeding,
and a history of severe psychiatric or somatic disease.
These criteria were verified through a pre-study tele-
phone screening, during which participants also received
detailed study information and an informed consent bro-
chure via email.

Experimental procedure

Participants were instructed to abstain from caffeine and
nicotine for the entire study day prior to testing and to
avoid eating for at least two hours before testing. They
were also asked not to run for at least 24 h prior to both
sessions. Testing sessions were scheduled on week-
ends at noon to minimize diurnal fluctuations in corti-
sol and eCB levels [25]. Upon arrival, exclusion criteria
were reviewed again. Participants were briefed about the
study, and written informed consent was obtained.

Volunteers completed standardized questionnaires,
including the International Physical Activity Question-
naire (IPAQ) [26], Exercise Dependence Scale (EDS-R)
[27], and a custom sociodemographic survey. This survey
gathered data on age, sex, health conditions, medication
and drug use, exercise habits, and socioeconomic status.

Physical assessments included measurements of body
mass index (BMI) and body fat percentage using an
Omron BF 511 (Omron Healthcare, a division of the
Omron Corporation, Kyoto, Japan). Emotional states
were evaluated using visual analog scales (VAS) assess-
ing anger, euphoria, happiness, anxiety, sedation, pain,
energy, tension, and dejection, rated from 0 (none) to 100
(high) as used in other studies [14, 23]. Participants were
equipped with GPS running watches (Polar Pacer Pro,
Polar Electro Oy, Kempele, Finland), and baseline blood
samples were collected. Heart rate (HR) data during the
blood sampling were defined as periods with minimal
movement (<2 km/h) around the recorded time of the
blood sampling and removed together with data points in
the preceding and following 30 s.

The marathon session involved three 14 km loops
around Lake Baldeney in Essen completed at partici-
pants’ preferred pace. Blood samples were collected and
runner’s high ratings were assessed at the beginning and
after each loop using VAS ratings. Following the mara-
thon, participants took a 45-minute break for showers
and refreshments. After the break, a final blood sample
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was collected, and runner’s high ratings were reassessed.
Participants were also asked if they had experienced a
runner’s high (yes/no/uncertain) during the marathon.
No formal definition of the runner’s high was provided,
and responses were therefore based on participants’
individual understanding of the concept. A concluding
medical interview assessed participants’ health before
discharge from the study site, including the presence
of any adverse events, physical complaints, or signs of
excessive fatigue.

One or two months later, participants returned for a
second session at the same time of day. When possible,
the timing was also aligned with the menstrual cycle
phase of female participants. All other procedures were
identical. They walked along the marathon route while
wearing HR monitors, with an alarm signaling when to
turn back to match identical individual time durations
and timing of blood sampling for running and walking
(see Fig. 1). Questionnaires, blood sampling, and run-
ner’s high assessments were therefore conducted at the
same time points in both conditions. The participants
were tested in small groups ranging from three to seven
and could walk or run in groups as they preferred. Blood
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collection occurred in Study 1 between 12 p.m. and 6
p.m.

Study 2: ultramarathon study

Participants and design

During the 2024 TorTour de Ruhr®, participants ran
distances of 100 km, 160 km, and 230 km in central
Germany following the river Ruhr from its source in Win-
terberg to its confluence with the Rhine in Duisburg. This
study was part of a multicenter collaboration between the
University Hospital Ulm, the University Hospital Essen,
and the German Sport University Cologne [28, 29].
Inclusion criteria were male and female endurance run-
ners participating in the 100 km, 160 km, or 230 km races
of the TorTour de Ruhr® 2024, with no prior injuries and
the ability to understand the study procedures and pro-
vide informed consent.

Exclusion criteria included nicotine use, intestinal dis-
eases, blood clotting disorders, or the use of blood-thin-
ning medications, acute or chronic vascular disorders,
cardiovascular, metabolic, or autoimmune diseases, and
individuals unwilling to provide consent. Runners were
informed about the study upon registration. Individuals

Study Design

Study 1: Marathon vs. Walking

Marathon

P

‘)28 km

‘, 42.2 km

‘)Okm ¢14km
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Blood Samplés & Questionnairels

Q 45 min break

@
K Walking (Time-Matched)
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Fig. 1 Study design and timing of assessments in the marathon and ultramarathon investigations. Study 1 (Marathon vs. Walking): Participants com-
pleted a marathon running condition (blue) and a time-matched walking condition (red). Blood samples and questionnaires were collected at baseline
(0 km), after 14 km, 28 km, and at the end of the marathon (=42.94 km), as well as after a standardized 45-minute recovery break. Walking sessions were
strictly time-matched to the individual marathon duration, with assessments performed at identical time points. Study 2 (Ultramarathon): Ultramarathon
runners completed races of 100 km, 160 km, or 230 km. Blood samples and questionnaires were obtained before (Pre) and after (Post) completion of

each distance
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were thoroughly informed about the study’s objectives,
procedures, and data usage. Written informed consent
was obtained from all participants.

