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Abstract

The runner’s high is an ephemeral feeling some humans experience during and after endurance exercise. Recent
evidence in mice suggests that a runner’s high depends on the release of endocannabinoids (eCBs) during exercise.
However, little is known under what circumstances eCBs are released during exercise in humans. This systematic
review sampled all data from clinical trials in humans on eCB levels following exercise from the discovery of eCBs
until April 20, 202 1. PubMed/NCBI, Ovid MEDLINE, and Cochrane library were searched systematically and reviewed
following the PRISMA guidelines. From 278 records, 2| met the inclusion criteria. After acute exercise, 14 of |17 studies
detected an increase in eCBs. In contrast, after a period of long-term endurance exercise, four articles described a
decrease in eCBs. Even though several studies demonstrated an association between eCB levels and features of the
runner’s high, reliable proof of the involvement of eCBs in the runner’s high in humans has not yet been achieved
due to methodological hurdles. In this review, we suggest how to advance the study of the influence of eCBs on the
beneficial effects of exercise and provide recommendations on how endocannabinoid release is most likely to occur

under laboratory conditions.
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Introduction

The search for the neurobiological causes of the runner’s
high has fascinated scientists and laymen for the past
decades. A runner’s high is defined as an emotional state
during or after endurance training characterized by
reduced pain sensitivity, sedation, euphoria, and reduced
anxiety. Some have also emphasized a lost sense of time
and feelings of effortlessness (Dietrich and Audiffren
2011).

Historically, studies of the 1980s (Appenzeller 1981;
Carr and others 1981) claimed that the release of endor-
phins, a hydrophilic molecule binding to opioid recep-
tors, is responsible for the runner’s high. The endorphin
hypothesis was poorly supported by evidence, although it
was widely perpetrated by the media (Dietrich and
McDaniel 2004). Several findings speak against this
hypothesis: First, peripheral endorphins do not have a
major effect on the brain, as they cannot cross the blood-
brain barrier due to their hydrophilic structure (Dietrich
and McDaniel 2004). In line, a connection between
peripheral endorphin levels during endurance exercise
and elevated mood could not be found (Kraemer and oth-
ers 1989). Second, blockage of the opioid system did not
affect the subjective experience during endurance exer-
cise (Farrell and others 1986; Markoff and others 1982).

In the 1990s, two main endogenous endocannabinoids
(eCBs) were discovered: arachidonoyl ethanolamide,
which was termed “anandamide” (AEA) in 1992 (Devane
and others 1992), and 2-arachidonoyl glycerol (2-AG) in
1995 (Mechoulam and others 1995). Their discovery led
to the so-called endocannabinoid hypothesis of the run-
ner’s high. In comparison to endorphins, eCBs are lipo-
philic molecules and can penetrate the blood-brain barrier
easily, making them better candidates to explain the run-
ner’s high (Dietrich and McDaniel 2004; Fuss and others
2015; Siebers and others 2021; Watkins 2018). The eCB
system is a potent endogenous system involved in various
physiological functions in the nervous system. Some
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Figure |. The release of endocannabinoids is triggered by various
turn were associated with a plethora of (neuro)biological conseque
Hillard (2018).

involved physiological processes are synaptic transmis-
sion, mood, reward, anxiety, appetite, memory process-
ing, neuroprotection, and neuroinflammation (Hillard
2018; Watkins 2018; Fig. 1). Furthermore, they also play
important roles during neural development, for example,
neuronal proliferation, neuronal migration, and axonal
growth (Hillard 2015). The two main eCB compounds, AEA
and 2-AG, bind to G-protein-coupled cannabinoid receptors
CBI1 and CB2. In addition, various related biogenic lipids are
often described and sampled in addition to the eCBs since
they involve the same precursors, such as N-acylated etha-
nolamine phospholipids (N-oleoylethanolamine [OEA],
N-palmitoylethanolamine [PEA], N-stearoylethanolamine
[SEA]) and diacylglycerol (2-oleoylglycerol [2-OG]).
Interestingly, it seems that not every human can expe-
rience a runner’s high. For example, studies with endur-
ance runners reported that only 69% to 77% of the
participants experienced a runner’s high at least once in
the past (Hinton and Taylor 1986; Siebers and others

stimuli (red arrows). Higher levels of endocannabinoids in
nces (blue arrows). The figure is adapted and updated from

2021). This finding may however also stem from a poor
conceptualization of the runner’s high as participants are
usually only asked whether they ever experienced this
phenomenon without further description. This compli-
cates research into the neurobiology of a runner’s high.
Despite the inconsistent occurrence in humans, the
neurobiological basis of the endophenotypes of the run-
ner’s high can be studied in animal models. Various stud-
ies indicated that eCB signaling is essential for voluntary
wheel running in mice and rats (Dubreucq and others
2010; Dubreucq and others 2013; Fuss and others 2015;
Galdino and others 2014). Studies also showed that two
criteria of the runner’s high, hypoalgesia and anxiolysis,
were indeed related to an increase in eCBs postexercise in
animal models (Fuss and others 2015). However, another
aspect of the runner’s high, euphoria, is yet not possible
to study in animal models. Therefore, in recent years,
there have been increasing efforts to investigate the rela-
tionship between characteristics of the runner’s high and
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¢CBs in humans. This systematic review aims to provide
a contemporary overview of the relation between endur-
ance exercise and eCBs, and also addresses the four main
features of the runner’s high: reduced pain sensitivity,
sedation, euphoria, and reduced anxiety.

