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Abstract

The purpose of this study was to examine opioid and endocannabinoid mechanisms of exercise-

induced hypoalgesia (EIH). Fifty-eight men and women (mean age = 21 yrs) completed three 

sessions. During the first session, participants were familiarized with the temporal summation of 

heat pain and pressure pain protocols. In the exercise sessions, following double-blind 

administration of either an opioid antagonist (50 mg naltrexone) or placebo, participants rated the 

intensity of heat pulses and indicated their pressure pain thresholds (PPT) and ratings (PPR) 

before and after 3 minutes of submaximal isometric exercise. Blood was drawn before and after 

exercise. Results indicated circulating concentrations of two endocannabinoids, N-

arachidonylethanolamine (AEA) and 2-arachidonoylglycerol (2-AG) as well as related lipids 

oleoylethanolamide (OEA), palmitoylethanolamide (PEA), N-docsahexaenoylethanolamine 

(DHEA), and 2-oleoylglycerol (2-OG) increased significantly (p < 0.05) following exercise. PPT 

increased significantly (p < 0.05) while PPR decreased significantly (p < 0.05) following exercise. 

Also, temporal summation ratings were significantly lower (p < 0.05) following exercise. These 

changes in pain responses did not differ between placebo or naltrexone conditions (p > 0.05). A 

significant association was found between EIH and DHEA. These results suggest involvement of a 

non-opioid mechanism in EIH following isometric exercise.
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INTRODUCTION

One form of endogenous pain modulation is exercise-induced hypoalgesia (EIH). A number 

of investigators have reported an attenuation of pain following single episodes of exercise in 

healthy young adults. Various modes of exercise have been studied including aerobic 

exercise (e.g., running, cycling), resistance exercise (e.g., lifting weights), and isometric 

exercise (e.g., static muscle contractions), and several review articles have been published 

summarizing this research.5,42,43,53 EIH has been characterized by elevations in pain 

thresholds and tolerances, as well as reductions in pain intensity ratings during and 

following exercise. Currently, the mechanisms responsible for EIH are poorly understood. 

Results from the animal research indicate there are multiple analgesia mechanisms including 

opioid and non-opioid systems that contribute to changes in pain sensitivity resulting from 

exercise.19,31,44,45,49,69

The most commonly tested hypothesis for EIH is that exercise induces a release of 

endogenous opioids at either peripheral, spinal, and/or central sites: all of which contribute 

to pain modulation.29,73 Muscle contractions activate Group III (A-delta) and IV (C) 

primary afferents in skeletal muscle, and stimulation of these fibers can activate the 

endogenous opioid system.73 Elevations in peripheral blood beta-endorphin concentrations 

have been reported in men following exercise,35,73 and it has been suggested that the 

stimulation of peripheral afferent neurons modulate pain by activating spinal or supraspinal 

inhibitory mechanisms.63 A number of studies have been conducted in which an opioid 

antagonist (naltrexone or naloxone) was administered before exercise in both humans and 

animals. In the human studies, results are equivocal while in the animal studies, opioid 

antagonists have been found to attenuate the hypoalgesic response following mild exercise 

(e.g., swimming in warm water) but have not had a consistent effect on hypoalgesia 

following more severe exercise (e.g., swimming in cold water).5,42 These results indicate 

that EIH is mediated, in part, by the endogenous opioid system. However, hypoalgesia that 

is insensitive to opioid antagonists can also occur, which provides evidence for naloxone-

insensitive, thus, non-opioid hypoalgesia.

Endocannabinoid-mediated mechanisms have been suggested as an alternative mechanism 

for EIH.8 The presence of cannabinoid (CB) receptors in the pain processing areas of the 

brain and spinal cord 23,74 suggests that endocannabinoids, N-arachidonylethanolamine 

(AEA) and 2-arachidonoylglycerol (2-AG), may contribute to the control of pain 

transmission within the central nervous system through activation of CB1 cannabinoid 

receptors.31,78 Indeed, considerable data in preclinical and human studies support the 

hypothesis that exogenous activation of CB receptors produces antinociception.55 In further 

support of this hypothesis, several investigators have found significant elevations in 

circulating concentrations of AEA following exercise.11,24,56,57,64 Thus, like the 

endogenous opioid peptides, endocannabinoids are increased in the circulation during 

exercise, and CB1 receptor activation produces analgesia. The purpose of this study was to 

examine opioid and endocannabinoid mechanisms of EIH in men and women.
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MATERIALS AND METHODS