Procedures and measurements
The study involved both pre- and post-race assessments.
Pre-race measurements were conducted either the eve-
ning before the 230 km race (5:00 p.m. to 8:00 p.m.) or
beginning two and a half hours before the start of the
160 km race (from 3:30 p.m. to 5:30 p.m.) and the 100 km
race (from 1:30 a.m. to 3:30 a.m.). Post-race assessments
took place immediately at the finish line upon partici-
pants’ arrival, following the initial celebrations, beginning
with blood collection (with a delay of approximately five
minutes). As a result, the timing of assessments varied
across participants and race conditions, reflecting the
logistical constraints of real-world ultramarathon events.
Assessments were conducted in temporary field labo-
ratory settings established at designated race locations.
Pre-race measurements were performed in indoor
facilities (e.g., sports club buildings) at multiple stations
along the course, allowing for standardized data collec-
tion procedures. Post-race assessments were conducted
immediately at the finish line in a designated area under a
sheltered outdoor pavilion within the race environment.
While efforts were made to standardize procedures
across locations, environmental conditions such as tem-
perature, humidity, and weather exposure varied between
assessment sites. Weather conditions during the compe-
tition were cool, with light rain and temperatures ranging
from 9 °C to 19 °C. Humidity was approximately 65%.
Before the race, participants completed sociodemo-
graphic questionnaires, IPAQ, EDS-R, and VAS. After
the TorTour de Ruhr®, participants completed VAS and
a post-race questionnaire including questions about run-
ner’s high experiences.

Blood sampling

Blood samples were taken from a forearm vein using a
butterfly needle (Multifly Needle with Adapter 21 G,
Sarstedt, Niimbrecht, Germany) without delay in Study
1 and Study 2. Stasis time was kept under 30 s to mini-
mize the risk of hemolysis. Plasma was collected using
7.5 mL ethylenediaminetetraacetic acid (EDTA)-coated
tubes (S-Monovette, Sarstedt, Niimbrecht, Germany),
which were immediately transferred to a cooled centri-
fuge located in the same area. Samples were centrifuged
(2000 x g, 10 min at 4 °C) and the resulting plasma was
aliquoted and stored at — 80 °C until further analysis [30].
Additionally, a 2.5 mL EDTA tube was collected to assess
hematocrit (Hct) levels.
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Assessment of Hct levels

Hct levels were measured at the Laboratory of the Insti-
tute of Medical Psychology and Behavioral Immunobi-
ology, University Hospital Essen, using an automated
hematology analyzer (XP-300, Sysmex Corporation,
Kobe, Japan).

eCB extraction and measurement

eCBs, PEA, and AA were extracted and analyzed from
100-pL plasma samples following established stan-
dardized protocols [2, 23, 31, 32]. Briefly, plasma was
extracted by parallelized extraction in 96-well plates and
qualitatively and quantitatively analyzed by liquid chro-
matography mass spectrometry/multiple reaction moni-
toring on QTRAP 5500 (AB Sciex, Framingham, MA,
USA). Deuterated eCBs, PEA and AA were spiked in
the samples immediately after sample thawing to enable
absolute quantification and account for any variability
that might occur during sample preparation and analysis.
Quantification was performed using MultiQuant soft-
ware and the obtained values were normalized to plasma
volume.

Statistical analyses

Marathon

Analyses were conducted in R (version 4.5.1) [33] using
RStudio (version 2025.09.1) [34]. To account for plasma
volume changes due to exercise-induced hemoconcen-
tration or hemodilution, eCB concentrations were nor-
malized using the following formula for percent change
in plasma volume [35]:

% change in plasma volume

_ 100 [Hct pre — Hct post]
- ([1007Hct pre]) X ( Hect post x 100

Next, they were log-transformed to correct for het-
eroscedasticity. For comprehensibility, the Hct-adjusted
but not log-transformed values are reported in the text
and figures. Linear mixed-effects (LME) analyses were
applied to evaluate effects of condition (-0.5: walking;
0.5: marathon) and time point (1 -5, dummy-coded) on
AEA, 2-AG, 1-AG, AA, and PEA, respectively. The Ime4
(version 1.1-37) [36] and ImerTest libraries (version 3.1-
3) [37] were used for LME modeling and to evaluate sig-
nificance. Significance was evaluated using restricted
maximum likelihood and p-values were computed using
Satterthwaite approximation [38]. While a maximal fit
for random effects was attempted [39], only the intercept
and condition slope could be included due to singular
fit issues. An outlier criterion based on model critique
[40] was applied, excluding data points with standard-
ized residuals exceeding+2.5. Outliers were also evalu-
ated on the subject level using Cook’s distance [41] via
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the influence.ME library (version 0.9-9) [42] at a cut-off
of 4/(n-p-1); however, none of the subjects exceeded the
criterion and thus the full sample was analyzed. Note that
three data points were missing due to data loss during
shipping of the blood vials; LME analysis is particularly
suitable for handling missing data [43]. The model equa-
tion for the eCBs was as follows:

AEA/2 — AG/1 — AG/AA/PEA ~ condition
x time point + (1 + condition|subject)

Significant interactions were followed up using estimated
marginal means [44], implemented with the emmeans
package (version 1.11.2-8). P-values were corrected using
Holm correction and degrees of freedom were calculated
using the Kenward-Roger method.

Analyses of euphoria, pain, and anxiety closely followed
the analyses of the eCBs. While euphoria scores did not
need adjustments, a weight to account for differences
in variance between time points needed to be used for
anxiety ratings, and pain ratings needed to be log-trans-
formed to correct for heteroscedasticity (as log(x+1) to
resolve issues with zeros). When weights were applied,
the containment method was used to calculate degrees of
freedom in post-hoc comparisons.

