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Overview
• Stress
• Social Interaction
• Exercise
• Diet
• Manual therapy
• Cold
• Fasting



Is Increased ECS Activity 
Always Good?



Stress and the HPA Axis
• Physiological stressors (e.g. pain, inflammation)

– Mid-hindbrain
• Psychological stressors

– Limbic brain
• Both converge in paraventricular nucleus of hypothalamus 

and elicit a similar stress responses, including activation of the 
hypothalamic–pituitary–adrenocortical (HPA) axis
– Releases cortisol from the adrenal cortex
– Leads to release of epinephrine from the adrenal medulla and 

norepinephrine from the sympathetic nerve terminals



ECS Regulates HPA Axis
• Under both basal and stress-related condition 

– Micale & Drago, 2018

• Via CB1 receptors:
– limbic brain regions involved in HPA axis regulation, involved in 

glucocorticoid-mediated feedback of the HPA axis
– intermediate and anterior lobes of the pituitary, where they likely 

contribute additional modulatory effects on the HPA axis
– human adrenal cortex, where their activity inhibits the production of 

cortisol and aldosterone 
– Ziegler et al., 2010



Adapted from Int. J. Mol. Sci. 2017, 18(10), 2150; https://doi.org/10.3390/ijms18102150 
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Anandamide 
and 2-AG

• Stress exposure reduces AEA levels
– Increased FAAH activity
– Contributes to the manifestation of the stress response 

• Stress exposure increases 2-AG levels
• These effects become amplified following chronic 

exposure to the same stressor
– Morena et al., 2016 

PFC, chronic stress is associated with a downregulation of
CB1 receptor expression. Using electrophysiology, mRNA,
protein, and radioligand binding, downregulation of the CB1
receptor has been found in the hippocampus (Hill et al,
2005b, 2008b; Hu et al, 2011; Lee and Hill, 2013; Reich et al,
2009), hypothalamus (Hill et al, 2008b; Wamsteeker Cusulin
et al, 2014; Wamsteeker et al, 2010), striatum (Hill et al,
2008b; Rossi et al, 2008, 2010; Wang et al, 2010), and dorsal
root ganglion (Hong et al, 2011) following exposure to an
array of both chronic homotypic and heterotypic stressors.
The amygdala appears to be somewhat resistant to these
effects as many reports have demonstrated no effect of
chronic stress on CB1 expression using radioligand binding
(Hill et al, 2008b; Lee and Hill, 2013); at the electrophysio-
logical level, however, chronic homotypic stress has been
shown to desensitize CB1 receptors in the BLA, at least on
GABAergic terminals (Patel et al, 2009). As with many of the
central effects of stress, several reports have demonstrated
that this downregulation of CB1 receptor expression or
signaling is reversed following a period of recovery (Lee and
Hill, 2013; Rossi et al, 2008; Wamsteeker et al, 2010). There is
strong evidence that these effects are mediated by corticos-
terone as chronic administration of corticosterone can
recapitulate the stress-induced downregulation of the CB1
receptor (Bowles et al, 2012; Hill et al, 2008a; Hong et al,
2011; Rossi et al, 2008); additionally, blockade of the
glucocorticoid receptor abrogates the effects of stress on
the CB1 receptor (Hong et al, 2011; Rossi et al, 2008;
Wamsteeker et al, 2010).
As mentioned, the mPFC is one region in the brain where

both chronic homotypic and heterotypic stressors have
reliably been found to increase the expression of the CB1
receptor at the mRNA-, protein-, and receptor-binding level

(Bortolato et al, 2007; Hill et al, 2008b; Lee and Hill, 2013;
McLaughlin et al, 2013; Zoppi et al, 2011). The mechanism
responsible for the discrepancy in the mPFC (in comparison
to other brain regions) is not clear but should be a topic of
further research.
Taken together, this vast body of data present several

common themes that could be relevant to stress neurobiol-
ogy and will be the focus of the following sections. First,
acute exposure to stress results in a relatively rapid decline of
AEA signaling within the amygdala and hippocampus, which
is likely mediated by an increase in CRH signaling at the
CRHR1. The subsequent release of corticosterone following
stress results in a delayed elevation in 2-AG, and possibly
AEA, through several corticolimbic structures. Second, in
response to chronic homotypic stress, there is a clear
depletion of AEA and an elevation of 2-AG throughout the
forebrain. These effects mirror what is seen with acute stress
but appear to be amplified. Interestingly, chronic heterotypic
stress exerts less reliable changes in either AEA or 2-AG. It is
unclear whether this is due to differences in measurement of
time points following the cessation of stress, the stress
induction protocols used, or different brain areas examined.
Finally, regardless of the modality, both chronic homotypic
and heterotypic stress cause a significant decrease in CB1
receptor expression throughout all subcortical structures
examined, but an increase in CB1 receptor expression in the
mPFC. Collectively, these data indicate that the eCB system
is exquisitely sensitive to stress exposure and exhibits
dynamic and temporally specific changes in response to
stressful stimuli.

Functional Role of eCB Signaling in the
Neurobiological Effects of Stress

Role of eCBs in stress-induced regulation of the HPA axis.
There is substantial evidence that eCB signaling regulates the
HPA axis and this topic has been addressed in significant
depth in previous reviews (Hill and Tasker, 2012; Steiner
and Wotjak, 2008). As mentioned above, disruption of eCB
signaling recapitulates many of the effects of stress, including
activation of the HPA axis; the interpretation of these data
would suggest that there is an eCB tone that actively
functions to constrain activation of the HPA axis. Specifi-
cally, acute administration of a CB1 receptor antagonist
results in an increase in basal induction of c-fos within the
PVN, and an elevation in circulating levels of ACTH and/or
corticosterone (Atkinson et al, 2010; Doyon et al, 2006;
Ginsberg et al, 2010; Hill et al, 2010b; Manzanares et al,
1999; Newsom et al, 2012; Patel et al, 2004; Roberts et al,
2014; Steiner et al, 2008; Wade et al, 2006). The neuroana-
tomical site of action for this ‘gatekeeper’ role of eCB
signaling on HPA output suggests an important role for the
BLA. Specifically, local microinjections of CB1 receptor
antagonists into the PVN (Evanson et al, 2010) or the mPFC
(Hill et al, 2011b) have found no effect on basal corticoster-
one levels, but local administration of a CB1 receptor
antagonist into the BLA is sufficient to increase HPA axis
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Figure 2. Temporal dynamics of anandamide (AEA) and 2-arachidonoyl
glycerol (2-AG) changes following stress exposure. Acute exposure to
stress rapidly increases corticotropin-releasing hormone (CRH) signaling in
the basolateral amygdala (BLA). The subsequent activation of CRHR1
receptors rapidly increases the enzymatic activity of fatty acid amide
hydrolase (FAAH), resulting in a decrease of the inhibitory tone of AEA,
which in turn contributes to the activation of hypothalamic–pituitary–
adrenal (HPA) axis and stress-related behavioral responses. The delayed
increase of brain corticosterone levels stimulates the release of 2-AG in the
medial prefrontal cortex (mPFC) and paraventricular nucleus of hypotha-
lamus (PVN). This increased 2-AG signaling at CB1 receptors contributes
to negative-feedback inhibition of the HPA axis and termination of stress
response.
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CB1 and Chronic Stress
• In almost every brain region examined, exposure to 

chronic stress reliably causes a downregulation or loss of 
CB1 receptors

• The mPFC is one region in the brain where chronic 
stressors have reliably been found to increase the 
expression of the CB1 receptor
– mPFC is important in human social cognition and behavior; 

increased plasticity needed for social experience

– Morena et al., 2016 



Stress: Helpful or Harmful?
• Distress

– leads to feelings of being overwhelmed, anxiety, depression, and 
decreased performance. 