Participants

All procedures were approved by the University of Wisconsin Health Sciences Institutional 

Review Board and informed consent was obtained from each participant prior to data 

collection. A power analysis was performed to estimate an optimal sample size for detecting 

a potential difference between men and women in the effects of naltrexone on EIH using a 

repeated measures design, with an alpha of 0.05, a power of 0.80, and a medium effect of 

0.50.39,76 Results from the analysis indicated that 44 participants (22 women and 22 men) 

would be needed for the study; however, sample size was increased in anticipation of 

potential subject attrition. Sixty healthy adults (30 women, 30 men) between the ages of 18–

40 yrs without a history of major medical problems or routine use of medications were 

recruited for this study. Participants were required to be free from clinical pain and the use 

of pain medications. Participants were asked to refrain from caffeine, nicotine, alcohol, and 

vigorous exercise for at least four hours before arrival to the laboratory and also be free from 

analgesic medication use for 24 hours prior to testing. Upon completion of the study, 

subjects were paid $100 for their participation in this research.

Methods and Procedures

A double-blind, placebo-controlled crossover design employing an opioid blockade 

methodology was utilized. The order of drug administration and placebo was randomized 

and counterbalanced. The sessions were conducted on separate days in the morning to 

minimize potential circadian changes in experimental variables. The familiarization session 

and the two experimental sessions were conducted in the Clinical Research Unit (CRU) 

located in the University of Wisconsin hospital. To control for potential menstrual cycle 

effects, the two experimental testing sessions were conducted during the follicular phase of 

each woman’s menstrual cycle (i.e., days 4–10 after the onset of menses). Carefully scripted 

instructional sets were used to minimize potential behavioral artifacts (e.g., demand 

characteristics).

Pain Testing—The testing consisted of inducing pain using pressure and thermal stimuli. 

Different peripheral and central nociceptive pathways can be evoked by varying noxious 

stimulation parameters, and it has been suggested that different mechanisms underlie 

analgesic responses for various types of noxious stimulation.12,18 Pain thresholds were 

assessed during pressure stimulation by asking participants to indicate when the stimulus 

was first perceived to be painful by pressing a button attached to a timer out of view of the 

participant. Pain ratings for pressure and thermal stimuli were obtained using a standard 

numerical scale.66,77 The scale ranges from 0–100 in increments of 5 with the following 

verbal descriptors: 20 = “barely painful,” 30 = “very weak pain,” 40 = “weak pain,” 50 = 

“moderate pain,” 60 = “slightly strong pain,” 70 = “strong pain,” 80 = “very strong pain,” 90 

= “nearly intolerable pain,” and 100 = “intolerable pain.”

Pressure stimulus—A pressure stimulus (the force of a 3000 gram mass) was applied to 

the forefinger of the dominant hand for a maximum of two minutes using a Forgione-Barber 

Pressure Stimulator.13 Previous research has indicated that this procedure produces a painful 
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sensation but does not cause tissue damage or injury.51 In addition, findings from previous 

controlled experiments with the pressure device showed no significant changes in pain 

perception across multiple trials during control conditions but moderate to large changes 

across trials following exercise.37,38

Thermal stimulus—A thermal stimulus was applied to the thenar eminence of the 

dominant hand using a computer controlled Medoc sensory analyzer (CHEPS model). The 

protocol involved administration of brief, repetitive suprathreshold heat pulses to evoke 

Type IV (C-fiber) pain summation (i.e., temporal summation). Temporal summation of 

second pain can be evoked by repetitive heat pulses to the skin at frequencies of 0.33 Hz or 

more. This phenomenon is dependent on activation of peripheral Type IV nociceptors 

resulting in wind-up of Type IV fiber evoked discharges of dorsal horn neurons.67 A 

thermode was programmed to deliver pulses that rapidly rose from an adapting temperature 

to a peak temperature of 51°C at a rate of 30°C/sec, remained at this level for 0.5 sec, and 

then returned to baseline at a rate of 30°C/sec. Ten heat pulses were delivered to the thenar 

eminence of the hand. Briefly, the temperature of the thermode increased during the first 

four stimuli from 35°C (baseline) to 45°C (peak), 36°C to 47°C, 37°C to 48°C, 38°C to 

49°C, while the baseline and peak temperatures of the 6 remaining pulses were 38°C and 