Ultramarathon

Analysis of the eCBs followed the procedure described
above for the marathon data. LME analyses were applied,
examining the effect of condition (100 km, 160 km,
230 km, dummy-coded) and time point (-0.5: before;
0.5: after) on AEA, 2-AG, 1-AG, AA, and PEA, respec-
tively. Only a random intercept per subject was included
due to the model being unidentifiable when time point is
included as a random slope. One subject (100 km) had to
be excluded from the analyses due to missing data from
before the ultramarathon, impeding Hct correction. One
more subject had to be excluded for the analysis of 1-AG
and 2-AG due to exceeding the Cook’s distance criterion.
The model equation was as follows:

AEA/2 — AG/1 — AG/AA/PFEA ~ condition
X time point + (1| subject)

Analyses of euphoria, pain, and anxiety closely followed
the analyses of the eCBs. While euphoria scores required
no adjustment, anxiety ratings were weighted to account
for variance differences between time points, and pain
ratings were log-transformed to correct for heteroscedas-
ticity. Two subjects needed to be excluded for the anal-
ysis of euphoria and one subject needed to be excluded
from the analysis of anxiety due to exceeding the Cook’s
distance criterion.
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Results

Study 1: marathon study

A total of 19 participants were enrolled (7 females, 12
males; see Additional File 1: Tables S1 and S2). The aver-
age age was 46.2 years (SD=9.9) with a mean BMI of
23.7 kg/m® (SD=2.9). On average, participants ran 47 km
per week (SD=18.4) and reported predominantly high
physical activity levels (94% of participants), with only
one participant showing moderate activity. The mean
distance covered was 42.94 km (SD=0.65 km) for the
marathon and 21.17 km (SD=4.10 km) for the walk-
ing condition. One subject walked an exceptionally long
distance during the walking condition (38.1 km). All
participants were classified as “non-dependent but symp-
tomatic” in the EDS-R.

HR and pace during running and walking

On average, participants had an HR of 145.08 bpm
(SE=1.29) in the marathon and 102.09 bpm (SE=1.65)
in the walking condition. The percentage of maxi-
mum HR was calculated by the formula of Tanaka et al.
(HRmax=208-0.7 x age; [45]). On average, participants
reached 82.71% of HRmax (SE=0.76) during RUN com-
pared with 57.59% of HRmax (SE=0.94) during WALK.
Mean pace was 6.95 min/km (SE=0.16) during RUN and
12.24 min/km (SE=0.26) during WALK. HR, percentage
of HRmax, and pace across distance segments and condi-
tions are presented in Fig. 2.

Study 2: ultramarathon

A total of 36 ultramarathoners (13 females, 23 males)
were included in the final analysis (230 km: n=13;
160 km: n="7; 100 km: n = 16; see Additional File 1: Table
S3). Mean BMI was 23.5 kg/m?* (SD=2.4), and the aver-
age age was 50.2+8.6 years. Participants had extensive
endurance experience, completing on average 57 mara-
thons and 41 ultramarathons. Weekly running distance
averaged 71+27 km per week, which was highest in the
230 km group. Most athletes were classified as “highly
active” on the IPAQ, with moderate daily sitting times of
around five to six hours. According to the EDS-R, most
athletes were classified as “non-dependent but symptom-
atic”, while none were classified as at risk for exercise
dependence.

eCB responses to marathon, walking, and ultramarathon
running

Circulating eCB responses were dominated by robust and
temporally structured changes in AEA and 2-AG. Dur-
ing the marathon, AEA concentrations were significantly
higher than during walking, with a pronounced condi-
tion x time point interaction (Table 1). While baseline
levels did not differ between conditions, AEA increased
progressively during marathon running, showing a trend
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Fig. 2 Heart rate, relative heart rate, and pace during marathon running and time-matched walking around Lake Baldeney, Essen (n=19). Running
(RUN, red) and walking (WALK, blue) conditions were compared within the same cohort. Heart rate (HR), relative HR expressed as percentage of age-
predicted maximum HR (%HRmax), and pace were assessed across distance segments and conditions. HRmax was estimated using the Tanaka formula
(HRmax=208—-0.7 x age). Data are shown as means + SE; small dots represent individual values. Across all distance segments, HR was consistently higher
during running than during walking. One participant deviated from the walking protocol requiring smooth, low-intensity walking and instead walked
at high intensity, maintaining an HR of approximately 140 bpm, which was only slightly lower than the individual HR during running (approximately
154 bpm); this protocol deviation is visible in the elevated blue data points within the walking condition

Table 1 Endocannabinoid and related lipid responses during marathon vs. walking around Lake Baldeney (time-matched conditions)

Analyte Main Effect Condition Main Effect Time Condition x Time Interaction Direction of Effects
(post-hoc)

AEA F(1,17.94)=6.98, F(4,137.34)=91.33, F(4,137.33)=12.77,p < 0.001 No baseline difference; higher during marathon
p=0017 p < 0.001 from 14 km onward, persisting post-exercise

2-AG F(1,17.15)=17.05p < F(4,134.31)=8.70, F(4,134.26)=37.00, p < 0.001 Higher during walking early; reversed later with
0.001 p <0.001 higher marathon levels at 42 km and post-exercise