Method

A systematic search for trials concerning endurance exer-
cise and the eCB system was conducted in accordance
with the PRISMA guidelines (Shamseer and others 2015).

Inclusion Criteria

All trials that met the following criteria were included:
(1) published in English in a peer-reviewed journal; (2)
original article; (3) experimental trials with human par-
ticipants; (4) containing aerobic exercise, namely,
cycling, running, or hiking; (5) with a duration of at least
20 minutes; (6) low- to high-intensity levels; (7) mea-
surement of eCB and eCB-like lipid levels in the blood
before and after exercise or comparing eCBs in an exer-
cise and control group.

Procedure

To provide an overview of studies regarding eCBs and the
runner’s high, a keyword list was defined (endocannabi-
noid AND (running OR cycling OR hiking OR exercise
OR physical activity)). First, PubMed/NCBI and Ovid
MEDLINE, and Cochrane library were checked system-
atically until April 20, 2021. The Mesh Terms “Exercise”
and “Endocannabinoids” were used if possible. For exam-
ple, the following search was used in PubMed:
(“Exercise”[Mesh]) AND (“Endocannabinoids”’[Mesh]).
The list was complemented by studies from past
reviews and personal libraries. First, by reading the titles
and, if necessary, by reading the abstracts, all studies
were ordered into two groups: animal studies and human
studies by two independent reviewers (Fig. 2). Next,
every unique article was examined to determine whether
the studies follow the inclusion criteria by reading the
abstracts. Especially, attention was paid to the criteria of
time series eCB and eCB-like lipids comparison in blood
and endurance exercise. After the articles’ discard, 35
studies met inclusion criteria and were further analyzed.
In the end, 21 articles met the inclusion criteria with 31
samples (26 on acute exercise; 5 on long-term exercise).
The studies were ordered alphabetically in two tables
regarding acute exercise (Table 1) or long-term exercise
training (Table 2) including 571 participants (243 women,
306 men, 22 not reported). In total, this systematic
research included 378 participants in the study of acute
exercise and 193 individuals who were studied regarding

long-term exercise training. Nineteen of the 378 and 46
of the 193 participants did not perform exercise as they
were part of a control group.

Results

Blood Sampling Methods and Exercise Time

Most of the articles focused on eCB blood levels before
and after acute exercise (81%; Table 1). More than half of
the studies observed eCB levels after exercise on a tread-
mill (57%) followed by cycling (29%). Only one study
examined eCB levels during hiking in nature (Feuerecker
and others 2012). In general, participants were perform-
ing exercise from 20 to 60 minutes (warm-up and cool-
down excluded; see Tables 1 and 2) with an average time
of 37 minutes. Mostly, blood was sampled before and
immediately after acute exercise. One study measured
eCBs in blood serum (Meyer and others 2019), whereas
all other studies measured eCBs in blood plasma. Two
studies sampled only blood after a break of more than 10
minutes after exercise (Cedernaes and others 2016;
Stensson and Grimby-Ekman 2019). Articles that studied
chronic exercise sampled blood before and after the long-
term exercise program. Nearly all included articles
reported on AEA levels (95%), 76% reported on 2-AG,
43% on OEA, 48% on PEA, and one study reported on
AA (arachidonic acid) or 2-OG levels in blood (5%).

Acute Exercise and AEA Levels

The rise of AEA was a robust finding after a bout of exer-
cise across studies. Fourteen of 17 articles (82% of the
articles) detected an increase in AEA after acute exercise.
Four samples did not find any difference (15%), and one
sample observed a decrease in AEA (4%). Participants
performed moderate-intensity exercise described as 70%
to 85% of the age-adjusted maximum heart rate
(AAMHR) in seven of the 17 studies and were controlled
by a less intense condition (e.g., walking on a treadmill
<50% AAMHR, or remaining seated for the same time).
All studies with a control group described an increase in
AEA compared to the control condition.

Acute Exercise and 2-AG Levels

The impact of acute exercise on 2-AG levels was less
consistent. Five of 14 articles (12 of 23 samples; 52%)
found an increase of 2-AG after acute exercise, and eight
of 14 articles demonstrated no changes (11 of 23 samples;
48%). In six of the 14 studies, participants performed
moderate-intensity exercise and were controlled by a less
intense condition. Only two studies described an increase
in 2-AG compared to the control condition.