– Occurs more often when one perceives the challenging aspects of an 
event or situation without simultaneously perceiving the supportive 
aspects.

• Eustress
– A form of stress having a beneficial effect on health, motivation, 

performance, and emotional well-being
– Occurs when we embrace both the challenging and supportive 

aspects of an event or situation. 



Perception
• Determines whether we experience 

distress or eustress
• We all have the power to transform 

distress into eustress, though sometimes 
our rigid perception limits our capacity 
to do so. 



Evidence in Humans
• When exposed to stress, individuals who 

exhibit an increase in circulating levels of 
2-AG exhibit minor changes in HPA axis 
function

• Those who exhibit no change in 2-AG 
levels possess massive increases in cortisol, 

– Chouker et al, 2010



Rimonobant Trials
• Anxiety and depression significantly 

increased following sustained rimonabant 
treatment 

• Sustained disruption of eCB signaling can 
result in anxiety and depression by 
rendering the individual more vulnerable 
to the adverse effects of stress 



Rimonobant (Preclinical)
• Directly potentiate stress-induced anxiety

– Bergamaschi et al, 2014

• Promote negative memory bias
– Horder et al, 2012

• Suppress positive memory recall
– Horder et al, 2009

• Dampen activation of reward circuits in the brain 
in response to pleasurable stimuli

– Horder et al, 2010 



ECS and Stress Summary
• ECS is essential in modulating our stress 

response
• Perception changes our relationship with 

stress
• Chronic stress can impair ECS function
• ECS dysfunction increases our susceptibility 

to distress



Social Behavior and Play
• Social play in rats increases CB1 phosphorylation (a marker 

of CB1 activation) in the amygdala & enhanced AEA levels 
in the amygdala and nucleus accumbens

– McPartland, 2014 (review)

• CB1 receptor blockade reduces the motivational aspects 
of social play behavior in rats

– Achterberga et al., 2016

• Direct and, more consistently, indirect CB1 activation 
reverse social impairment.

– Ahmed et al., 2022 (review)



Social Behavior and Play
• Nonfamiliar social encounters increased striatal AEA levels in rats, 

particularly important for coping response to novel social contexts.
– Marco et al., 2011

• Peer-rejected adolescent female rats increased CB1 levels in the amygdala 
and thalamus, increased levels of AEA, decreased FAAH, with lasting 
consequences in social behavior and pain sensitivity.

– Schneider et al., 2016

• The ECS interacts with oxytocin, the neuropeptide that reinforces social 
bonding and social reward
– Oxytocin drives AEA mobilization in the mouse nucleus accumbens, leading to 

reinforcement of social reward behavior. 
– Wei et al., 2015



Exercise
• Medium to high-intensity voluntary exercise 

increases ECS signaling, via increased 
serum AEA levels, and possibly increased 
CB1 expression.

• Forced exercise does not increase AEA 
and can decrease CB1.

McPartland, 2014 (review)



Exercise – Make Sure You Enjoy It!

Images from Pixabay by PublicDomainPictures, RyanMcGuire



Exercise
Changes in 
anandamide 
concentrations 
before and after 
30 min. treadmill 
exercise.  
Raichlen et al., 2012

1333Exercise and endocannabinoid signaling

psychological responses to exercise (Ekkekakis et al., 2004). Speed
for non-human runners was chosen to match Froude numbers used
by human subjects, such that subjects all walked and ran at
dynamically similar speeds. All subjects (humans, dogs and ferrets)
ran at Froude numbers of ~0.70 for 30�min (trotting gaits for ferrets
and dogs). Dogs and humans walked at Froude numbers of ~0.25
for 30�min. Ferrets were unable to walk consistently on the treadmill
at any speed, so we compared data from running trials with data
collected after a 30�min control trial where ferrets sat quietly in a
small cage.

Blood samples (0.5�ml) were collected by venipuncture before
and after each of these trials using a syringe filled with 1�ml of Krebs-
Tris buffer/EDTA (4.5�mmol�l–1). Samples were immediately
centrifuged in Accuspin tubes (Sigma, St Louis, MO, USA) at 800�g,
for 10�min. Methods for eCB extraction (both AEA and 2-AG) and
quantification by GC/MS isotope dilution are described in detail
elsewhere (Hardison et al., 2006).

Psychological state was assessed before and after all human trials
using a standard questionnaire that measures positive affect [positive
and negative affect schedule (PANAS) scale (Watson et al., 1988)].
Positive affect (PA) describes the enthusiasm, energy and
pleasurable engagement of an individual (Watson et al., 1988), and
is an important component of feelings of well being (Reed and Ones,
2006). As with many psychological instruments, there are limitations
to the PANAS that should be taken into account when interpreting
our results. For example, researchers have suggested that this scale
is limited to only the high activation ends of PA (e.g. excited or
enthused) (see Egloff, 1998; Mossholder et al., 1994; Russell and
Carroll, 1999). Thus, the low-activation ends of PA (e.g. calm or
serene) may not be fully captured using this instrument. Despite
this limitation, the PANAS has been used in many previous studies
to effectively capture exercise-related changes in affect (Reed and
Ones, 2006).

Subjects performed only one trial per day. Because day-to-day
fluctuations in baseline eCB levels are normal and known to occur
in healthy individuals (Vaughn et al., 2010; Zoerner et al., 2009),
we investigated the change in circulating eCBs from pre- to post-
exercise values on a given day only. Differences between AEA and
2-AG levels before and after exercise were assessed using paired
t-tests. A Pearson product-moment correlation was calculated
between the post- and pre-exercise difference in eCBs and the post-
and pre-exercise difference in PA.

RESULTS
Both humans and dogs showed a significant increase in plasma levels
of AEA following a 30�min treadmill run; however, neither taxon
showed increased AEA levels following a lower intensity 30�min
walk (dogs showed a significant decrease in AEA following walking
trials; see Fig.�1 and Table�2). In ferrets, plasma AEA levels were
unchanged following either a 30�min run or a 30�min rest period
(see Fig.�1 and Table�2, and Materials and methods). Similar to
Sparling and colleagues’ (Sparling et al., 2003) results in humans,
no taxon showed a significant change in levels of 2-AG following
any exercise trial (Table�2). The difference between pre- and post-
exercise levels of AEA in humans was positively correlated with
the difference between pre- and post-exercise PA (r�0.96, P<0.0001;
Fig.�2). The correlation remained significant after removing the
possible outlier (highest AEA and PA change; r�0.77, P<0.05).