1-AG F(1,1794)=1.77, F(4,138.37)=0.59, F(4,138.37)=19.51,p < 0.001 Initially lower during marathon, plateau mid-race,
p=0.200 p=0671 higher during marathon at later time points

AA F(1,18.17)=6.92, F(4,138.00)=130.85,p F(4,137.97)=4.29, No early differences; higher during marathon from
p=0.017 <0.001 p=0.003 28 km through post-exercise

PEA F(1,17.87)=0.97, F(4,135.38)=63.08, F(4,135.40)=0.94, Progressive increase over time, independent of
p=0.339 p <0.001 p=0442 condition

Shown are main effects of condition (marathon vs. walking), time point, and their interaction derived from linear mixed-effects models, as well as the direction of
significant post-hoc contrasts across time points. Running and walking conditions were strictly time-matched, and blood sampling was performed at identical time

points

AEA anandamide (N-arachidonoylethanolamine), 2-AG 2-arachidonoylglycerol; 1-AG 1-arachidonoylglycerol; AA arachidonic acid; PEA palmitoylethanolamide

toward higher concentrations than during walking after
the first lap and reaching clear significance from the mid-
race time point onward. Elevated AEA levels persisted at
race completion and remained significantly higher than
walking values 45 min post-exercise. In contrast, 2-AG
exhibited a distinct biphasic pattern during the marathon
(Table 1). Early during exercise, 2-AG levels were higher
in the walking condition, whereas this pattern reversed
during the later stages of the marathon and into early
recovery, with significantly higher 2-AG concentrations
observed following prolonged running. This marked
condition-dependent crossover resulted in an interaction
between condition and time point.

Ultramarathon running was likewise associated with
pronounced alterations in AEA and 2-AG (Table 2).
Across all ultramarathon distances, AEA levels increased
substantially from pre- to post-race, reflecting a strong
and consistent time effect independent of distance cat-
egory. For 2-AG, post-race concentrations were also

significantly elevated, with additional distance-related
differences indicating higher levels following shorter
compared with longer ultramarathon distances, although
interaction effects did not reach statistical significance.
Changes in other eCB-related lipids, including 1-AG,
AA, and PEA, displayed analyte-specific time- and dis-
tance-dependent patterns but were less consistent across
conditions and time points.

Model fit indices supported the robustness of these
findings, with marginal/conditional R* values of 0.39/0.86
for AEA and 0.30/0.80 for 2-AG in the marathon study,
and 0.73/0.78 for AEA and 0.49/0.66 for 2-AG in the
ultramarathon study. The results are summarized in
Tables 1 and 2 and illustrated in Fig. 3; all time-resolved
concentrations, estimated marginal means, and post-hoc
contrasts are provided in full in the Additional File 1:
Tables S5-S14).
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Table 2 Endocannabinoid and related lipid responses to ultramarathon running (TTdR)

Analyte Main Effect Condition Main Effect Time (pre Condition x Time Direction of Effects
(distance) vs. post) Interaction (post-hoc)

AEA F(2,31.13)=0.25, F(1,30.90)=201.94, p < F(2,30.95)=0.02, Marked increase after ultramarathon across all
p=0.783 0.001 p=0979 distances

2-AG F(2,30)=3.33, F(1,30)=67.03, F(2,30)=2.00, Higher post-race across distances; trend for
p =0.049 p <0.001 p=0.153 higher levels at 100 km vs. 230 km

1-AG F(2,30)=4.99, F(1,30)=0.22, F(2,30)=0.14, Lower levels at 230 km compared with 100 km
p=.013 p=0643 p=0872 and 160 km; no time effect

AA F(2,31)=1.10, F(1,31)=25146, F(2,31)=0.88, Strong increase after ultramarathon independent
p=0354 p < 0.001 p=0424 of distance

PEA F(2,3048)=16.17, F(1,30.27)=1.25, F(2,30.37)=18.82, Higher levels at 230 km; post-race increase at
p <.001 p=0273 p < 0.001 100 km, no change at 160 km, decrease at 230 km

Shown are the main effects of distance (100 km, 160 km, 230 km), time point (pre vs. post-race), and their interaction, derived from linear mixed-effects models,
as well as the direction of significant post-hoc contrasts. Blood samples were collected immediately before and after completion of each ultramarathon distance

AEA anandamide (N-arachidonoylethanolamine), 2-AG 2-arachidonoylglycerol; 1-AG 1-arachidonoylglycerol; AA arachidonic acid; PEA, palmitoylethanolamide

Psychological outcomes during marathon, walking and
ultramarathon

Psychological responses differed between marathon and
walking conditions and across ultramarathon distances
(Tables 3 and 4; Fig. 4). During the marathon, euphoria
and pain ratings were significantly higher compared with
walking and changed over time, with condition x time
interactions indicating more pronounced differences
during the later stages of exercise. Anxiety showed a sig-
nificant time-dependent modulation, with lower ratings
toward the end of the marathon compared with walk-
ing. Under normal running conditions, runner’s high
was reported as frequent by four participants, rare by
five, or very rare by six; no participant reported always
experiencing a runner’s high, while three reported never
experiencing it. Retrospectively, in the marathon condi-
tion, three of 19 participants reported having experi-
enced a runner’s high, whereas eight reported none and
eight were unsure; during walking, only one participant
reported a runner’s high, while the majority reported
none. Pain was frequently reported during the marathon
(11 of 19 participants) but was uncommon during walk-
ing (three of 19). Anxiety was rarely reported, with only
one participant indicating anxiety during the marathon
and none during walking (see Additional File 1: Table S2).