Siebers et al.

355

- Other studies than clinical trials: 58
- Other language than English: 2
- No endurance sports: 29

- No eCB blood level measurement: 7
(n=169)

Full-text articles excluded:
- No endurance sports: 7
- No eCB blood level measurement: 7

(n=14)
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Figure 2. Flow chart of literature search including all steps performed according to the PRISMA statement (Moher and others

2009).

Acute Exercise and Other eCB-Like Molecules

Seven of 10 studies (13 of 17 samples; 76%) found an
increase in OEA after exercise, but only four of 10 studies
(9 of 19 samples; 47%) found an increase in PEA.
Furthermore, one study detected no change of 2-OG after
exercise, and one study observed an increase in AA after
exercise. Just two studies contained a moderate intensity
and were controlled by a less intense condition. Both
studies described an increase in OEA, PEA, or AA in
comparison to the control condition.

Long-Term Endurance Exercise and eCBs

All four studies regarding exercise programs of at least 12
weeks detected a decrease in the eCBs studied, namely,
AEA (3 studies; 100%) or 2-AG (2 studies; 100%). There
were no measurements of other eCB-like molecules.

Anxiolytic Effects after Sport

Eight of 14 acute exercise studies and two of four long-
term exercise studies observed changes in anxiety using
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either a questionnaire (Profile of Mood States [POMS] =
9, 90%; State-Trait Anxiety Inventory [STAI] = 5, 50%),
Neutral-Predictable-Unpredictable threat task (NPU; n =
1), or a human elevated plus-maze (n = 1). The results
were inconsistent. Eight studies (80%) and 12 samples
(63%) described a decrease in anxiety after acute and
long-term physical activity, whereas seven samples
(37%) could not find any changes. Two studies described
contradicting results. Brellenthin and others (2017)
described a decrease in anxiety during preferred in con-
trary to prescribed exercise, in contrast to Meyer and oth-
ers (2019), who reported that only prescribed exercise
decreased anxiety.

Positive Mood Effects after Exercise

Eleven studies assessed mood via questionnaires. Eight
studies used the POMS, four the positive affect subscale
of the PANAS questionnaire and one study used a visual
analog scale (VAS). Twelve samples found a decrease in
Total Mood Disturbance (TMD) in the POMS, three
found increased positive mood in the PANAS, and one
study described euphoria after exercise on a VAS. In
total, nine of 11 studies (82%) and 17 of 20 samples
(85%) reported a positive effect of acute exercise on
mood.

Hypoalgesia after Exercise

Only two studies focused on hypoalgesia effects after
exercise. The results were inconsistent. One study
described less pain after exercise (Crombie and others
2018), and one study described no pain changes in a pres-
sure-pain threshold (PPT) task after exercise (Stensson
and Grimby-Ekman 2019).

Sedation after Exercise

No study researched postexercise sedation effects.

Description of Selected Studies

Acute Endurance Exercise and Endocannabinoids. The first
to demonstrate that physical exercise activates the eCB
system were Sparling and colleagues in 2003 (Sparling
and others 2003). They studied 24 male volunteers that
regularly performed endurance exercise. Those that indi-
cated to run or cycle were also assigned to their preferred
exercise regime (i.e., running or cycling, respectively) or
to a control condition. Participants performed exercise in
a range of 70% to 80% of maximum heart rate (140-160
bpm) for 45 minutes, whereas control subjects remained
seated for 50 minutes. Sparling and others (2003) found
that AEA levels significantly increased compared to

controls in both exercise groups. Data for 2-AG levels
were not reported in the article, but the authors stressed
that 2-AG levels showed a similar trend but did not reach
statistical significance.

Nine years later, Heyman and colleagues (2012) inves-
tigated 11 young, well-trained male cyclists. They used a
more standardized protocol than Sparling and others
(2003), allowing no exercise, alcohol, or coffee 24 hours
before testing and provided a standardized breakfast. The
exercise started 150 minutes after breakfast with 60 min-
utes pedaling at 55% of their maximal power output
(W,,.,), immediately followed by a 30-minute endurance
performance task at an intensity equal to 75% W_ . They
found that AEA levels increased after intense exercise
and continued to rise after recovery, while 2-AG levels
remained stable throughout the experiment. Moreover,
the eCB-like lipids PEA and OEA gradually increased
after moderate exercise, intense exercise, and recovery.
However, 60 minutes of cycling at 55% of W did not
significantly increase AEA levels.