DISCUSSION
This is the first study to show that there is inter-specific variation
in neurotransmitter signaling following exercise and that this

variation may explain differences in habitual locomotor behaviors
among mammals. In humans and dogs, but not ferrets, running
activates the eCB system, which likely improves aerobic exercise
performance and encourages a high frequency of aerobic activity
in these cursorial taxa. In humans, increased eCB signaling following
exercise is significantly correlated with improved PA, confirming
the role of eCBs in generating positive psychological effects. eCB
signaling does not increase following low-intensity activity in
humans and dogs, suggesting that these rewards are not simply
triggered by locomotion but are tied to higher exercise intensities.
In fact, eCB levels decreased in dogs following the 30�min walking
trial. This result suggests that dogs may not have any specific
affective response to walking under these experimental conditions.
In ferrets, a taxon that does not generally engage in cursorial activity
(see King and Powell, 2007), and is not morphologically adapted
to endurance exercise behaviors (Jenkins, 1971), exercise does not
result in an increase in eCB signaling. This inter-specific variation
suggests that eCB signaling plays a functional role in the aerobic
behaviors of cursorial mammals.

eCBs can aid cursorial mammals by improving high-intensity
athletic performance through both central and peripheral actions.
Centrally, CB receptors are primarily expressed in presynaptic
terminals, where activation by eCBs leads to a decrease in the
synaptic release of classical neurotransmitters (Piomelli, 2003) and
produces psychological effects similar to those described by runners
in this study (Chaperon and Thiebot, 1999; Diaz, 1997; Piomelli,
2003). It is important to note that this study measured peripheral
eCB levels only, and thus we cannot be sure that our measurements
fully reflect changes in eCBs within the central nervous system.
However, the strong correlation between changes in AEA and
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Fig.�1. Changes in anandamide (AEA) concentrations before and after
treadmill exercise. Pre-exercise levels are shown in white; post-exercise
levels are shown in black. (A)�Plasma AEA levels before and after running
for 30�min at a Froude number of 0.70. (B)�Plasma AEA levels before and
after walking for 30�min at a Froude number of 0.25. Asterisks indicate
significant differences at P<0.05. Error bars are s.e.m.
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humans. 
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changes in PA following exercise shown here (Fig.�2) suggests that
post-running AEA levels measured peripherally in plasma are
reflective of increased AEA in the central nervous system (Dietrich
and McDaniel, 2004). This is possible because eCBs are highly
lipophilic and physiological studies suggest that they readily traverse
the blood–brain barrier (Dietrich and McDaniel, 2004; Glaser et al.,
2006; Willoughby et al., 1997). For example, peripheral intravenous
injection of AEA in rodents leads to increased AEA and dopamine
levels in brain reward regions (Solinas et al., 2006; Willoughby et
al., 1997). Additionally, intravenous injections of eCBs activate CB
receptors in the brain and lead to reward-seeking behaviors (e.g.
self-administered injections) in animal models (Justinova et al.,
2005; Justinova et al., 2011; Solinas et al., 2006; Willoughby et al.,
1997).

Improvements in PA such as those measured here are a major
factor in human runners’ motivation to habitually engage in aerobic
exercise (Bryan et al., 2007; Kwan and Bryan, 2010; Schneider et
al., 2009; Williams et al., 2008), suggesting that one role for eCB-
induced rewards is to encourage a high frequency of aerobic activity.
These effects are not limited to elite athletes. Many studies have
shown that aerobic exercise has a positive psychological effect in
healthy populations of non-athletes (Reed and Ones, 2006), and the
improvements in mood and PA play a role in how well individuals
adhere to exercise programs (Ekkekakis et al., 2005). Additionally,

exercise improves psychological well being in non-athletic
individuals with depressive or anxiety disorders (Scully et al., 1998).
Thus, these broadly felt rewards are likely essential for the enjoyment
of exercise and may explain why mammalian taxa engage in
cursorial behaviors despite the higher energy costs and associated
injury risks (Bramble and Lieberman, 2004; Johnson et al., 2000;
Pinchbeck et al., 2004; Prole, 1976).

In addition to central effects on psychological state, eCBs may
act at peripheral CB receptors to decrease nociceptor activity
(Agarwal et al., 2007) and produce exercise-induced analgesia
(Sparling et al., 2003). This reduction in pain sensitivity is an
important component of the runner’s high (i.e. feelings of
effortlessness) as defined by Dietrich and McDaniel (Dietrich and
McDaniel, 2004), and one that improves aerobic exercise
performance by allowing individuals to continue running for long
distances. Exercise-induced analgesia is a widespread phenomenon
that occurs in both athletes and non-athletes following moderate
and high-intensity exercise (Hoffman and Hoffman, 2007; Koltyn,
2002). eCBs reduce pain throughout the body because peripheral
nerves that are active in sensing pain pathways contain dense
concentrations of CB receptors (Dietrich and McDaniel, 2004),
which function to inhibit the release of neurotransmitters (Gerdeman,
2008; Piomelli, 2003). Peripheral analgesia by eCBs is also achieved
through the actions of CB receptors to inhibit the release of
inflammatory mediators (Hohmann and Suplita, 2006; Ibrahim et
al., 2003). In addition to acting at peripheral sites, CB receptors are
found at central sites implicated in pain modulation such as the dorsal
horn of the lumbar spinal cord and the rostral ventromedial medulla
of the brainstem (Hohmann et al., 1999; Meng et al., 1998),
suggesting that circulating eCBs may also lead to a central reduction
in pain perception.

Thus, the measured increases in AEA levels in the circulating
bloodstream likely produce both peripheral (i.e. analgesic) and
central effects that support their role in encouraging aerobic activity
and improving exercise performance (Dietrich and McDaniel,
2004). As eCBs function similarly across mammals (Chaperon and
Thiebot, 1999), our results suggest that both humans and dogs
achieve a psychological and physiological benefit from increased
AEA signaling during and after running. The intensity-dependent
nature of eCB activity in humans and dogs suggests that
neurobiological rewards function to encourage higher exercise
intensities than those required at walking speed.

CONCLUSIONS
Exercise-induced eCB signaling increases following higher intensity
aerobic activities in humans and dogs, but not in the non-cursorial
ferrets. This study is the first to explore inter-specific variation in

D. A. Raichlen and others

Table 2. Pre- and post-exercise values of AEA and 2-AG
AEA 2-AG

Pre-exercise Post-exercise Pre-exercise Post-exercise
Speed Taxon N (pmol�ml–1) (pmol�ml–1) P-value (nmol�ml–1) (nmol�ml–1) P-value

Walk/control Human 10 1.34±0.43 0.61±0.39 0.10 0.004±0.0001 0.021±0.002 0.16
Dog 8 6.48±2.7 1.61±0.83 0.04 0.039±0.019 0.124±0.055 0.10

Ferret 8 4.19±1.93 7.51±4.45 0.14 0.049±0.009 0.032±0.013 0.25
Run Human 10 2.38±0.76 6.13±2.63 0.03 0.007±0.005 0.029±0.022 0.19

Dog 8 2.44±0.92 8.01±2.66 0.03 0.056±0.018 0.268±0.201 0.17
Ferret 8 2.98±1.13 3.87±1.39 0.33 0.428±0.218 0.229±0.118 0.31

AEA, anandamide; 2-AG, 2-arachidonylglycerol.
Mean values are shown ±s.e.m.
Bold values are significant differences found using a paired t-test.
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• 9 healthy female volunteers (mean age 61) recruited 
from a local choir. 