In the ultramarathon cohort, pain increased markedly
from pre- to post-race across all distances, whereas anxi-
ety decreased after completion of the race, with distance-
dependent effects that were more pronounced at 100 km
and 160 km than at 230 km. Euphoria did not show sig-
nificant changes during ultramarathon running. All indi-
vidual ratings and time-resolved values are provided in
the Additional File 1: Tables S15-S20.

The majority (24 of 36) reported having experienced
a runner’s high before, while only one had never expe-
rienced it (see Additional File 1: Table S4). During reg-
ular training, most described this feeling as occurring
occasionally to frequently. During the race itself, 12

participants reported having experienced a runner’s high,
whereas 19 did not. Pain was almost universal, with 29
of 36 runners reported pain during the race, whereas five
reported no pain and eight reported the use of pain med-
ication, particularly in the longest distance group. Anxi-
ety during running was uncommon, reported by only five
participants.

Baseline differences between men and women (both
marathon and ultramarathon)

There were no differences in baseline eCBs between men
and women across the marathon and ultramarathon
studies, all p>.449. Sex also did not explain additional
variance when added to the LME analyses as an addi-
tional factor, indicating that eCB progression did not dif-
fer between men and women, all p>.075, except for AA
in the marathon study (see Additional File 1: Table S21
and Figure S1).

Differences in eCBs after the run between marathon and
ultramarathon

In an additional exploratory analysis, we compared
whether eCB levels immediately after a marathon differed
from those after an ultramarathon. AEA, t(21.56) =3.21,
p = .004, 2-AG, t(23.34)=247, p = .02, and AA,
t(33.04) =2.25, p = .031 were higher after the marathon
than after ultramarathon running (see Table 5). There
were no significant differences for 1-AG, t(41.9)=0.92, p
=.361, and PEA, t(49.13)=1.13, p = .263.

Discussion

Our study shows eCB dynamics across marathon and
ultramarathon running and affective responses during
prolonged endurance exercise. Across both the mara-
thon—walking design and the ultramarathon setting, we
observed robust increases in several eCBs, especially
AEA, which continued to rise beyond the first hour of
exercise. In parallel, prolonged running was accompanied
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(See figure on previous page.)

Fig. 3 Endocannabinoid responses during marathon running (n=19, Lake Baldeney, Essen) and ultramarathon competition (n=36, TTdR). Circulating
concentrations in ng/mL of eCBs and related lipids measured during a marathon (left panels) and ultramarathon competition (right panels). During
the marathon, blood samples were collected before exercise (0 km), after each completed lap (14 km; 28 km), immediately after the run (=42.94 km),
and 45 min post-exercise, comparing running (RUN) and walking (WALK) conditions. During ultramarathons, samples were obtained before and after
completion of 100-km, 160-km, and 230-km distances. Individual data points represent single participants; error bars indicate means +standard error of
the mean. Asterisks indicate significant interaction effects (p <.05), reflecting differences between RUN and WALK at specific marathon time points or
between before and after within a given ultramarathon distance, while crosses (+) denote trend-level effects (0.05 < p <.10). Brackets with asterisks denote
significant main effects of time (before vs. after) across all ultramarathon distances. Main effects of distance are not shown for clarity. AEA, anandamide
(N-arachidonoylethanolamine); 2-AG, 2-arachidonoylglycerol; 1-AG, 1-arachidonoylglycerol; AA, arachidonic acid; PEA, palmitoylethanolamide; RUN, running;

WALK, walking

by acute affective changes, including higher euphoria
ratings in the marathon study and reduced anxiety after
prolonged running.

eCB responses to walking, marathon and ultramarathon
running

eCBs are produced on demand from AA derived from
cell membrane phospholipids, particularly in the brain
and skeletal muscle [46]. Thus, a sustained reservoir for
eCB production exists, and we showed that this reservoir
is sufficient to sustain eCB synthesis for more than 24 h
of endurance running, consistent with the hypothesis
that the eCB system may contribute to adaptations rel-
evant to long-distance running [47].

Furthermore, we showed that eCB levels remained
elevated even 45 min after a marathon distance. Previous
studies suggested that eCB levels decline rapidly follow-
ing endurance exercise [10, 25]. Here, we found that after
a marathon eCB levels declined only gradually over the
45 min following the run. Thus, these eCBs may still act
as neuromodulators with potential post-exercise effects
(such as sedation).

In the marathon study, AEA increased markedly with
distance and was consistently higher during running
compared with walking, especially beyond 28 km and up
to 45 min after race completion. In the current literature,
AEA elevations during endurance sports are a robust
finding [4, 10]. Because interruptions were minimized
to allow blood sampling, this study showed a continuous
rise in AEA during running.

On the other hand, 2-AG concentrations increased
during the later stages of marathon running, during the
recovery break, and within five minutes after the ultra-
marathons. The pattern is consistent with the broader
literature, which shows more heterogeneous results for
2-AG compared with the more robust findings for AEA
[4, 10, 24]. In our data, the elevation of 2-AG was only
significant after running, leading us to hypothesize that
AEA and 2-AG may support different psychological
and physiological processes during endurance exercise,
although no definitive mechanism can be inferred from
our data. Given that AEA and 2-AG are synthesized via
distinct enzymatic pathways (NAPE-PLD and DAGL,

respectively), differences in their temporal dynamics are
not unexpected.