51°C. All participants were trained to rate the late pain sensations evoked by repetitive 

thermal stimuli applied to the surface of the hand during a familiarization session described 

below. Before application of repetitive heat pulses, participants were told that they may or 

may not feel sensations of pain during the heat pulses and to attend to a possible late 

sensation of pain beginning 1–2 seconds after each pulse. They were instructed to provide 

numerical ratings (0–100 scale) of the magnitude of these late sensations of pain which 

could increase or decrease with stimulus repetitions. Pilot testing using this protocol 

revealed that the first pulse was rated as non-painful (mean rating = 10) while the last pulse 

in a train of 10 pulses was rated as painful (mean rating = 40) and was significantly more 

painful than the fifth pulse indicating that this was a sufficient protocol to evoke temporal 

summation of heat pain. Also, previous pilot research employing a control condition in 

which participants sat quietly before a second exposure to the temporal summation protocol 

indicated that temporal summation did not change significantly between the first and second 

exposure.39

Procedures—Each participant completed three sessions including a familiarization 

session and two randomly assigned experimental sessions, and the procedures are 

summarized in Figure 1.

Familiarization Session: During the familiarization session, participants completed the 

informed consent document and six questionnaires consisting of: 1) a Demographic and Pain 

History Questionnaire, 2) the Pain Catastrophizing Scale (PCS),71 3) the Fear of Pain-III 

Scale,47 4) the Profile of Mood States Questionnaire,46 5) the Gender Role Expectation of 

Pain Questionnaire,60 and 6) the Family Environment Scale.50 The Demographic and Pain 

History Questionnaire was used to collect health, pain, and demographic information. The 

standard PCS was completed at the beginning of the familiarization session to assess 

individuals’ tendency to engage in pain-related catastrophizing, while actual pain 
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catastrophizing was assessed following the two experimental sessions. Blood pressure and 

heart rate were assessed, then participants were exposed to the thermal and pressure stimuli 

to familiarize them with the pain testing to be completed in subsequent sessions. Next, 

participants completed isometric exercise testing by performing two maximal voluntary 

contractions (MVCs). Participants squeezed a hand dynamometer with their dominant hand 

at maximum strength for 5-seconds, rested for 3-minutes, and then performed another 

maximal contraction for 5-seconds. The average of the two MVC’s was used to calculate the 

intensity of exercise to be used in subsequent testing sessions. Isometric exercise was 

employed because muscle contractions activate Group III (A-delta) and Group IV (C) 

primary afferents,35,48 and stimulation of afferent fibers in skeletal muscle can result in 

activation of endogenous pain inhibitory systems.35,73 Prior research in our lab indicated 

that EIH occurs following isometric exercise, and that isometric handgrip exercise produces 

ipsilateral and contralateral analgesic responses indicative of a generalized and centrally-

mediated response.41

Experimental Sessions: A toxicology screen was performed at the beginning of the two 

experimental sessions. Participants reported to the CRU upon which time they provided a 

urine sample in order to screen for recent opioid and cannabinoid use, and for pregnancy in 

the women. Participants completed a 24-Hour History Questionnaire, the POMS 

questionnaire, rested for 10-min, and then blood pressure and heart rate were assessed. A 

research nurse inserted a catheter into the non-dominant arm and blood was drawn through 

antecubital venipuncture in plasma separating tubes to examine baseline levels of 

endocannabinoids (AEA and 2-AG) as well as four structural lipid analogs (i.e., 

palmitoylethanolamide (PEA), oleoylethanolamide (OEA), N-docosahexaenoylethanolamine 

(DHEA) and 2-oleoylglycerol (2-OG)). Next, participants completed baseline experimental 

pain testing using the same procedures as were used in the familiarization session. 

Participants then received an oral dose of either the opioid antagonist (50 mg naltrexone 

capsule) or a placebo (lactose capsule). Naltrexone (NAL) is an opioid receptor antagonist 

with particular affinity for µ-Opioid receptors79 which are found both in the central and 

peripheral nervous system14 The endogenous ligand with the highest affinity to the µ-opioid 

receptor is β-endorphin.58 The order of placebo and NAL capsules were randomly assigned 

and administered in a double-blind fashion. The dose of NAL was chosen based on previous 

studies.1 Both placebo and NAL-containing capsules were administered identically with 8-

ounces of water and under observation of the research nurse. Participants sat and rested 

quietly for 55-minutes to allow for peak plasma concentrations of NAL to occur (side 

effects, blood pressure and heart rate were monitored every 15-min). Experimental pain 

testing was completed, blood was drawn immediately, and then a recovery period of 3-

minutes followed so as to allow any residual effects of prior stimulation of nociceptors to 

dissipate (based on our previous research). Participants then performed isometric exercise at 

