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Abstract

Omega-3 and omega-6 fatty acids are biosynthetic precursors to endocannabinoids with
antinociceptive, anxiolytic, and neurogenic properties. We recently reported that targeted dietary
manipulation—increasing omega-3 fatty acids while reducing omega-6 linoleic acid (the H3-L6
intervention)—reduced headache pain and psychological distress among chronic headache
patients. It is not yet known whether these clinical improvements were due to changes in
endocannabinoids and related mediators derived from omega-3 and omega-6 fatty acids. We
therefore used data from this trial (n=55) to investigate (1) whether the H3-L6 intervention altered
omega-3 and omega-6 derived endocannabinoids in plasma, and (2) whether diet-induced changes
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in these bioactive lipids were associated with clinical improvements. The H3-L6 intervention
significantly increased the omega-3 docosahexaenoic acid derivatives 2-docosahexaenoylglycerol
(+65%, p<0.001) and docosahexaenoylethanolamine (+99%, p<0.001), and reduced the omega-6
arachidonic acid derivative 2-arachidonoylglycerol (-25%, p=0.001). Diet-induced changes in
these endocannabinoid derivatives of omega-3 docosahexaenoic acid, but not omega-6 arachidonic
acid, correlated with reductions in physical pain and psychological distress. These findings
demonstrate that targeted dietary manipulation can alter endocannabinoids derived from omega-3
and omega-6 fatty acids in humans, and suggest that 2-docosahexaenoylglycerol and
docosahexaenoylethanolamine could have physical and/or psychological pain modulating
properties. Trial Registration: ClinicalTrials.gov (NCT01157208)

Perspective—This article demonstrates that targeted dietary manipulation can alter
endocannabinoids derived from omega-3 and omega-6 fatty acids, and that these changes are
related to reductions in headache pain and psychological distress. These findings suggest that
dietary interventions could provide an effective, complementary approach for managing chronic
pain and related conditions.
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Introduction

Omega-3 (n-3) and omega-6 (n-6) fatty acids are major components of immune and
neuronal cell membranes3® and the biosynthetic precursors to several families of lipid
autacoids posited to modulate physical pain and psychological distress (e.g. eicosanoids,
endovanilloids, endocannabinoids)8-10: 20. 32,38, 42 ' Hymans lack the enzymatic machinery
needed for de novo biosynthesis of n-3 and n-6 fatty acids. Therefore, targeted dietary
manipulation is a promising strategy for altering bioactive lipid autacoids in a manner that
could reduce pain and comorbid conditions. We recently tested this hypothesis in a
population with chronic headaches.

The Chronic Daily Headache (CDH) trial

The CDH trial was a randomized, 12-week trial designed to test the clinical and biochemical
effects of a diet high in n-3 and low in n-6 fatty acids (the H3-L6 intervention) compared to
a diet low in n-6 fatty acids (the L6 intervention) in a population with CDH. We previously
reported that the H3-L6 intervention produced marked reductions in headache frequency and
severity 30, reduced psychological distress 2%, and enhanced quality of life and function 2°
compared to the L6 intervention, while reducing the use of acute pain medications 30 . Diet-
induced changes in one or more families of n-3 or n-6 derived lipid autacoids likely
contributed to these clinical benefits; however the specific lipid autacoids responsible for
these effects are unknown. In the present manuscript, we investigate whether changes in one
such family of lipid autacoids—endocannabinoids and related mediators derived from n-6
and n-3 fatty acids—could help explain the beneficial effects of the H3-L6 intervention.
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n-6 and n-3 fatty acids as precursors to endocannabinoids and related

mediators

Methods

The n-6 arachidonic acid (n-6 AA) derivatives 2-arachidonoylglycerol (2-AG) and N-
arachidonoylethanolamine (AEA) (Figure 1) have complex relationships with chronic pain
and psychological distress. 2-AG and AEA act as endogenous ligands for cannabinoid
receptors (i.e., endocannabinoids) to produce analgesic and anxiolytic effects 1. 812,33,
However, in addition to activating cannabinoid receptors, 2-AG also serves as a major
source for production free AA and prostanoids 4 28, which have been implicated in
headache pathogenesis 3. AEA is also the best-characterized endogenous ligand for the
TRPV1 receptor channel (i.e., endovanilloid), which is involved in pain signaling 10,

The n-3 DHA derivatives 2-docosahexaenaoylglycerol (2-DHG) and
docosahexaenoylethanolamine (DHA-EA) have low affinity for cannabinoid receptors 38 but
could potentially affect pain and psychological distress via other mechanisms. 2-DHG is
abundant in nervous system tissues 42, but its specific biological actions have not yet been
identified. DHA-EA has anti-inflammatory 23, and neurogenic ©: 20: 32 properties, and has
been linked to improved functional recovery and reduced sensitivity to noxious heat after
experimental spinal cord injury 15, It is not yet known whether 2-DHG or DHA-EA plays a
role in modulating physical or psychological dimensions of the pain experience.