In contrast, PEA showed a time-dependent effect but
no condition-dependent effect. During the ultrama-
rathon, PEA decreased after 230 km, increased after
100 km, and showed no significant change after 160 km.
One possible explanation may relate to differences in
nutritional status or timing of sample collection, as the
100 km race began in the early morning. Compared with
AEA, increases in PEA have been reported less consis-
tently in the literature. In a systematic review, only four
out of ten studies observed elevations in PEA during
endurance exercise (in contrast: AEA increases in 14 of
17 studies [10]). Notably, AEA and PEA, despite sharing
common degradation pathways via FAAH, exhibited dif-
fering patterns in the present study, suggesting that regu-
latory mechanisms beyond enzymatic degradation may
contribute to their dynamics during endurance exercise.

In an additional exploratory analysis, post-exercise eCB
levels were higher following the marathon compared
with the ultramarathon conditions across all distances.
This finding is notable, as it suggests that factors beyond
exercise duration may influence eCB responses. One
possible explanation is the difference in relative exercise
intensity. Marathon running is typically performed at a
higher intensity, often closer to the anaerobic threshold,
whereas ultramarathon running is characterized by sub-
stantially lower, more sustainable intensities. Given that
previous research has linked eCB release to moderate-
to-high intensity exercise, the lower eCB levels observed
after ultramarathon running may reflect reduced inten-
sity despite the longer duration [9]. This interpretation
is in line with our findings from the walking condition,
where lower-intensity activity was also associated with
smaller increases in eCB levels. In addition, cumula-
tive fatigue, energy depletion, and pacing strategies dur-
ing ultramarathon events may further attenuate eCB
responses. Together, these findings suggest that relative
exercise intensity may be an important determinant of
eCB dynamics, potentially exceeding the influence of
exercise duration alone. However, given the exploratory
nature of this comparison and the lack of direct intensity
standardization, these interpretations should be consid-
ered with caution.
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Outcome Effect Statistic p-value Direction

Euphoria Condition F(1,18.02)=9.07 0.007 Marathon >Walking
Time point F(4,140.36)=4.52 0.002 Varies over time
Condition x Time F(4,140.36)=2.88 0.025 TP2,TP4,TP5

Pain Condition F(1,17.93)=10.54 0.004 Marathon >Walking
Time point F(4,142.18)=17.66 <0.001 Increases over time
Condition x Time F(4,142.18)=3.03 0.020 TP3-TP5

Anxiety Condition F(1,156)=1.90 0.170 ns.
Time point F(4,156)=5.02 <0.001 Changes over time
Condition X Time F(4,156)=3.94 0.005 Lower post-marathon

Mixed-effects model results for euphoria, pain, and anxiety assessed repeatedly before, during, and after marathon running and a matched walking condition.
Reported are main effects of condition and time point, as well as their interaction. Direction indicates the condition or time points at which significant differences

were observed

TP = time point; n.s. = not significant

Table 4 Psychological outcomes during ultramarathon running (TTdR competition)

Outcome Effect Statistic p-value Direction
Euphoria Condition F(2,30.79)=2.51 0.098 Trend (100-160 km > 230 km)
Time point F(1,30.34)=0.10 0.749 n.s.
Condition x Time F(2,30.63)=2.57 0.093 Trend
Pain Condition F(2,3061)=0.23 0.793 n.s.
Time point F(1,29.46)=96.95 <0.001 Post > Pre
Condition x Time F(2,29.68)=0.80 0.460 ns.
Anxiety Condition F(2,32)=1.66 0.207 n.s.
Time point F(1,27)=30.75 <0.001 Post < Pre
Condition x Time F(2,27)=3.98 0.031 100 km & 160 km > 230 km

Results of mixed-effects models examining euphoria, pain, and anxiety before and after ultramarathon running across different race distances (100, 160, and 230
km). Reported are main effects of distance (condition), time point (pre vs. post), and their interaction. The direction column indicates the comparison underlying
significant or trend-level effects. Note: Distance refers to ultramarathon length (100, 160, and 230 km)

n.s. = not significant

Another explanation for the lower 2-AG levels
observed after 14 km and 28 km of running, compared
with studies reporting elevated 2-AG levels after shorter
exercise bouts, may be that well-trained individuals often
exhibit reduced baseline eCB levels [10]. Because the
participants in our study were highly trained runners
(47-71 km running per week), baseline levels may have
been comparatively low. This raises two possible hypoth-
eses: first, endurance athletes may need to run longer
distances or at higher intensities to elicit 2-AG and AEA
responses comparable to those observed in less-trained
individuals; second, they may regulate the production of
2-AG and AEA more precisely in an activity-dependent,
‘on-demand” manner. Our findings are more consistent
with the first hypothesis, as 2-AG levels increased only
gradually during the early phase of the run, particularly
when compared with studies involving less-trained indi-
viduals and shorter exercise durations [23, 48—50].