25% MVC for 3-minutes. Muscle pain and ratings of perceived exertion (RPE) were 

assessed every 30 seconds during exercise using a muscle pain intensity scale designed and 

validated to specifically measure muscle pain during exercise6, and Borg’s well-validated 6–

20 perceived exertion scale.3 Blood pressure and heart rate were assessed and then a blood 

draw and experimental pain testing was completed immediately post-exercise. Participants 
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completed an in vivo pain catastrophizing scale,10 and then were asked to indicate whether 

they thought they had received NAL or a placebo during the session.

Plasma endocannabinoids extraction and measurement: All extractions were performed 

using Bond Elut C18 solid-phase extraction columns (1 mL; Varian Inc, Lake Forest, CA). 

Plasma samples (0.5 mL each) were thawed and made up to 15% ethanol, to which the 

internal standards [2H8]-AEA (16.9pmol) and [2H8]-2-AG (46.5 pmol) (Cayman Chemicals, 

Ann Arbor, MI) were added. Samples were then vortexed and centrifuged at 1000g for 4 

min. The supernatant was loaded on C18 columns, which had been conditioned with 1 mL 

redistilled ethanol and 3 mL of double distilled water (ddH2O). The remaining pellet was 

washed with 100 µL of 15% ethanol and centrifuged again for 3 min. The resulting 

supernatant was loaded onto the C18 column. Columns were washed with 5 mL ddH2O and 

eluted with 1 mL of ethyl acetate. The ethyl acetate layer in the resulting elute was removed 

and dried under N2. Lipids in the residual ddH2O were extracted by mixing with an 

additional 1 mL of ethyl acetate, which was added to the original ethyl acetate solution. 

Once dried, the samples were resuspended in 20 µL of methanol and stored at −80°C. AEA , 

2-AG, 2-OG, OEA, PEA, and DHEA were quantified using isotope-dilution, electrospray 

ionization liquid chromatography/mass spectrometry (LC-ESI-MS) as described 

previously.54 All of these procedures were performed at the Medical College of Wisconsin 

under the supervision of Dr. Hillard.

Statistical Analyses: All statistical analyses were conducted using IBM SPSS Statistical 

Version 20.0, and significance was set at p < 0.05. Descriptive statistics were computed for 

the variables for the men and women in the placebo and NAL conditions. Data not meeting 

the normality assumption (i.e., Shapiro-Wilke test) were log transformed. For muscle pain 

and perceived exertion (RPE) during exercise, the data were analyzed with 2 (sex) × 2 (drug 

treatment: placebo & NAL) × 6 (time: 30, 60, 90, 120, 150, 180 sec) ANOVAs with 

repeated measures on the last two factors. Temporal summation of heat pain ratings were 

assessed at baseline, pre-exercise, and post-exercise, and the data were analyzed with 2 (sex) 

× 2 (drug treatment) × 3 (trials) × 3 (pulses: 1, 5 & 10) ANOVAs with repeated measures on 

the last three factors. Pressure pain ratings were analyzed with 2 (sex) × 2 (drug treatment) × 

3 (trials) and 4 (time: 30, 60, 90, 120 sec) ANOVAs with repeated measures on the last three 

factors while pressure pain thresholds were analyzed with a 2 (sex) × 2 (drug treatment) by 3 

(trials) ANOVAs with repeated measures on the last two factors. As for the 

endocannabinoids, the data were analyzed with 2 (sex) × 3 (trials) repeated measures 

ANOVAs in the placebo condition only (to avoid possible contamination by NAL) to assess 

whether men and women differed in endocannabinoid responses to exercise. Spearman’s 

Rho correlational analyses were performed to examine the relationship between 

endocannabinoids and EIH. In addition, effect sizes were calculated using Cohen’s d.4

RESULTS

A total of 30 men and 30 women with a mean age of 21 yrs (sd=3) participated in this study. 

Two participants did not complete testing: one woman experienced blood draw 

complications and one man had trouble swallowing the capsule. Thus, the final sample 

consisted of 29 men and 29 women. The racial and ethnic make-up of the sample included 
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33 (57%) Caucasian participants (16 women, 17 men), 10 (17%) African American 

participants (6 women, 4 men), 8 (14%) Asian American participants (2 women, 6 men), 6 

(10%) Latino participants (4 women, 2 men), and 1 (2%) American Indian participant (1 

woman). The average maximum grip strength for the women was 22 kg (sd = 7) and the 

average maximum grip strength for the men was 38 kg (sd = 10).