• Singing for 30 min increased plasma levels of 
anandamide by 42% (P < 0.05), PEA by 53% (P < 0.01) 
and OEA by 34% (P < 0.05) and improved positive 
mood and emotions (P < 0.01), without affecting 
hunger scores.
– Stronger than cycling or dancing in this group

ORIGINAL RESEARCH
published: 26 November 2018

doi: 10.3389/fnbeh.2018.00269

An Analysis of Endocannabinoid
Concentrations and Mood Following
Singing and Exercise in Healthy
Volunteers
Nicole L. Stone1, Sophie A. Millar1, Philip J. J. Herrod1, David A. Barrett2,
Catharine A. Ortori 2, Valerie A. Mellon3 and Saoirse E. O’Sullivan1*

1Division of Medical Sciences and Graduate Entry Medicine, School of Medicine, University of Nottingham, Nottingham,
United Kingdom, 2Centre for Analytical Bioscience, Advanced Materials and Healthcare Division, School of Pharmacy,
University of Nottingham, Nottingham, United Kingdom, 3BBC Studios “Trust Me I’m a Doctor”, BBC Scotland, Glasgow,
United Kingdom

Edited by:
Walter Adriani,

Istituto Superiore di Sanità (ISS), Italy

Reviewed by:
Maria Morena,

University of Calgary, Canada
Antonia Manduca,

Aix-Marseille Université, France

*Correspondence:
Saoirse E. O’Sullivan

mbzso@nottingham.ac.uk

Received: 24 August 2018
Accepted: 22 October 2018

Published: 26 November 2018

Citation:
Stone NL, Millar SA, Herrod PJJ,

Barrett DA, Ortori CA, Mellon VA and
O’Sullivan SE (2018) An Analysis of
Endocannabinoid Concentrations
and Mood Following Singing and
Exercise in Healthy Volunteers.
Front. Behav. Neurosci. 12:269.
doi: 10.3389/fnbeh.2018.00269

The euphoric feeling described after running is, at least in part, due to increased
circulating endocannabinoids (eCBs). eCBs are lipid signaling molecules involved in
reward, appetite, mood, memory and neuroprotection. The aim of this study was
to investigate whether activities other than running can increase circulating eCBs.
Nine healthy female volunteers (mean 61 years) were recruited from a local choir.
Circulating eCBs, haemodynamics, mood and hunger ratings were measured before and
immediately after 30 min of dance, reading, singing or cycling in a fasted state. Singing
increased plasma levels of anandamide (AEA) by 42% (P < 0.05), palmitoylethanolamine
(PEA) by 53% (P < 0.01) and oleoylethanolamine (OEA) by 34% (P < 0.05) and improved
positive mood and emotions (P < 0.01), without affecting hunger scores. Dancing did
not affect eCB levels or hunger ratings, but decreased negative mood and emotions
(P < 0.01). Cycling increased OEA levels by 26% (P < 0.05) and tended to decrease
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28% (P < 0.01) and increased the desire to eat. Plasma AEA levels were positively
correlated with how full participants felt (P < 0.05). Plasma OEA levels were positively
correlated with positive mood and emotions (P < 0.01). All three ethanolamines were
positively correlated with heart rate (HR; P < 0.0001). These data suggest that activities
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correlated with how full participants felt (P < 0.05). Plasma OEA levels were positively
correlated with positive mood and emotions (P < 0.01). All three ethanolamines were
positively correlated with heart rate (HR; P < 0.0001). These data suggest that activities
other than running can increase plasma eCBs associated with changes in mood or
appetite. Increases in eCBs may underlie the rewarding and pleasurable effects of singing
and exercise and ultimately some of the long-term beneficial effects on mental health,
cognition and memory.
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The euphoric feeling described after running is, at least in part, due to increased
circulating endocannabinoids (eCBs). eCBs are lipid signaling molecules involved in
reward, appetite, mood, memory and neuroprotection. The aim of this study was
to investigate whether activities other than running can increase circulating eCBs.
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increased plasma levels of anandamide (AEA) by 42% (P < 0.05), palmitoylethanolamine
(PEA) by 53% (P < 0.01) and oleoylethanolamine (OEA) by 34% (P < 0.05) and improved
positive mood and emotions (P < 0.01), without affecting hunger scores. Dancing did
not affect eCB levels or hunger ratings, but decreased negative mood and emotions
(P < 0.01). Cycling increased OEA levels by 26% (P < 0.05) and tended to decrease
how hungry volunteers felt, without affecting mood. Reading increased OEA levels by
28% (P < 0.01) and increased the desire to eat. Plasma AEA levels were positively
correlated with how full participants felt (P < 0.05). Plasma OEA levels were positively
correlated with positive mood and emotions (P < 0.01). All three ethanolamines were
positively correlated with heart rate (HR; P < 0.0001). These data suggest that activities
other than running can increase plasma eCBs associated with changes in mood or
appetite. Increases in eCBs may underlie the rewarding and pleasurable effects of singing
and exercise and ultimately some of the long-term beneficial effects on mental health,
cognition and memory.
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43.4 more min of 
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Scientific literature examining cannabis use in the context of health behaviors, such

as exercise engagement, is extremely sparse and has yielded inconsistent findings.

This issue is becoming increasingly relevant as cannabis legalization continues, a

situation that has been associated with increased initiation of use among adults, and

increased potency of available products in legalized states. Physical activity is among the

most important health behaviors, but many Americans do not meet minimum exercise

recommendations for healthy living. Common issues surrounding low exercise rates

include inadequate enjoyment of and motivation to exercise, and poor recovery from

exercise. It is unclear whether cannabis use shortly before and/or after exercise impacts

these issues, and whether this co-use affects exercise performance. The present online

survey study examines attitudes and behaviors regarding cannabis use with exercise

among adult cannabis users living in states with full legal access (N = 605). Results

indicated that the majority (81.7%) of participants endorsed using cannabis concurrently

with exercise, and those who did tended to be younger and more likely to be males

(p < 0.0005 for both). Even after controlling for these differences, co-users reported

engaging in more minutes of aerobic and anaerobic exercise per week (p < 0.01 and

p < 0.05, respectively). In addition, the majority of participants who endorsed using

cannabis shortly before/after exercise reported that doing so enhances their enjoyment

of and recovery from exercise, and approximately half reported that it increases their

motivation to exercise. This study represents an important step in clarifying cannabis

use with exercise among adult users in states with legal cannabis markets, and provides

guidance for future research directions.

Keywords: cannabis, marijuana, exercise, cannabis legalization, health

INTRODUCTION

As evidenced by the increasing legalization of both medical and recreational cannabis in the
United States (1), public acceptance of cannabis use is growing. Despite this, there is a relative lack
of literature exploring the public health implications of cannabis consumption. One health behavior
that may be impacted by increased cannabis use is exercise. The benefits of regular exercise are
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INTRODUCTION

As evidenced by the increasing legalization of both medical and recreational cannabis in the
United States (1), public acceptance of cannabis use is growing. Despite this, there is a relative lack
of literature exploring the public health implications of cannabis consumption. One health behavior
that may be impacted by increased cannabis use is exercise. The benefits of regular exercise are

YorkWilliams et al. Cannabis Use and Exercise Behavior

TABLE 2 | Attitudes on how use of cannabis with exercise impacts exercise performance, enjoyment, motivation, and recovery, among participants who endorsed co-use.

Performance Enjoyment Motivation Recovery

Version Group n Mean SD Mean SD Mean SD Mean SD

2-question Before & after 230 4.7 1.5 5.5 1.4 5.0 1.7 5.8 1.3

Only after 50 2.8*** 1.3 3.2*** 1.6 2.9*** 1.5 5.2*** 1.8

1-question Co-users 206 4.4 1.5 5.5 1.6 4.7 1.8 5.6 1.5

In the 2-question survey version, groups are further delineated by endorsement of use both before and after exercise, or only after exercise. Rating options range from 1 (“strongly

disagree) to 7 (“strongly agree”). ***Group mean comparison p < 0.0001.