One ambitious participant did not adhere to the study
protocol requiring steady, low-intensity walking around
Lake Baldeney, but instead walked at a high intensity
while maintaining an HR (= 140 bpm) slightly lower than
that during running (=154 bpm). This participant’s eCB
levels were comparable to those observed under running

conditions, suggesting that intensity rather than locomo-
tor biomechanics may drive eCB elevation. This finding
is consistent with our earlier results and the study by
Feuerecker et al. in which intense alpine hiking produced
elevated eCB levels [23, 51].

Psychological responses alongside eCB changes

On the psychological level, euphoria and pain ratings
were higher during marathon running than during walk-
ing at several time points, while state anxiety showed a
trend-level reduction toward the end of the run. Eupho-
ria showed a clear condition x time interaction, with
higher ratings in the marathon condition particularly at
intermediate and late time points.

At 28 km, euphoria levels during the marathon did
not significantly differ from those during walking, which
were similar to baseline levels. This running phase typi-
cally coincides with the metabolic shift toward fat oxi-
dation and the feeling of “hitting the wall” is commonly
reported [52, 53].

Pain ratings followed a different pattern. Perceived
exercise-related pain increased markedly over time and
was consistently higher in the marathon than in the walk-
ing condition at later time points. Pain ratings did not
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Fig. 4 Psychological outcomes during marathon and ultramarathon running. Shown are subjective psychological measures (euphoria, anxiety, and
pain) assessed during a marathon (left panels) and ultramarathons (right panels). During the marathon (n=19), assessments were performed before
exercise (0 km), after each completed lap (14 km; 28 km), immediately after the run (=42.94 km), and 45 min post-exercise, comparing running (RUN)
and walking (WALK) conditions. Ultramarathon data were obtained from 36 participants during the TorTour de Ruhr® competition and assessed before
and after completion of 100 km, 160 km, and 230 km distances. Individual data points represent single participants; error bars indicate means + standard
error of the mean. Overall, running was associated with higher euphoria and lower anxiety, while pain increased with prolonged distance, particularly
during ultramarathon events. Asterisks indicate significant interaction effects (p <.05), reflecting differences between RUN and WALK at specific marathon
time points or between before and after within a given ultramarathon distance, while crosses (+) denote trend-level effects (0.05 < p <.10). Brackets with
asterisks denote significant main effects of time (before vs. after) across all ultramarathon distances. Main effects of distance are not shown for clarity

Table 5 Means and standard deviations of eCBs after the
marathon and ultramarathon

Marathon Ultramarathon
AEA 32.38 (19.00) 17.07 (9.46)
2-AG 2.29(0.88) 1.73(0.52)
AA 9129.83 (3440.10) 6916.33 (3248.20)

Post-exercise concentrations of eCBs and related lipids for marathon and
ultramarathon runners. Values represent means with standard deviations

eCBs, endocannabinoids; AEA anandamide; 2-AG 2-arachidonoylglycerol;
AA arachidonic acid

Note: NMarathon = 19, Nuitramarathon = 36

increase after 14 km of running, whereas a significant
elevation became apparent only at the 28 km time point.
These findings should be interpreted cautiously, as sub-
jective exercise-related pain differs from exercise-induced
hypoalgesia. The latter refers to an increased pain thresh-
old in response to experimentally induced stimuli (e.g.,
pressure or temperature) and does not directly reflect
the perception of tissue stress or microtrauma during
exercise. One possible explanation is that during a mara-
thon, pain resulting from cumulative physical strain may
exceed the capacity of endogenous analgesic mechanisms
to fully suppress its perception. Moreover, five partici-
pants reported retrospectively that they did not feel any
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pain during an ultramarathon. This observation suggests
that exercise can still induce pronounced hypoalgesic
effects, even under extreme physiological load.

Anxiety showed modest but meaningful changes. In
the marathon, baseline state anxiety was slightly higher in
the running condition and decreased toward the end of
the run, whereas walking showed a flatter development.
In the ultramarathon, anxiety was significantly reduced
after the race, particularly in the 100 and 160 km groups,
with a weaker effect in the 230 km group. Importantly,
most of the participants were unfamiliar with scientific
study procedures, including repeated blood sampling,
and ultramarathon runners often competed on unfa-
miliar routes in the dark, frequently running completely
alone. In addition, the marathon running condition was
conducted before the walking condition, which may have
contributed to elevated baseline anxiety due to anticipa-
tory uncertainty. Despite these challenging conditions,
most runners retrospectively reported having felt no anx-
iety during the runs (marathon: 18/19; ultramarathon:
29/36), highlighting anxiolytic effects as a robust psycho-
logical change. Overall, these patterns are in line with the
view that eCB signaling contributes to the anxiolytic and
calming components of long-term running, but also that
this relationship is not linear and is strongly influenced
by context and duration.

Given these psychological changes, it is not surprising
that the EDS-R identified a substantial number of athletes
as “non-dependent but symptomatic” (marathon: 19/19;
ultramarathon: 31/36). Multiple studies have identified
addiction-like behaviors in endurance athletes [54—56].
These include craving, dysphoric withdrawal symptoms
during training interruptions, and a compulsive urge to
continue exercising despite adverse consequences. One
possible mechanism for exercise dependence might
be that athletes gradually increase training volume to
achieve the same rewarding effects through eCBs as base-
line levels are significantly lower [10]. As a result, some
individuals may continue running even when injured,
exhausted, or when training begins to interfere with fam-
ily life and social responsibilities.