Another interesting study was performed by Raichlen
and others (2012), who hypothesized that cursorial mam-
mals and humans are equipped with a neurobiological
make-up that facilitates moderate-intensity endurance
exercise. They studied the e¢CB system’s response to
exercise in a cursorial mammal species (dogs), a non-
cursorial species (ferrets), and humans during 30 minutes
of treadmill walking or running. They found that only
dogs and humans showed an increase in AEA in response
to exercise, while this was absent in non-cursorial ferrets.
2-AG showed no reaction to exercise. Interestingly,
changes in AEA significantly correlated with changes in
the positive affect subscale of the PANAS questionnaire.
Moreover, under control conditions, both eCBs remained
stable. Thus, the authors concluded that humans and dogs
achieve physiological and psychological improvements
through exercise-induced AEA release and hypothesized
that this biological mechanism is more broadly evolved
in some mammalian species to provide them with the
ability to run long distances.

Raichlen and others (Raichlen and others 2013) fur-
ther investigated in human runners how exercise intensity
affects eCB levels in a follow-up study. The 10 partici-
pants were analyzed on four different days simultane-
ously on a treadmill, walking or running at four different
intensities for 30 minutes in random order. Interestingly,
Raichlen and colleagues found that only endurance exer-
cise at ~70% and ~80% of AAMHR significantly affected
AEA levels. This suggests that neither walking-speed
training nor high-intensity running affects AEA.
Following their arguments, 70% to 85% of AAMHR is
the perfect range to achieve a runner’s high.

One study (Brellenthin and others 2017) examined the
impact of mood response on prescribed or preferred
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exercise among individuals with various physical activity
levels per week. They invited 36 participants and catego-
rized them into low, moderate, and high physical activity
groups based on their weekly physical activity.
Participants performed prescribed running for 45 minutes
(70% to 75% VO, ) and, on a second day, preferred
running with participants’ choice of intensity. Running on
a treadmill in prescribed and preferred conditions
increased AEA, 2-AG, OEA, and PEA significantly in all
groups. Intensity of weekly physical activity did not
influence mood or eCB release. However, OEA and AEA
were higher in the prescribed condition. There were sig-
nificant effects on tension, depression, anger, and
increases in vigor after both exercise conditions in ques-
tionnaires. In comparison to the prescribed condition,
state anxiety, TMD, and confusion were higher in the pre-
ferred condition.

The specific influence of the surroundings on the run-
ner’s high is not fully understood. In a less standardized
paradigm, just one study (Feuerecker and others 2012)
investigated in nature how hiking in the alps under
hypoxic conditions affects the eCB system. Healthy
young male volunteers (n = 12) performed hiking for
several hours at two different altitudes. They found that
AEA increases after exercise, and they discovered a more
pronounced increase under high altitude conditions.
However, the high altitude conditions alone did not affect
AEA levels under control conditions (no-exercise) when
participants were transported with a helicopter to the
same altitude. Moreover, 2-AG levels were not affected
by hiking.

Including a functional magnetic resonance task, the
effects of exercise on motor sequence memory in brain
and its correlation to AEA were studied (Marin Bosch
and others 2020). In a crossover design, on three different
time points, 15 participants cycled for 30 minutes at mod-
erate intensity (70% VO, ), for 15 minutes at a high
intensity (80% VO, ), or rested for 30 minutes. Before
and after the condition, a serial reaction time task took
place where participants needed to execute a sequence of
keypresses with four fingers during an fMRI analysis to
investigate memory for motor sequences. As a result,
again, AEA increased significantly after high and moder-
ate intensity. High-intensity cycling enhanced the motor
sequence memory significantly and a trend was observed
for moderate-intensity exercise. This improvement cor-
related with AEA increase and coincided with local
expansions in caudate nucleus and hippocampus activity.
For the first time, this article implies that eCBs interact
with brain signaling after exercise in humans involving
hippocampus-related functions.

In a double-blind, randomized within-subject study,
63 recreationally active participants received 50 mg of
the opioid antagonist naltrexone or an identical-looking

placebo to further clarify whether endorphins or eCBs are
essential for the runner’s high (Siebers and others 2021).
Next, on two different dates, they ran 45 minutes at an
intensity of 70% to 85% of AAMHR or walked 45 min-
utes (<50% AAMHR) on a treadmill. Blood samples and
a VAS about the participant’s emotional state were
acquired directly before and after each condition. Anxiety
was assessed in a human elevated plus-maze using virtual
reality. All eCBs increased significantly after both condi-
tions but were twofold higher after running (Fig. 3).
Euphoria was also nearly twofold higher after running
butremained roughly unchanged after walking. Moreover,
anxiolytic effects were observed after running (Fig. 4).
Opioid blockade did not inhibit anxiolytic effects or
euphoria after running. Also, the release of eCBs was not
prevented by opioid blockage after running and walking.
In conclusion, this study suggests that the runner’s high
does not depend on endorphins (Siebers and others 2021).