FIGURE 1 | Percentage of co-using participants who agreed, disagreed, or

felt neutral toward whether use of cannabis shortly before and/or after

exercise enhanced exercise performance, enjoyment, motivation,

and recovery.

across survey versions of cannabis users, we found that the
majority of our sample did endorse using cannabis concurrently
with exercise. These participants were younger on average, and
included a greater proportion of males than those who do not
(both p< 0.0005). In line with our hypotheses, they also reported
more minutes of aerobic and anaerobic exercise per week (p
< 0.01 and p < 0.05, respectively), even after accounting for
potential demographic confounds of age and gender. Concurrent
users reported consuming cannabis flower and concentrates
more often than the non-co-using group (both p < 0.0001, even
after controlling for age and gender), but edible use did not
di!er between groups. Reasons for these correlations can only be
speculated upon. It may be that more frequent cannabis users are
more likely to engage in co-use simply by virtue of them using
so often, rather than reasons related to exercise performance,
enjoyment, motivation, or recovery.

Additionally, the present study sought to take initial steps
in understanding possible mechanisms through which cannabis
could influence exercise behavior, by examining attitudes toward
how cannabis co-use influences the exercise experience. We
found that the majority of participants who endorsed using
cannabis concurrently with exercise reported that doing so
at least somewhat enhances recovery from and enjoyment of
exercise, while approximately half reported that it at least

somewhat increases motivation, and a minority reported that it
enhances performance. These findings supported our hypothesis
that co-users may be co-using because they believe it contributes
to recovery after exercise. The findings also suggest that co-use
may facilitate enjoyment of exercise, and (for a subset of co-users)
motivation to exercise. Given that these are recognized barriers to
exercise (17–19), it is possible that cannabis might actually serve
as a benefit to exercise engagement. Finally, the attitudes toward
co-use and performance in our participants seem to concur with
studies suggesting that cannabis use does not enhance exercise
performance for most users (16).

To our knowledge, this is the first study to survey attitudes
and behavior regarding the use of cannabis before and after
exercise, and to examine di!erences between cannabis users
who engage in co-use, compared to those who do not. Given
both the spreading legalization of cannabis and the low rates of
physical activity in the US, it behooves public health o"cials to
understand the potential e!ects—both beneficial and harmful—
of cannabis use on exercise behaviors (16). Cannabis use has
become more common in the past decade, especially among
adults in states with legal recreational cannabis (21). As legal
risks associated with cannabis use decrease, it is plausible that
a broader range of individuals will be initiating use. Thus, the
present study’s focus on legal market populations is timely, and
results may help to anticipate the future landscape of other states,
as legalization progresses.

Our results suggest that prior findings of cannabis users
being more likely to meet o"cial exercise recommendations
(15) may be at least partly associated with perceived impacts
of cannabis co-use on enjoyment, reductions in pain and
inflammation during and after exercise, and to a lesser extent
motivation. Furthermore, participants who use cannabis before
and/or after exercise reported that they exercised more, and
had positive attitudes about co-use on exercise, which implies
cannabis may be a useful tool for exercise among some
users. In other words, sedentary cannabis users, particularly
those who attribute low physical activity to concerns about
recovery, motivation, or enjoyment, may benefit from co-use,
provided that they select low-risk exercise options that do
not compromise safety during intoxication. However, since the
present study did not query potential negative consequences of
co-use, any recommendations are premature. For instance, the
16.5% of co-users who reportedly disagreed that co-use enhanced
performance may exercise at a lower intensity when they use
cannabis shortly beforehand. Similarly, the 6.1% who disagreed
that co-use aided in recovery may have experienced injury from
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Diet and the ECS



Dietary Polyunsaturated Fatty Acids

• Ω-3 consumption can reduce excessive AEA 
and 2-AG levels that may be causing CB1 
desensitization (e.g. obesity).

– Bosch-Bouju& Layé, 2016

• Ω-3 rich diet vs SAD reduced pain, correlated 
with DHEA and 2-DHG, which may have other 
benefits via the ECS

– Ramsden et al., 2015



Dietary Polyunsaturated Fatty Acids

• Developmental dietary ω-3 deficiency in rodents 
resulted in decreased eCB-dependent synaptic 
plasticity in the prefrontal cortex and nucleus 
accumbens

• A diet rich in ω-3 polyunsaturated fatty acids 
maintained endocannabinoid-dependent plasticity in 
the nucleus accumbens following a chronic social 
defeat stress

– Bosch-Bouju& Layé, 2016
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Review
Beyond Cannabis: Plants and
the Endocannabinoid System
Ethan B. Russo1,*

Plants have been the predominant source of medicines throughout the vast
majority of human history, and remain so today outside of industrialized socie-
ties. One of the most versatile in terms of its phytochemistry is cannabis, whose
investigation has led directly to the discovery of a unique and widespread
homeostatic physiological regulator, the endocannabinoid system. While it
had been the conventional wisdom until recently that only cannabis harbored
active agents affecting the endocannabinoid system, in recent decades the
search has widened and identi!ed numerous additional plants whose compo-
nents stimulate, antagonize, or modulate different aspects of this system. These
include common foodstuffs, herbs, spices, and more exotic ingredients: kava,
chocolate, black pepper, and many others that are examined in this review.

Overview of the Endocannabinoid System
Cannabis (Cannabis sativa) has been an important tool in the herbalist's arsenal and the medical
pharmacopoeia for millennia, but it has only been in the past 25 years that science has provided
a better understanding of its myriad bene!ts. This began with the discovery of cannabinoid
receptors (see Glossary) [CB1, CB2, and the ionotropic cannabinoid receptor, transient
receptor potential vanilloid 1 (TRPV1)], followed by endogenous cannabinoids [or endo-
cannabinoids, anandamide (AEA), and 2-arachidonoylglycerol (2-AG)] and their regulatory
metabolic and catabolic enzymes [fatty acid amide hydrolase (FAAH), monoacylglycerol
lipase (MAGL), and others], the triad now known collectively as the endocannabinoid system
(ECS) [1,2]. The ECS performs major regulatory homeostatic functions in the brain, skin,
digestive tract, liver, cardiovascular system, genitourinary function, and even bone [1,3]. Various
lifestyle factors including diet and aerobic activity affect the overall ECS function or ‘endocan-
nabinoid tone’, a function of the density of cannabinoid receptors, their functional status
(upregulated or downregulated) and relative abundance or dearth of endocannabinoids (see [4]
for an excellent review). Some have been suf!ciently bold as to suggest that a clinical endo-
cannabinoid de!ciency underlies many human maladies producing pain and psychiatric dis-
turbances [4,5]. Recently, numerous herbal agents and food plants beyond cannabis have been
examined for their possible modulatory effects on the ECS. Perhaps it is appropriate to alter
slightly the common adage to re"ect, ‘You are what you ingest’, as perhaps there are manymore
lessons to be learned in the foraged forests and !elds that may help to nurture human health.

Plants Affecting CB1, the Psychoactive Cannabinoid Receptor
CB1, the neuromodulatory cannabinoid receptor, was discovered in 1988 as a result of decades
of research on tetrahydrocannabinol (THC), the primary psychoactive component of cannabis
[6], and has proven to have a major homeostatic in"uence in the central nervous system (CNS),
wherein it is the most abundant G-protein-coupled receptor (GPCR) [7], far exceeding those for
the neurotransmitters that it modulates. A similar integral role is played in various other
physiological systems throughout the body. The ECS functions have been characterized as,
‘relax, eat, sleep, forget and protect’ [8], but the list of systems it modulates increases each year
with additional research discoveries.

Trends
The endocannabinoid system (ECS) is
a homeostatic regulator of neurotrans-
mitter activity and almost every other
physiological system in the body.

Its name derives from cannabis, the
plant that produces cannabinoids (tet-
rahydrocannabinol, cannabidiol, caryo-
phyllene, and others), and whose
investigation elucidated the myriad
functions of the ECS.