Strengths, limitations, and future directions

A major strength of this field study is the combination of
a within-subject marathon-walking design with an ultra-
marathon cohort spanning three distances. The repeated
blood sampling, comprehensive affective measures, and
rigorous mixed-effects modeling provide a detailed char-
acterization of eCB dynamics in combination with psy-
chological changes.

We recognize several limitations in our study. Using
walking as a comparison condition may have reduced
observable differences in eCB levels. A more sedentary
control, such as sitting, could have provided a stronger
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contrast. However, we were also interested in exploring
the positive psychological effects of walking in nature and
our earlier research showed an increase in eCBs through
walking on a treadmill [23], which could be replicated
in the present field-based setting. At the same time, this
approach introduces a limitation, as walking represents a
lower-intensity physiological condition rather than a neu-
tral baseline. Therefore, differences between conditions
should be interpreted as reflecting relative differences in
exercise intensity rather than the presence versus absence
of physiological activation.

Allowing participants to run and walk under preferred
conditions introduced variability but ensured ecologi-
cal validity. As a result, physiological load likely differed
between participants, which may have contributed to
variability in eCB responses. However, our primary aim
was to preserve conditions that more closely reflect real-
world running and walking behavior, rather than impose
strictly controlled laboratory settings. In particular, dif-
ferences in pacing strategies during the marathon may
have led to heterogeneous exercise intensities across par-
ticipants, which could not be accounted for in the pres-
ent analyses. In addition, in both studies, time-of-day and
contextual differences between sessions (e.g., nutritional
status, rest, and anticipatory stress) were not fully con-
trolled and may have influenced eCB levels, represent-
ing a potential source of bias in the interpretation of the
findings.

A further limitation is the use of single-item VAS to
assess complex psychological constructs such as eupho-
ria and anxiety. While VAS is well validated for the
assessment of pain [57], their application to multidi-
mensional affective states is less established and should
therefore be interpreted as an approximate rather than a
comprehensive assessment. This is particularly relevant
given that the runner’s high is considered a multidimen-
sional phenomenon, encompassing affective, cognitive,
and perceptual components. However, the use of brief
VAS measures allowed for rapid data collection in a field
setting, minimizing disruption of the exercise protocol
and enabling the assessment of acute, in-exercise changes
rather than delayed post-exercise effects.

Several methodological limitations should be consid-
ered, including the small sample sizes, heterogeneity
between the marathon and ultramarathon study designs,
the limited number of measured eCB-related lipids, and
the absence of longer-term follow-up samples, all of
which restrict direct comparability between studies and
limit mechanistic interpretation.

Furthermore, the competitive nature of the TorTour
de Ruhr® may have driven participants closer to their
physical limits, potentially hindering the development
of a runner’s high due to catecholamine-driven stress
responses [58]. Due to the race setting, it was not possible
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to obtain samples during the competition, which limits
the comparability between Study 1 and Study 2. Lastly,
because space for equipment was limited at the 230 km
starting area, pre-run samples were collected the evening
before the race and may have differed from baseline lev-
els at the beginning of the race.

To date, nearly all studies investigating eCB signal-
ing during running in humans have relied on peripheral
blood sampling to examine the influence of eCBs on the
runner’s high. A study in mice showed that anxiolysis
depends on intact CB1 receptors on forebrain GABAer-
gic neurons, while pain reduction is mediated by the acti-
vation of peripheral CB1 and CB2 receptors [2]. Future
research should aim to explore eCB signaling directly
in humans. For example, using PET imaging could help
bridge this knowledge gap as some radiotracers have
already been tested in humans [59-61]. Additionally,
integrating multiple neurochemicals known to play a cru-
cial role in the runner’s high, such as eCBs, leptin, BDNEF,
cortisol, oxytocin, serotonin, dopamine, and noradrena-
line, would provide a more comprehensive understand-
ing of this phenomenon.

Conclusions

In conclusion, our findings show robust and time-depen-
dent changes in circulating eCB levels during prolonged
endurance exercise. AEA increased continuously during
running whereas 2-AG showed a delayed rise. In parallel,
the marathon study showed higher euphoria and lower
anxiety ratings during running than during walking, par-
ticularly at later time points. The persistent elevation of
eCBs after 45 min of recovery further highlights their
relevance for post-exercise mood changes and calming
effects. Overall, our findings suggest that changes in cir-
culating eCB concentrations may represent an important
physiological feature of prolonged endurance exercise in
humans and occur alongside affective changes to poten-
tially promote long-distance running.

Abbreviations

AA arachidonic acid

AEA anandamide (N-arachidonoylethanolamine)
AG arachidonoylglycerol

BMI body mass index

CB1 cannabinoid receptor 1

CB2 cannabinoid receptor 2

eCB endocannabinoid

EDS-R  Exercise Dependence Scale-Revised

EDTA ethylenediaminetetraacetic acid

FAAH fatty acid amide hydrolase

GPS global positioning system

Hct hematocrit

HR heart rate

IPAQ International Physical Activity Questionnaire
LME linear mixed—-effects model

MAGL  monoacylglycerol lipase

PEA palmitoylethanolamide

RUN running
SD standard deviation
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SE standard error
TTdR TorTour de Ruhr®
VAS visual analog scale
WALK  walking
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