It is important to emphasize that some studies did not
detect an increase in AEA after exercise. Cedernaes and
others (2016) were studying 16 young and healthy male
volunteers who performed 30 minutes of exercise on an
ergometer at 75% of VO, reserve capacity. The partici-
pants exercised after three nights with 8 hours sleep
opportunity and, on another period, with three nights of
4.25 hours sleep opportunity. As a result, no increase in
AEA, but 2-AG was found in the study. Furthermore,
OEA increased significantly 4 hours postexercise with
and without sleep restriction. Of note, between the termi-
nation of exercise and blood sampling was a 15-minute
time gap, which may have affected the results. In con-
trast, after three nights of sleep restriction, the group
observed no significant 2-AG release.

Moreover, in a study where 21 participants with
chronic pain were compared with 11 healthy controls in
30 minutes of arm cycling with an increasing workload,
no increase in eCBs was found (Stensson and Grimby-
Ekman 2019). PPT was tested before, immediately, and
60 minutes after the physical activity. Pain intensity dem-
onstrated no significant changes during all time points
within both groups. Conversely, AEA was significantly
decreased 60 minutes after the exercise in healthy con-
trols. No other time-condition changes were detected in
the eCB system. Importantly, the study’s intensity was
not focused on individual aspects, and the blood was
drawn 60 minutes after the bout of exercise. Thus, the
study might have analyzed the homeostatic downregula-
tion of the eCB system.

In line, Stone and others (2018) did not detect signifi-
cant AEA changes after 30 minutes of cycling in a spin
class. They recruited nine women from a choir and
observed AEA, OEA, and PEA in four different condi-
tions of group activity: 30 minutes of dancing, reading,
singing, or spinning. Interestingly, OEA was the only
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Figure 3. Moderate-intensity running (RUN) stimulates endocannabinoid-release significantly more pronounced than low-

intensity walking (WALK). Left open columns represent Mean . + SEM and solid (red and black) columns Mean

Adapted from Siebers and others (2021).

+ SEM.

post

(a) WALK: Opre mpost (b)
60 - RUN: Opre mpost
5 50 - = "
s 2
o 40 4 3 1
2 i S
5 20 " ]
S 10 || g 11
w <
0 - 0 -
Placebo Naltrexone Placebo

BWALK mRUN

Naltrexone

Figure 4. (A) Euphoria levels increase in the running (RUN) compared to walking (WALK) condition in the placebo (n = 31)
and naltrexone-treated (n = 32) groups. (B) Anxiety levels on the human elevated plus-maze are lower after RUN compared to
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(2021), with permission from Elsevier. The right panel shows a schematic depiction of the human EPM adapted from Biedermann

and others (2016).

eCB-like lipid, which increased after 30 minutes of spin
class. Notably, the heart frequency measured immedi-
ately after the bout of exercise was less than the 70%
AAMHR suggested by Raichlen and others (2013). One
further explanation for the absence of an ¢CB increase
might be that the eight participating women from the
choir were not used to spinning class or dancing class. In
contrast, the participants showed a significant increase in
all measured eCBs and eCB-like substances during a reg-
ular singing class in the choir. Also, mood and positive
emotions increased significantly after singing but not
after cycling. Thus, this study suggests that the experi-
ence of positive emotions may somehow be necessary to
release eCBs. Furthermore, the study indicates that other
activities than endurance sports can activate the ¢CB
system.

Long-Term Consequences of Exercise on the Endocannabinoid
System. Less is known about the effects of long-term

training on the eCB system. Koay and others (2020) stud-
ied how an 80-day exercise intervention as part of the
Army Recruit Course affects various metabolic sub-
strates. In this study, 52 young, male, and lately enlisted
soldiers were included. Laboratory parameters (e.g.,
2-AG), body mass index (BMI), body fat, blood pressure,
and estimated VO, were measured before and after an
80-day exercise program containing moderate-intensity
aerobic and strength exercise. Among various changes
after the exercise program, 2-AG was 1.11-fold decreased.
Furthermore, BMI, body fat, and blood pressure were
reduced, and VO, was increased after the Army Recruit
Course.

Compared with a control group, one study (Antunes
and others 2016) found decreased AEA levels in a group
of exercise addiction at all time points during a 2-week
exercise deprivation period. For this trial, they invited 18
participants who regularly performed five times per week
exercise and divided participants into a control group

2max
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(n = 10) and an exercise-addicted group (n = 8). Next,
an exercise withdrawal for 2 weeks took place, followed
by running on a treadmill for 60 minutes at ventilatory
threshold intensity. Blood was sampled at baseline, after
7 days, after 14 days, and post running. Strikingly, lower
AEA levels at all time points in the exercise-addicted
group compared with the control group were found.
Running did elevate AEA levels in the control group,
only. Within the exercise-addicted group, withdrawal of
exercise increased depressive mood symptoms, fatigue,
confusion, anger, and a loss of vigor. Because of these
results, Antunes and colleagues hypothesized that indi-
viduals with exercise addiction might have a dysfunc-
tional eCB system.