In the past two decades, additional
research has discovered that many
other plant foods and herbs modulate
the ECS directly and indirectly. Advan-
cing this knowledge may have impor-
tant implications for human health and
nutrition.
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Dietary FAAH Inhibitors:
Galangal, Maca, Chocolate

Reviewed in Russo, 2016

TIPS 1329 No. of Pages 12

Prebiotics and Probiotics
Whereas bacteria are now considered to merit a taxonomic domain of their own, and are
properly termed microbiota, rather than micro!ora, those that inhabit the human gut have an
innate relationship to the ECS and, for this reason, the author would like to draw attention to the
issue and how dietary plants may modulate their growth and effects.

Bene"cial bacteria in the gut may be administered as oral supplements termed probiotics. One
such strain, Lactobacillus acidophilus NCFM induced CNR2mRNA expression in human HT-29
epithelial cells (P < 0.01), along with pain relief in rats (P < 0.001) that was reduced by the CB2

antagonist, AM-630 (P < 0.001) [ [10_TD$DIFF]65]. An analysis in humans of probiotics to treat irritable bowel
syndrome showed bene"t on symptoms in 34 out of 42 clinical trials [ [11_TD$DIFF]66]. Additional evidence of
the relationship of the ‘microbiome–gut–brain axis’ is supported by the ability of THC to affect the
Firmicutes:Bacteroidetes bacterial ratio (P = 0.021) and weight gain in rodents despite a high-fat
diet [ [12_TD$DIFF]67]. Optimal maintenance of the enteric microbiome is enhanced by dietary intake or
supplementation with prebiotics, species of vegetation rich in inulin and fructooligosacchar-
ides (FOS), that resist gastric acid and stimulate health and growth of bene"cial bacteria that
utilize them as fermentation substrates [ [13_TD$DIFF]68]. Such vegetables, notably acacia "ber (gum Arabic),
chicory root, burdock, sunchokes, dandelion greens, onions, garlic, and leeks (Figure 5), are
reported to help prevent infectious diarrhea, reduce in!ammatory bowel disease symptoms and
cancer risk, increase mineral absorption, and decrease obesity [ [13_TD$DIFF]68]. A formal study of Acacia
senegal "ber in 54 healthy volunteers over 4 weeks showed that 10 g/day intake was optimal to
increasing Bi"dobacteria counts 40-fold versus water (P < 0.01) and 10-fold over inulin
(P < 0.05) [ [14_TD$DIFF]69]. Additionally, Lactobacilli were increased 6-fold versus water (P < 0.05) and
7-fold over inulin treatments (P < 0.03). The colonic pathogen, Clostridium dif!cile, was also
signi"cantly reduced (P < 0.01).

It is increasingly apparent that proper dietary choices encompassing prebiotic vegetables and
fermented foods may play important roles in future therapeutics targeting the ECS.

Miscellaneous and Sundry Plants Affecting the ECS
Another plant examined for possible cannabinoid activity wasColumnea ericae (Dalbergia picta),
a gesneriad epiphyte of the Amazon that the Siona–Secoya indigenous peoples smoke like
tobacco [ [15_TD$DIFF]70] (Figure 6). The plant did display some serotonin 2A receptor activity, whereas none
was seen at CB1 [12].
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Figure 4. Plant Sources of Fatty Acid Amide Hydrolase (FAAH) Inhibition. (All images: EBR.).
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Probiotics, Lacto-Fermentation
Lactobacillus acidophilus NCFM 
• Induced CNR2 mRNA expression in human 

epithelial cells 
• Antinociception in rats that was reduced by a CB2 

antagonist.

Rousseaux et al., 2007
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Abstract: Alzheimer’s disease (AD) is a neurodegenerative disease that progresses from mild cog-
nitive impairment to severe dementia over time. The main clinical hallmarks of the disease (e.g.,
beta-amyloid plaques and neurofibrillary tangles) begin during preclinical AD when cognitive
deficits are not yet apparent. Hence, a more profound understanding of AD pathogenesis is needed
to develop new therapeutic strategies. In this context, the endocannabinoid (eCB) system and the gut
microbiome are increasingly emerging as important players in maintaining the general homeostasis
and the health status of the host. However, their interaction has come to light just recently with gut
microbiota regulating the eCB tone at both receptor and enzyme levels in intestinal and adipose
tissues. Importantly, eCB system and gut microbiome, have been suggested to play a role in AD
in both animal and human studies. Therefore, the microbiome gut-brain axis and the eCB system
are potential common denominators in the AD physiopathology. Hence, the aim of this review is to
provide a general overview on the role of both the eCB system and the microbiome gut-brain axis in
AD and to suggest possible mechanisms that underlie the potential interplay of these two systems.

Keywords: endocannabinoid system; microbiota; Alzheimer’s disease; gut-brain axis

1. Introduction

Alzheimer’s disease (AD) is a chronic age-related progressive neurodegenerative
disorder accounting for ~80% of dementia globally. Despite decades of intensive research,
AD remains incurable and is still a challenge for global health. Indeed, current therapies
provide only symptomatic relief and promising preclinical results have repeatedly failed
in phase III clinical trials. Thus, the full understanding of the disease pathogenesis and
the identification of therapeutic strategies that may prevent or delay disease progression
appear urgent [1].

In this scenario, increasing interest has been focused on the gut microbiome and the
endocannabinoid (eCB) system as emerging targets involved in the control of AD.

The community of bacteria, yeast, archaea, viruses, protozoa, and parasite that inhabit
human gastrointestinal (GI) tract, collectively known as microbiota, undergoes dynamic
changes throughout life [2]. An increasing number of studies have explored a possible
bidirectional connection between gut microbiota and the brain, for which the term gut-
brain axis has been coined [3,4]. Moreover, the link between the gut microbiota and
human diseases is more and more evident as alterations in gut microbial community
composition have been reported in several pathological conditions including neurological
and autoimmune disorders, obesity and cancer [5–10]. The microbiome studies on a
transgenic AD model and patients highlighted alterations in gut microbiota providing new
understanding of AD and additional features for its pathological characterization [11,12].
On the other hand, the eCB system that is ubiquitously expressed throughout the gut,
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Abstract
Purpose To investigate whether a Mediterranean diet (MD) a!ected the plasma concentrations of endocannabinoids (ECs), 
N-acylethanolamines (NAEs) and their specific ratios in subjects with lifestyle risk factors for metabolic diseases. To iden-
tify the relationship between circulating levels of these compounds and gut microbiome, insulin resistance and systemic 
inflammation.
Methods A parallel 8-week randomised controlled trial was performed involving 82 overweight and obese subjects aged 
(mean ± SEM) 43 ± 1.4"years with a BMI of 31.1 ± 0.5"kg/m2, habitual Western diet (CT) and sedentary lifestyle. Subjects 
were randomised to consume an MD tailored to their habitual energy and macronutrient intake (n = 43) or to maintain their 
habitual diet (n = 39). Endocannabinoids and endocannabinoid-like molecules, metabolic and inflammatory markers and gut 
microbiome were monitored over the study period.
Results The MD intervention lowered plasma arachidonoylethanolamide (AEA, p = 0.02), increased plasma oleoylethanola-
mide/palmitoylethanolamide (OEA/PEA, p = 0.009) and OEA/AEA (p = 0.006) and increased faecal Akkermansia mucin-
iphila (p = 0.026) independent of body weight changes. OEA/PEA positively correlated with abundance of key microbial 
players in diet–gut–health interplay and MD adherence. Following an MD, individuals with low-plasma OEA/PEA at baseline 
decreased homeostatic model assessment of insulin resistance index (p = 0.01), while individuals with high-plasma OEA/
PEA decreased serum high-sensitive C-reactive protein (p = 0.02).
Conclusions We demonstrated that a switch from a CT to an isocaloric MD a!ects the endocannabinoid system and increases 
A. muciniphila abundance in the gut independently of body weight changes. Endocannabinoid tone and microbiome func-
tionality at baseline drives an individualised response to an MD in ameliorating insulin sensitivity and inflammation.
Clinical Trial Registry number and website NCT03071718; www. clini caltr ials. gov