Ratings of Perceived Exertion and Muscle Pain During Exercise

The results indicated there was a significant time effect (p < 0.05) for ratings of perceived 

exertion (RPE) with RPE increasing during exercise. The main effects for sex and drug 

treatment (placebo, NAL) on RPE were not found to be significant (p > 0.05). Similarly, 

there was a significant time effect (p < 0.05) for muscle pain while the main effects for sex 

and drug treatment were not significant (p > 0.05). Muscle pain was found to increase 

significantly during exercise. The results for RPE and muscle pain during exercise are 

summarized in Table 1.

Experimental Pain

Pressure Pain Thresholds—There was a significant trials effect (p < 0.05) for pressure 

pain thresholds which were found to be higher following exercise in comparison to baseline 

(i.e., took longer for the stimulus to become painful) in the placebo (d = 0.42) and NAL (d = 

0.58) conditions. The main effects for sex and drug treatment, as well as the interactions, 

were not significant (p > 0.05). The results for pain thresholds are summarized in Figure 2.

Pressure Pain Ratings—There was a significant time effect (p < 0.05) and a significant 

trials effect (p < 0.05) for pressure pain ratings. In addition, there was a significant trials × 

time interaction (p < 0.05) and a significant condition × trials × time interaction (p < 0.05). 

However, there were no significant main effects for sex or drug treatment (p > 0.05). Pain 

ratings increased significantly across time during the two minute exposure to the pressure 

stimulator. Pain ratings were found to be significantly lower following exercise in the 

placebo (d = 0.64) and NAL (d = 0.50) conditions. The results for pressure pain ratings are 

illustrated in Figure 3.

Temporal Summation—The results for temporal summation ratings of heat pain 

indicated a significant heat pulse effect (p < 0.05), a significant trials (pre and post-exercise) 

effect (p < 0.05), and a significant pulse × trials interaction (p < 0.05). However, there were 

no significant main effects for sex or drug treatment (p > 0.05), and none of the other 

interaction effects were found to be significant (p > 0.05). Participants rated the first, fifth, 

and tenth pulses as successively more painful. Men and women experienced a significant 

decrease in temporal summation ratings of heat pain following exercise in both the placebo 

(Cohen’s d = 0.50) and NAL (d = 0.48) conditions. The results for temporal summation 

ratings are illustrated in Figure 4.

Lipid Measurements

The concentrations of six biogenic lipids were determined in the plasma of participants 

before and after exercise in the placebo arm of the study. The concentrations of four N-

acylethanolamines were measured: the endocannabinoid, AEA, and three structural analogs, 
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DHEA, OEA and PEA. The concentrations of all these lipids were significantly greater 

following exercise (Figure 5). For each of these lipids, there was a significant trials effect, 

but the main effect for sex and the sex × trials interaction were not significant (p > 0.05). 

The concentrations of two acyl-glycerols were also determined: the endocannabinoid 2-AG, 

and its analog, 2-OG. Both of these lipids were also significantly greater following exercise, 

but the main effect for sex and the sex × trials interactions were not significantly different (p 

> 0.05).

Relationships Among Biogenic Lipids and EIH

Spearman’s Rho (ρ) correlational analyses were performed to further examine the 

relationships among the biogenic lipids in the circulation and EIH. A significant correlation 

was found between DHEA and temporal summation pain ratings. Changes in DHEA 

concentrations were significantly associated with changes in temporal summation ratings for 

the men (p = 0.03; ρ = 0.40) and women (p = 0.02; ρ = 0.43).

DISCUSSION

The results from this study indicated that exercise-induced hypoalgesia (EIH) occurred in 

men and women following isometric exercise. The EIH response was characterized by a 

reduction in temporal summation of heat pain ratings, lower pressure pain ratings, and 

higher pressure pain thresholds following exercise. These results indicate that EIH occurred 

following low intensity (25% MVC) static muscle contractions performed for a short 

duration (i.e., 3 minutes), and suggest that exercise reduces central sensitivity (i.e., reduced 

temporal summation) to experimental pain. Currently, the mechanisms responsible for EIH 

are poorly understood, but the endogenous opioid system has received significant attention. 