Meanwhile, in a study of 49 obese men, which took
part in a 1-year lifestyle modification program, including
nutrition changes and physical activity, various anthropo-
metric and metabolic risk factors, as well as the eCBs
AEA and 2-AG before and after the 1-year lifestyle
change, were measured. Unfortunately, the intensity and
modality of the physical activity were not described fur-
ther. However, AEA and 2-AG decreased significantly
after a 1-year lifestyle change, while 2-AG correlated
with decreased visceral adipose tissue and triacylglycerol
levels (Di Marzo and others 2009).

Moreover, in a secondary analysis changes in mood
after a 12 weeks program (anxiety, anger, TMD) as well
as body weight were at least partly attributed to a signifi-
cant decrease in AEA, which was measured at the begin-
ning and end of the study (Oliveira and others 2019a).
For this study, 30 healthy inactive men were divided into
two groups. One group performed a 12-week sports pro-
gram running three times a week for 40 minutes at the
ventilatory threshold. The control group remained in their
physically inactive lifestyle, defined as =1 day/week of
leisure-time physical activity.

Discussion

This systematic review demonstrates that most studies
published up to date reported a significant increase in
eCBs after acute exercise. Those studies that did not find
a significant increase in AEA used a low exercise inten-
sity (Raichlen and others 2013) or a high latency until
blood was sampled after the exercise task (Stensson and
Grimby-Ekman 2019). Furthermore, habituation to exer-
cise might play arole (Stone and others 2018). Meanwhile,
an increase in 2-AG was only found in six out of 14 stud-
ies. One possible explanation could be the fact that sev-
eral studies had small sample sizes, ranging from 8 to 21
exercising participants, suggesting they may have been
insufficiently powered to detect changes in 2-AG. While
acute exercise increases eCBs and eCB-like lipids, the
contrary was found for long-term endurance exercise

programs, which consistently found a decrease in eCB
levels. However, the finding that long-term exercise pro-
grams decrease eCBs must be interpreted with caution.
Up to date, only four studies were published on that topic
and several possible biases must be considered. Apart
from a possible reporting bias, changes in BMI and fat
tissue following long-term exercise may have an impact
on the eCB system.

One aim of this review was to summarize the current
evidence regarding an association between the runner’s
high and the eCB system. From the core features of a run-
ner’s high (euphoria, anxiolysis, hypoalgesia, and seda-
tion), sedation was the only one not assessed in human
studies.

Exercise consistently had a positive effect on mood.
For example, euphoria and feelings of happiness were
reported after acute exercise (Siebers and others 2021).
Another study found a significant association between
positive affect and AEA levels after acute exercise, even
though no significant increase in AEA through the exer-
cise intervention was detected (Raichlen and others
2012). While the self-reported positive effects of endur-
ance exercise are a robust finding across studies (Berger
and Motl 2000; Reed and Ones 2006; Yeung 1996), the
possible role of eCBs, and particularly AEA, has come
into focus only recently.

The anxiolytic effect of exercise is well documented
(Ensari and others 2015; Petruzzello and others 1991). In
this review, 80% of the articles found an anxiolytic effect
after a bout of exercise (see Table 1). Studies that investi-
gated endurance exercise in vulnerable groups also
detected significant effects on anxiety, for example, for
people with major depression (Meyer and others 2019),
migraine (Oliveira and others 2019b), substance use dis-
order (Brellenthin and others 2019), and posttraumatic
stress disorder (Crombie and others 2018; Crombie and
others 2019; Crombie and others 2020). The anxiolytic
effects of a bout of exercise were also detected in an anx-
iety-provoking virtual reality paradigm (Siebers and oth-
ers 2021). Moreover, associations with the eCB system
were found in several studies. In exercising women suf-
fering from major depression, a negative correlation
between AEA levels and state anxiety (STAI) after exer-
cise was found. In a study where participants received
predictable and unpredictable electric shocks in an NPU
task a higher increase in eCBs was associated with a
higher decrease in anxiety and fear ratings (Crombie and
others 2020).

Whether or not or under which circumstances exercise
leads to hypoalgesia is still a matter of debate. From the
studies reviewed here, one could find a hypoalgesic effect
through pain measurement after 30 minutes of running
(Crombie and others 2018), while in a group of patients
with fibromyalgia and a control group no such effect was
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detected (Stensson and Grimby-Ekman 2019). These
inhomogeneous findings are also reflected in two reviews
on this topic (Dannecker and Koltyn 2014; Koltyn 2000).
Various variables seem to impact the detection of hypoal-
gesia after endurance exercise, namely, the method of
pain testing, time-points of detection, instruments used
for assessing pain (questionnaire, VAS), participants’
health condition, exercise form, exercise intensity, and
exercise duration.