Keywords Obesity"· Akkermansia muciniphila"· Gut microbiome"· Gut barrier"· Cardiovascular disease risk

Abbreviations
2-AG  2-Arachidonylglycerol
AEA  Arachidonoylethanolamide or anandamide
AEAd8  Anandamide-d8
BMI  Body mass index
CRP  C-reactive protein
CT  Control group
ECs  Endocannabinoids
HDL  High-density lipoprotein
HOMA-index  Homeostatic model assessment of insulin 

resistance-index
IBD  Inflammatory bowel disease
IMI  Italian Mediterranean Index
LDL  Low-density lipoprotein
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Abstract
Anhedonia and amotivation are debilitating symptoms and represent unmet therapeutic needs in a range of clinical
conditions. The gut-microbiome-endocannabinoid axis might represent a potential modi!able target for interventions. Based
on results obtained from animal models, we tested the hypothesis that the endocannabinoid system mediates the association
between gut-microbiome diversity and anhedonia/amotivation in a general population cohort. We used longitudinal data
collected from 786 volunteer twins recruited as part the TwinsUK register. Our hypothesis was tested with a multilevel
mediation model using family structure as random intercept. The model was set using alpha diversity (within-individual gut-
microbial diversity) as predictor, serum and faecal levels of the endocannabinoid palmitoylethanolamide (PEA) as mediator,
and anhedonia/amotivation as outcome. PEA is considered the endogenous equivalent of cannabidiol, with increased serum
levels believed to have anti-depressive effects, while increased stool PEA levels, re"ecting increased excretion, are believed
to have opposite, detrimental, effects on mental health. We therefore expected that either reduced serum PEA or increased
stool PEA would mediate the association between microbial diversity and anhedonia amotivation. Analyses were adjusted
for obesity, diet, antidepressant use, sociodemographic and technical covariates. Data were imputed using multiple
imputation by chained equations. Mean age was 65.2 ± 7.6; 93% of the sample were females. We found a direct, signi!cant,
association between alpha diversity and anhedonia/amotivation (!=!0.37; 95%CI: !0.71 to !0.03; P= 0.03). Faecal, but
not serum, levels of the endocannabinoid palmitoylethanolamide (PEA) mediated this association: the indirect effect was
signi!cant (!=!0.13; 95%CI: !0.24 to !0.01; P= 0.03), as was the total effect (!=!0.38; 95%CI: !0.72 to !0.04; P=
0.03), whereas the direct effect of alpha diversity on anhedonia/amotivation was attenuated fully (!=!0.25; 95%CI: !0.60
to 0.09; P= 0.16). Our results suggest that gut-microbial diversity might contribute to anhedonia/amotivation via the
endocannabinoid system. These !ndings shed light on the biological underpinnings of anhedonia/amotivation and suggest
the gut microbiota-endocannabinoid axis as a promising therapeutic target in an area of unmet clinical need.

Introduction

Anhedonia and amotivation are commonly experienced in
the general population, with prevalence rates ranging
between 15 and 20% [1, 2]. Population-based investigations
of these symptoms are increasingly common in the scienti!c
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Manual Therapy

In subjects receiving 
osteopathic manipulation, 
serum levels of AEA 
obtained after treatment 
more than doubled the 
pre-treatment levels. No 
change was seen in control 
subjects.
McPartland, 2005



Manual Therapy
Increase in PEA in 
subjects with chronic low 
back pain at 30 minutes 
posttreatment was two 
times greater than the 
increase in control 
subjects.

Degenhardt et al., 2006



Cold Bathing and Winter Swimming 
Associated with Improvements in

• Immune function, cardiovascular 
function, antioxidant activity, and 
metabolism

– Kolettis et al., 2003

• Insulin sensitivity
– Gibas-Dorna et al., 2016

• Reduced inflammation and blood lipids
– Pan et al., 2015

• Activation of anti-pain centers of the 
brain

– Muzik et al., 2018



• Exposure to cold caused an upregulation 
of endocannabinoid levels and 
biosynthetic enzymes in white adipose 
tissue (WAT).

• Activation of brown adipose tissue and 
browning of WAT in mice cause 
upregulation of endocannabinoid levels
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related chronic metabolic diseases. The natural function 
of BAT is to combust energy from high-caloric nutrients to 
defend the body against cold environments ( 4 ). The abil-
ity to burn energy-dense triglycerides as fuels for heat pro-
duction could enable BAT to diminish hypertrophic white 
adipose tissue (WAT) depots, a prerequisite for the pre-
vention of metabolic lifestyle diseases ( 5, 6 ). In humans, 
BAT activity, determined by positron emission tomography-
computed tomography (PET-CT), is positively correlated 
with BAT mass ( 1–3 ), BAT activation status ( 2 ), and envi-
ronmental factors such as low temperatures ( 7 ). Repeated 
cold exposure leads to increased BAT activity ( 8, 9 ), a con-
dition that is associated with a self-reported decrease in 
sensitivity to cold. The thermogenic process is dependent 
on the presence of uncoupling protein 1 (UCP1), a protein 
located in the inner membrane of mitochondria that is able 
to separate electron transport in the respiratory chain from 
the production of energy in the form of ATP. The heat gen-
erated by this exothermic reaction is transported via the 
blood circulation system to maintain body temperature ( 10 ). 
Low BAT activity in humans correlates with ageing and obesity 
( 2, 11 ), suggesting a causal link between decreased BAT 
activity, weight gain, and the development of metabolic dis-
eases. In this context, channeling fatty acids and triglycerides 
into BAT could attenuate deleterious effects that saturated 
fatty acids cause by ectopic lipid accumulation in the liver 
or heart  . In fact, up to 90% of energy for heat production 
is derived from fatty acids that are delivered by triglyceride-
rich lipoproteins ( 4, 10, 12 ). These latter are hepatic VLDLs 

       Abstract   The endocannabinoids and their main receptor, 
cannabinoid type-1 (CB1), suppress intracellular cyclic AMP 
levels and have emerged as key players in the control of en-
ergy metabolism. CB1 agonists and blockers have been re-
ported to infl uence the thermogenic function of white and 
brown adipose tissue (WAT and BAT), affecting body weight 
through the inhibition and stimulation of energy expendi-
ture, respectively. The purpose of the current study was to 
investigate the regulation of the endocannabinoid system in 
WAT and BAT following exposure to either cold or specifi c 
agonism of  ! 3-adrenoceptors using CL316,243 (CL), condi-
tions known to cause BAT activation and WAT browning. To 
address this question, we performed quantitative PCR-
based mRNA profi ling of genes important for endocannabi-
noid synthesis    , degradation, and signaling, and determined 
endocannabinoid levels by LC-MS in WAT and BAT of con-
trol, cold-exposed, and CL-treated wild-type mice as well as 
primary brown adipocytes. Treatment with CL and exposure 
to cold caused an upregulation of endocannabinoid levels 
and biosynthetic enzymes in WAT. Acute  ! 3-adrenoceptor 
activation increased endocannabinoids and a subset of genes 
of biosynthesis in BAT and primary brown adipocytes.   We 
suggest that the cold-mediated increase in endocannabi-
noid tone is part of autocrine negative feed-back mecha-
nisms controlling  ! 3-adrenoceptor-induced BAT activation 
and WAT browning.  —Krott, L. M., F. Piscitelli, M. Heine, S. 
Borrino, L. Scheja, C. Silvestri, J. Heeren, and V. Di Marzo. 
 Endocannabinoid regulation in white and brown adipose 
tissue following thermogenic activation.  J. Lipid Res.  2016.  
57:  464–473.   