However, results from previous studies in which an opioid antagonist was administered 

before exercise are equivocal.42 It is unclear why there are conflicting results, but the 

equivocal findings could be due to methodological differences across studies such as 

different exercise protocols, different pain induction techniques, differences in the 

administration of the opioid antagonists, and differences in the characteristics of the samples 

(e.g., sex, sample size).

Most of the research in this area has involved the testing of men. In several of these studies a 

mixed sample of men and women were used but the number of women was small, and the 

data were typically not analyzed for sex differences. In the current study, sample size was 

estimated prior to the initiation of the study and an equal number of men and women were 

recruited and tested in both placebo and NAL conditions. The results indicated that EIH 

occurred following exercise and that administration of an opioid antagonist did not influence 

EIH responses in men or women. Results were similar for men and women and indicated 

that pain was attenuated following exercise for all three pain measures (temporal summation 

of heat pain, pressure pain thresholds, and pressure pain ratings). Very little research has 

examined whether men and women differ in EIH which is in contrast to a much larger 

literature in the general pain area indicating sex differences in pain perception. Currently, 

the results from the limited number of studies which have examined sex differences in EIH 

are equivocal.28,39,40,68 The results from the present study indicated no significant 
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differences in EIH between men and women, but women were tested during the follicular 

phase of their menstrual cycle. These results are in agreement with the only other EIH study 

to control for menstrual cycle phase which also reported no significant sex differences in 

EIH when women were tested during the follicular phase of their menstrual cycle.39

The results from this study indicated that a comparable EIH response occurred in both the 

placebo and NAL conditions suggesting that opioids may not be the primary mechanism of 

EIH in this study. However, we did not measure circulating levels of opioids and cannot be 

certain that these levels increased as a result of exercise, especially since we used a short 

duration isometric exercise protocol. Research indicates that properties of the exercise 

stressor are important in determining which system is activated during exercise (i.e., opioid 

or non-opioid). In the animal research, it has been shown that by manipulating the 

parameters of the exercise stressor (e.g., duration of exercise, intermittent vs continuous 

exercise), it is possible to elicit either opioid or non-opioid hypoalgesia.42

Circulating endocannabinoid concentrations were found to increase significantly following 

exercise suggesting involvement of a non-opioid mechanism in EIH following isometric 

exercise. Very little is known about non-opioid hypoalgesia but an endocannabinoid 

hypothesis has been proposed.8 The endocannabinoid system is a neuromodulatory system 

composed of cannabinoid receptors (e.g., CB1, CB2), their endogenous ligands (the 

endocannabinoids AEA and 2-AG), and proteins responsible for their metabolism. CB 

receptors have been identified throughout the body (e.g., brain, spinal cord, sensory neurons, 

muscles, endothelial cells, lungs). In particular, the presence of CB receptors in the pain 

processing areas of the brain and spinal cord.23,74 suggests that endogenous cannabinoids 

may contribute to the control of pain transmission in the central nervous system.31,78 The 

two most studied endocannabinoids are the arachidonic acid derivatives, AEA and 2-AG. 

Non-arachidonate analogs of both AEA and 2-AG are also present in the circulation, usually 

at far higher concentrations than the endocannabinoids. PEA, OEA, and 2-OG have very 

low affinity for the CB receptors, particularly compared to the affinities of AEA and 2-

AG.26,70 Putative targets of OEA and PEA include the nuclear transcription factor PPARα21 

and the transient receptor potential vanilloid channel-1 (TRPV1) channel.2,65 2-OG is a 

putative agonist for an orphan G protein coupled receptor, GPR119.22 Importantly, the N-

acylethanolamines have overlapping mechanisms of synthesis and degradation such that 

their concentrations often increase and decrease together.26 The same is true for 2-AG and 

2-OG.27 The present study confirms these relationships.

The only lipid for which a significant correlation between exercise-induced change and pain 

ratings occurred was DHEA. DHEA is the ethanolamide of docsoahexenoic acid, which is 

an omega 3 fatty acid with 22 carbons and 6 double bonds. DHEA binds to CB1 receptors 

with about 10-fold lower affinity than AEA62, which brings up the possibility that DHEA is 

a weak endocannabinoid. The only other target for DHEA that has been identified thus far is 

the transcription regulator, PPARY.61 It is unlikely that PPARY mediates the association of 

DHEA with pain ratings due to the short time frame of the effects.

Multiple lines of evidence indicate that endocannabinoids play a role in pain modulation. 