A milestone in describing exercise-induced hypoalge-
sia in relation to the eCB system was the study of Koltyn
and others (2014). This study was not included in this
review because they used short-duration isometric exer-
cise to study eCBs. They detected less pain after 3 min-
utes of submaximal isometric handgrip exercise.
Furthermore, opioid blockade by naloxone did not dem-
onstrate changes in pain perception. AEA, 2-AG, OEA,
PEA, 2-OG, and N-docsahexaenoylethanolamine
increased significantly postexercise. The latter showed a
significant association with exercise-induced hypoalgesia
(Koltyn and others 2014).

Even though a sedative effect of running is often
assumed, none of the 21 studies reviewed here reported
an effect of exercise on alertness. Thus, there is still no
evidence that the fourth criterion of a runner’s high,
namely, sedation, is indeed associated with the eCB sys-
tem. Meanwhile, a study in mice suggests that sedation is
an unspecific consequence of exercise that does not
require eCB signaling (Fuss and others 2015).

Provoking a runner’s high might be challenged by sev-
eral factors. Lactate thresholds might differ between indi-
viduals, and it is not possible to determine the lactate
threshold for all persons at 85% of AAMHR or 75%
VO,,.. Meyer and others 1999). Moreover, a rise in lac-
tate levels in the blood can affect metabolization in the
brain which might influence eCB signaling (Basso and
Suzuki 2017). Thus, different exercise intensities and
individual cardiorespiratory fitness levels might impact
responses of the endocannabinoid system. Future research
into endocannabinoid-mediated mechanisms might
address these variations by measuring individual lactate
changes or cardiorespiratory fitness.

These factors, as well as heterogeneities in how blood
sampling and processing were performed, could explain
the negative findings in some studies that investigated
eCB after acute exercise.

The Hemostasis Theory

Several studies described a decrease in eCBs as a long-
term consequence of an exercise program (Di Marzo and
others 2009; Koay and others 2020; Oliveira and others
2019a; Oliveira and others 2019b) and 60 minutes postex-
ercise (Stensson and Grimby-Ekman 2019). This was

found for 2-AG after the 80-day exercise intervention
(Koay and others 2020), as well as for AEA after a
12-week exercise program (Oliveira and others 2019a;
Oliveira and others 2019b). The decrease in eCBs as a
long-term consequence was also detected in a study in
mice where the level of AEA even correlated negatively
with the daily running distance after long-term wheel
running (Biedermann and others 2016).

One possible mechanism is an increase in FAAH (fatty
acid amide hydrolase) activity in lymphocytes, which
was found in physically active men compared to seden-
tary controls (Gasperi and others 2014). In an in vitro
experiment, IL-6 led to activation of the FAAH promoter
in human lymphocytes. Thus, FAAH activity is enhanced
and might modulate eCB levels in the plasma of physi-
cally active people. The authors hypothesized that the
interaction between IL-6 (interleukin-6) and FAAH might
be an adaptation process to cope with increased eCB lev-
els in individuals performing endurance sports regularly
(Gasperi and others 2014). This interesting mechanism
should be further investigated in humans performing
endurance exercise.

ECBs and the Influence on Stress

In the past, various studies demonstrated an association
between the hypothalamic-pituitary-adrenal axis and
eCBs. For example, a stress task can increase AEA levels
(Crombie and others 2019). Furthermore, an increase in
cortisol after exercise correlated with AEA levels
(Heyman and others 2012). A further striking approach
was made by Strewe and colleagues analyzing eCB levels
in cosmonauts during spaceflight (Strewe and others
2012). ECBs were significantly increased during a para-
bolic flight and life onboard the International Space
Station (ISS) in cosmonauts without motion sickness.
These cosmonauts were in low-stress conditions.
Conversely, in cosmonauts with motion sickness as well
as higher-rated stress levels, an ¢CB increase was absent,
and a massive rise in cortisol was detected.

Following the concept of allostasis helps us interpret
the results. McEwen and Gianaros (2010) described that
the body processes a stressor by physiological alterations
of the HPA axis, hormones, autonomic nervous system,
or cytokines to realize short-term adaptation, that is, allo-
stasis. These mechanisms can lead to long-term dysregu-
lation, contributing to chronic maladaptation, so-called
allostatic load. Endurance sports, especially in clinical
trials, might be a stressor. Thus, the increase in cortisol in
the study of Heyman and others (2012) and Crombie and
others (2019) is not surprising. Interestingly, there was a
correlation between eCBs and cortisol, as well as
increased eCB levels leading to the hypothesis that eCBs
modulate stress responses (Hillard 2018). The release of



366

The Neuroscientist 29(3)

¢CBs following exercise may thus be an important factor
in shaping how the stress inflicted by exercise is per-
ceived, which may be crucial in the long-term motivation
to perform endurance exercise.