 Supplementary key words cannabinoids • protein kinases/protein 
kinase A • gene expression • phospholipids 

 The   recent discovery of active brown adipose tissue 
(BAT) in adult humans ( 1–3 ) is one of the most intriguing 
fi ndings, as it raises hope for the treatment of obesity and 

 This work was supported by the  Graduiertenkolleg der Deutschen Forschungsge-
meinschaft   1459  (L.M.K.) and by a grant from the  Fondation Leducq-Triglyc-
eride Metabolism in Obesity and Cardiovascular Disease  ( 12CVD04 ) (J.H.). 
 Manuscript received 13 November 2015 and in revised form 12 January 2016. 
  Published, JLR Papers in Press, January 14, 2016  
 DOI 10.1194/jlr.M065227 

 Endocannabinoid regulation in white and brown adipose 
tissue following thermogenic activation 

  Lucia M.   Krott ,  1, *   Fabiana   Piscitelli ,  1,†    Markus   Heine , *   Simona   Borrino ,  †    Ludger   Scheja , *  
 Cristoforo   Silvestri ,  †    Joerg   Heeren ,  2, *  and  Vincenzo   Di Marzo   2,†   

 Department of Biochemistry and Molecular Cell Biology,*  University Medical Center Hamburg Eppendorf , 
20246 Hamburg,  Germany ; and Endocannabinoid Research Group, †   Institute of Biomolecular Chemistry , 
Consiglio Nazionale delle Ricerche, 80078 Pozzuoli, Naples,  Italy  

 Abbreviations:  Abhd4 ,  ! / "  domain containing-4; AEA,  N -arachi-
donoylethanolamine (anandamide); 2-AG, 2-arachidonoylglycerol; 
BAT, brown adipose tissue; CB1, cannabinoid type-1; CB2, cannabi-
noid type-2; CL, CL316,243;  Dagla , diacylglycerol lipase- ! ;  Faah , fatty 
acid amide hydrolase;  Gde1 , glycerophosphodiester phosphodiesterase-1; 
 Mgll , monoglyceride lipase; NAE,  N -acylethanolamine;  Napepld ,  N -acyl 
phosphatidylethanolamine phospholipase D; OEA,  N -oleoylethanol-
amine; PEA,  N -palmitoylethanolamine; SNS, sympathetic nervous sys-
tem; UCP1, uncoupling protein 1; WAT, white adipose tissue  . 

  1  L. M. Krott and F. Piscitelli contributed equally to this work. 
  2  To whom correspondence should be addressed.  
  e-mail: heeren@uke.uni-hamburg.de (J.H.); vdimarzo@icb.na.cnr.
it (V.D.M.) 

 by guest, on M
arch 19, 2019

w
w

w
.jlr.org

D
ow

nloaded from
 

464 Journal of Lipid Research Volume 57, 2016
Copyright © 2016 by the American Society for Biochemistry and Molecular Biology, Inc.

This article is available online at http://www.jlr.org

related chronic metabolic diseases. The natural function 
of BAT is to combust energy from high-caloric nutrients to 
defend the body against cold environments ( 4 ). The abil-
ity to burn energy-dense triglycerides as fuels for heat pro-
duction could enable BAT to diminish hypertrophic white 
adipose tissue (WAT) depots, a prerequisite for the pre-
vention of metabolic lifestyle diseases ( 5, 6 ). In humans, 
BAT activity, determined by positron emission tomography-
computed tomography (PET-CT), is positively correlated 
with BAT mass ( 1–3 ), BAT activation status ( 2 ), and envi-
ronmental factors such as low temperatures ( 7 ). Repeated 
cold exposure leads to increased BAT activity ( 8, 9 ), a con-
dition that is associated with a self-reported decrease in 
sensitivity to cold. The thermogenic process is dependent 
on the presence of uncoupling protein 1 (UCP1), a protein 
located in the inner membrane of mitochondria that is able 
to separate electron transport in the respiratory chain from 
the production of energy in the form of ATP. The heat gen-
erated by this exothermic reaction is transported via the 
blood circulation system to maintain body temperature ( 10 ). 
Low BAT activity in humans correlates with ageing and obesity 
( 2, 11 ), suggesting a causal link between decreased BAT 
activity, weight gain, and the development of metabolic dis-
eases. In this context, channeling fatty acids and triglycerides 
into BAT could attenuate deleterious effects that saturated 
fatty acids cause by ectopic lipid accumulation in the liver 
or heart  . In fact, up to 90% of energy for heat production 
is derived from fatty acids that are delivered by triglyceride-
rich lipoproteins ( 4, 10, 12 ). These latter are hepatic VLDLs 
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cannabinoid type-1 (CB1), suppress intracellular cyclic AMP 
levels and have emerged as key players in the control of en-
ergy metabolism. CB1 agonists and blockers have been re-
ported to infl uence the thermogenic function of white and 
brown adipose tissue (WAT and BAT), affecting body weight 
through the inhibition and stimulation of energy expendi-
ture, respectively. The purpose of the current study was to 
investigate the regulation of the endocannabinoid system in 
WAT and BAT following exposure to either cold or specifi c 
agonism of  ! 3-adrenoceptors using CL316,243 (CL), condi-
tions known to cause BAT activation and WAT browning. To 
address this question, we performed quantitative PCR-
based mRNA profi ling of genes important for endocannabi-
noid synthesis    , degradation, and signaling, and determined 
endocannabinoid levels by LC-MS in WAT and BAT of con-
trol, cold-exposed, and CL-treated wild-type mice as well as 
primary brown adipocytes. Treatment with CL and exposure 
to cold caused an upregulation of endocannabinoid levels 
and biosynthetic enzymes in WAT. Acute  ! 3-adrenoceptor 
activation increased endocannabinoids and a subset of genes 
of biosynthesis in BAT and primary brown adipocytes.   We 
suggest that the cold-mediated increase in endocannabi-
noid tone is part of autocrine negative feed-back mecha-
nisms controlling  ! 3-adrenoceptor-induced BAT activation 
and WAT browning.  —Krott, L. M., F. Piscitelli, M. Heine, S. 
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Fasting



• Fasting increased levels of anandamide 
and 2-AG in the limbic forebrain and, to a 
lesser extent, of 2-AG in the hypothalamus. 

• Hypothalamic 2-AG declined as animals 
ate.
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Fasting
• The ECS is intimately involved in regulation of hunger, 

satiety, and energy utilization.
• While the interactions are complex, data suggest that 

fasting can both trigger increased production of eCBs
and restore balance to the ECS in scenarios consistent 
with obesity and metabolic syndrome.

– Hillard, 2018 (review); McPartland et al., 2014



Summary: ECS-Enhancing 
Recommendations

1. Distress → Eustress via perceptual shift
2. Social interactions and play
3. Enjoyable exercise
4. Omega-3 PUFAS: hemp seeds, sardines, wild salmon
5. FAAH inhibition: Chocolate, maca, galangal
6. Fermented foods (for most)
7. Bodywork
8. Ice bathing
9. Fasting



Thank you!

Dustin Sulak, D.O.
www.healer.com