For example, neurophysiological studies have demonstrated that cannabinoids suppress 

Koltyn et al. Page 9

J Pain. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



nociceptive processing.20 Also, research indicates hypersensitivity to pain (i.e., 

hyperalgesia) following pharmacological blockade of CB1 receptors.20 Further, studies 

employing stimulation-produced analgesia and stress-induced analgesia provide support for 

the hypothesis that endogenous AEA and 2-AG suppress pain through CB1-dependent 

mechanisms.20 Thus, it has been hypothesized that the endocannabinoid system may be 

involved in EIH.8 Only a limited number of studies, however, have been conducted 

examining endocannabinoid responses to exercise. Sparling et al (2003) provided the first 

evidence in men that the endocannabinoid system was activated by exercise as evidenced by 

significant elevations in circulating AEA levels following cycling or running.64 Heyman et 

al (2011) examined endocannabinoid responses to exercise in trained male cyclists, and 

found significant elevations in AEA levels, as well as elevations in PEA and OEA levels 

following exercise.24 Raichlen et al (2013; 2012) conducted two studies examining 

endocannabinoid responses to exercise. Results from one of the studies indicated significant 

elevations in AEA levels following running but not walking on a treadmill.56 In another 

study, Raichlen et al (2013) examined endocannabinoid responses to different intensities of 

exercise, and found significant elevations in AEA levels following moderate intensity 

treadmill exercise but not at lower or higher intensities of exercise.57 In addition, Feuerecker 

et al (2012) examined changes in endocannabinoid levels following hiking at different 

altitudes in comparison to a passive ascent (i.e., by helicopter), and found significant 

elevations in AEA levels following hiking at a lower altitude with further increases in AEA 

levels following hiking at a higher altitude.11 Elevated brain AEA levels have also been 

found following exercise in an animal study by Hill et al (2010). Eight days of free access to 

running wheels were found to increase tissue content of AEA in the hippocampus.25 All of 

these previous studies indicated significant elevations in AEA levels following aerobic 

exercise. The results of the current study are in general agreement with these earlier studies 

in that exercise produced significant increases in AEA, as well as OEA, and PEA, but 

extends the findings to isometric exercise (static muscle contractions). Further, elevations in 

DHEA and the second endocannabinoid, 2-AG along with 2-OG, occurred following 

exercise. This is the first study to demonstrate significant elevations in endocannabinoid 

related lipid concentrations following short duration isometric exercise. CB receptors are 

densely expressed on peripheral nerve terminals such as A-delta and C primary afferents.30 

It appears that static muscle contractions which activate A-delta and C primary afferents 

produce alterations in circulating concentrations of endocannaboids.

The results from the current study extend the findings from the previous research by 

including assessments of pain before and following exercise. The results indicated EIH 

occurred following isometric exercise, and this was in conjunction with significant 

elevations in circulating concentrations of endocannabinoids. Only a limited number of 

studies have been conducted to date in which changes in pain and endocannabinoid levels 

have been examined during or following exercise. Ghafouri et al (2013) examined 

concentrations of PEA and stearoylethanolamide (SEA) in three groups of women including 

women with chronic neck/shoulder pain (CNSP), women with chronic widespread pain 

(CWP), and healthy controls before and following exercise consisting of 20 minutes of 

repetitive arm movement. Pain was found to increase during arm movement for the women 

with CNSP and CWP. The increase in pain intensity during arm movement was found to be 
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associated with low levels of PEA and SEA in the women with chronic pain, consistent with 

the hypothesis that PEA and SEA levels are associated with pain responses.17 Galdino et al 

(2013) examined the role of the endocannabinoid system in exercise-induced 

antinociception in rats. Male Wistar rats ran on a rodent treadmill while pressure and 

thermal nociceptive thresholds were assessed before and following exercise in different 

conditions (e.g., administration of CB1 and CB2 receptor antagonists, administration of 

endocannabinoid metabolizing enzyme inhibitors). Aerobic exercise produced a significant 

increase in pressure and thermal nociceptive thresholds as well as significant increases in 

AEA, 2-AG, PEA, and OEA, similar to the results of the present study. Further, systemic 

and central pretreatment with CB1 and CB2 receptor antagonists blocked the antinociceptive 

response following exercise.16 In addition, systemic and central pretreatment with 

endocannabinoid metabolizing enzyme inhibitors prolonged the antinociceptive response 

following exercise. Notably, there were significant increases in CB1 receptors expression in 

the brains of rats who had exercised. Specifically, CB1 receptors increased in neurons within 

the dorsolateral and ventrolateral PAG regions in the exercised rats. Similar eCB results 

were recently reported in another study conducted by Galdino et al. (2014) employing 

resistance exercise instead of aerobic exercise.15 Thus, the results from these studies provide 

support for the endocannabinoid hypothesis of EIH.