Limitations

Three studies did not report any intensity measures dur-
ing endurance sports (Di Marzo and others 2009;
Feuerecker and others 2012; Koay and others 2020).
However, the description of the endurance exercise
regime (1-year lifestyle program, 80-day Army Recruit
Course, and hiking in the Alps) indicated that the inten-
sity was rather high and should thus meet our endurance
exercise inclusion criteria.

Future Research

An ongoing and open question is where and how exer-
cise-induced eCBs may affect the brain. Using an fMRI
task, increased activity in the caudate nucleus and hip-
pocampus was found in a previous study also investigat-
ing eCBs (Marin Bosch and others 2020). However, no
correlation between AEA release and brain activity was
detected. Furthermore, all studies included in this work
focus on eCB ligands in blood. However, there might be
significant changes in the eCB receptor expression and
activity in the brain as were shown in animal studies (de
Chiara and others 2010; Di Marzo and others 2009;
Gomes da Silva and others 2010; Zhou and Shearman
2004). A study protocol with a positron emission tomog-
raphy and an eCB-ligand would be an important step
toward the understanding of the brain structures involved
with the positive effects of exercise-induced e¢CBs in
humans (Boecker and others 2008).

We proposed that FAAH activity in lymphocytes may
be responsible for the downregulation of the eCB system
after long-term exercise, for example, to protect the body
from high eCB levels (Gasperi and others 2014). This
mechanism needs to be further studied.

Furthermore, there is still a lack of research regarding
exercise-induced hypoalgesia during acute exercise.
While some evidence suggests that exercise-induced
hypoalgesia may be explained through endocannabinoid
release during short-duration isometric exercise (Koltyn
and others 2014), studies included in this review that
investigated acute endurance exercise were inconsistent
(Crombie and others 2018; Stensson and Grimby-Ekman
2019). Future research should address this topic.

Even though some people perform endurance exercise
over several hours, up until today, no study evaluated
eCB levels after 60 minutes at 70% to 85% of the
AAMHR. It might be that the eCB system is also affected
when energy metabolization processes of the body change

during longer exercise regimes. A trial with sampling
blood during a marathon would be an elegant path to
evaluate the eCB system over time.

Next, just one study in this review was performed out-
side the laboratory (Feuerecker and others 2012).
Surroundings during exercise might impact the eCB sys-
tem and might help produce a runner’s high. Future
research should focus on such contextual factors.

Conclusion and a Recipe to Stimulate
Endocannabinoid Release under Laboratory
Conditions

Acute aerobic exercise was found to activate the eCB sys-
tem. There were significant increases in AEA and less
frequently in 2-AG after both preferred and prescribed
exercise. Exercise-induced increases in eCBs seem to be
associated with features of a runner’s high, namely,
decreased levels of anxiety and increased euphoria. There
is some evidence that eCBs are associated with decreased
perception of pain after exercise. Meanwhile, evidence
for associations between eCBs and sedation postexercise
are scarce, yet. Chronic aerobic exercise, on the other
hand, is associated with decreased levels of eCBs and the
neurobiological consequences of the supposed downreg-
ulation of the eCB system are not clear yet (Fig. 5).

After reviewing the existing literature, we suggest the
following recommendations on how to stimulate endo-
cannabinoid release under laboratory conditions and thus
produce a runner’s high:

e Running seems to be the best way to increase eCB
levels in the blood, followed by cycling (Sparling
and others 2003).

o Intensities of 70% to 85% of AAMHR imply to be
the best range to achieve an increase in AEA and
less frequently in 2-AG (Heyman and others 2012;
Marin Bosch and others 2020; Raichlen and others
2013; Siebers and others 2021).

e Duration should be at least 20 minutes to achieve
anxiolytic (Petruzzello and others 1991), analgesic
(Rice and others 2019), and positive mood effects
(Berger and Motl 2000). The highest positive
mood effects can be expected after 30 to 35 min-
utes (Reed and Ones 2006).

e Surroundings, like exercising in nature, might play
a significant role (Feuerecker and others 2012).

e Prior experience in the chosen exercise performance
might play an essential role (Stone and others 2018).

e The highest eCB levels can be sampled immedi-
ately after exercise. An eCB increase can be
detected up to 15 minutes postexercise (Cedernaes
and others 2016; Heyman and others 2012).
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Figure 5. The endocannabinoids anandamide and 2-AG are increased after acute exercise and the increase is associated
with features of the runner’s high. In contrast, chronic exercise leads to a downregulation of the endocannabinoids and the
neurobiological consequences of this downregulation are not yet clear.

e Positive affect can be detected at least 30 minutes
postexercise (Reed and Ones 2006).

e Adequate questionnaires to analyze a runner’s
high are for euphoria a VAS, PANAS, or POMS,
for anxiety the STAI and for pain a standard
numerical scale (Koltyn and others 2014).

e Methods for measuring individual fitness are the
IPAQ (Siebers and others 2021) or, more invasive,
lactate threshold measurement as well as VO2
measurement.
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