An interesting question that arises from these studies is the source of the circulating lipids. 

Recent studies have demonstrated that skeletal muscle expresses mRNA for N-

acylethanolamine phosphatidylethanolamine (NAPE)-specific phospholipase D,32 an 

enzyme known to synthesize the N-acylethanolamines in a calcium-dependent manner.75 

Transcript for diacylglycerol lipase (DAGL), the rate limiting step in the synthesis of 2-AG 

and other 2-acylglycerols,59 is also found in skeletal muscle.7,32 Thus, it is possible that the 

source of the endocannabinoids and other lipids is the exercising muscle and further research 

is needed to examine this possibility.

In addition to a possible role in regulation of pain, it is possible that the lipids serve as a link 

between an acute change in muscle activity and the requirement for additional fuel through 

diverse metabolic effects. For example, a recent study has demonstrated that DHEA 

increases glucose uptake by C2C12 myoblasts in culture.33 It is well established that 

activation of CB1 receptors by AEA and 2-AG increases food consumption,34 however, 

there is also evidence that CB1 receptor over-activity contributes to insulin resistance in 

skeletal muscle.9 Interestingly, however, OEA has anorexic properties.72

Strengths of the present study include a double-blind, placebo-controlled crossover design, 

an optimal sample size of men and women, and control of menstrual cycle phase in the 

women. A limitation of this study was the lack of a control condition in which participants 

were exposed to the pain stimuli before and following a non-exercise control condition. 

However, in our previous research we did not find changes in pain following control 

conditions consisting of sitting quietly for the same duration as the exercise condition.38,39 

Also, isometric exercise was the only exercise stimulus used in this study, thus, the results 

cannot be generalized to other modes of exercise. Additional research is required examining 

mechanisms of EIH for aerobic and resistance exercise. Further, the results from the current 

study can only be generalized to healthy young men and women. It is unclear whether 
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individuals with chronic pain would experience similar results as our healthy young adults. 

Results from studies examining EIH in individuals with chronic pain are currently equivocal 

with EIH occurring in some chronic pain conditions (e.g., osteoarthritis, rheumatoid 

arthritis) but not consistently in others (e.g., fibromyalgia, temporomandibular disorders, 

painful diabetic neuropathy).36,52 In conclusion, EIH was found to occur following short 

duration isometric exercise. Administration of an opioid antagonist did not alter this 

response, but endocannabinoid levels were found to be elevated following exercise. Thus, 

EIH following short duration isometric exercise may be mediated by a non-opioid 

mechanism, possibly by cannabinoid receptor activation.
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PERSPECTIVE

Currently, the mechanisms responsible for exercise-induced hypoalgesia (EIH) are 

unknown. This study provides support for a potential endocannabinoid mechanism of 

EIH following isometric exercise.
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Figure 1. 
Schematic of the Experimental Procedures, BP = blood pressure; min = minutes
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Figure 2. 
Means and standard errors for pressure pain thresholds pre and post exercise in the placebo 

and naltrexone conditions; *indicates a significant increase (p < 0.05) post exercise in both 

conditions. Note: assessments were taken twice before exercise, i.e., baseline and pre-

exercise but have been combined in the figure because they were not significantly different.
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Figure 3. 
Means and standard errors for pressure pain ratings pre and post exercise in the placebo and 

naltrexone conditions; *indicates a significant increase in pain ratings (p < 0.05) over the 

two minutes; +indicates a significant decrease (p < 0.05) in pain ratings at that time from pre 

to post exercise. Note: assessments were taken twice before exercise, i.e., baseline and pre-

exercise but have been combined in the figure because they were not significantly different.
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Figure 4. 
Means and standard errors for temporal summation ratings pre and post exercise in the 

placebo and naltrexone conditions; *indicates a significant decrease (p < 0.05) in pain 

ratings at that pulse post exercise. Note: assessments were taken twice before exercise, i.e., 

baseline and pre-exercise but have been combined in the figure because they were not 

significantly different.
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Figure 5. 
Means and standard errors for biogenic lipids at baseline, pre, and post exercise in the 

placebo condition only; n = 58; *indicates a significant increase (p < 0.05) in concentration 

from baseline to post exercise
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