In the present study, we used data and samples from this completed trial to test whether
plasma levels of 2-AG, AEA, 2-DHG and DHA-EA can be modified by diet, and whether
such changes could help explain the beneficial effects of the H3-L6 intervention. The
specific objectives are to: (1) determine whether the dietary interventions altered these n-3
and n-6 derived endocannabinoids in plasma; (2) assess the relations between these
endocannabinoids and their precursor fatty acids; and (3) examine how changes in these
endocannabinoids related to improvements in physical, psychological, and functional
aspects of the pain experience.

Trial overview

The trial protocol, dietary compositions, and the primary clinical and biochemical findings
were previously described 24 30. 31, Briefly, adults meeting the Chronic Daily Headache
(CDH) criteria of headaches >4 hours per day and >15 days per month for at least 3 months
and a headache history of >2 years were recruited to participate. Eligibility criteria are
shown in Supplementary Table S1. After the nature and possible consequences of the trial
were explained, all participants provided written informed consent. During the 4-week pre-
intervention phase, participants continued usual care and habitual diets and recorded
headache characteristics in a web-based daily headache diary. Upon completion of the run-in
phase, participants were randomized to either the H3-L6 intervention or L6 intervention,
which lasted 12 weeks. Participants were masked to the nature and content of the other
group's intervention. The dietitian was unmasked by necessity at randomization in order to
assign patients to their group and to administer the interventions. All other investigators,
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study personnel, and each participant's personal physician were masked to group assignment
for the full duration of the trial. The trial was conducted at the University of North Carolina
at Chapel Hill (UNC) from April 2009 to November 2011. Trial procedures were approved
by the UNC Institutional Review Board. This trial is registered under ClinicalTrials.gov
(NCT01157208).

Dietary interventions

The nutrient intakes of the H3-L6 and L6 interventions have previously been reported 24 and
are summarized in Supplementary Table S2. The H3-L6 diet reduced dietary n-6 linoleic
acid (LA), and concurrently increased n-3 eicosapentaenoic acid (EPA) and DHA. The L6
diet reduced n-6 LA, and maintained low n-3 EPA and DHA intakes typical of U.S. diets 24,
EPA and DHA were increased in the H3-L6 diet by providing fatty fish (e.g. canned fatty
tuna). To maximize credibility, the L6 diet provided foods that were low in n-3 fatty acids
but similar in appearance to H3-L6 foods (e.g. very low fat tuna with added oil). LA was
reduced in both diets by restricting consumption of vegetable oils and other rich sources of
LA. The interventions were designed to produce weight maintenance, and to be equally
credible and equivalent with respect to macronutrient and caloric intake, interactions with
the dietitian and investigators, and intensity and breadth of the dietary advice and web-based
intervention materials 24. Expectation of benefit was moderate in both diet groups, with no
between-group differences in the Borkovec and Nau credibility questionnaire 30. There were
no significant weight changes in either group.

Sample collection and laboratory analysis of endocannabinoids and precursor fatty acids

Sample preparation and analyses were performed by investigators who were blinded to
study protocol and clinical data. Fasting blood was drawn at baseline and after 12-weeks of
diet exposure. Plasma aliquots were immediately frozen at -80°C. Endocannabinoids were
analyzed via LC-MS/MS at Northeastern University's Center for Drug Discovery (Boston,
MA\) 40-42_ Plasma fatty acids and the n-6 in HUFA score were previously reported [10] and
are summarized in Supplementary Table 3.

Pain, quality of life, and psychological measures

Measures of headache pain, headache-specific quality of life (HIT-6) [16], psychological
distress (BSI-18) 22, and health-related quality of life (SF-12) 23 39 were collected before
and after the intervention, and a daily headache diary was used to record hourly headache
characteristics (rated as mild, moderate, or severe) throughout the trial, as previously
described 1930 and summarized in Table 1. For each of these outcomes, the H3-L6
intervention group experienced statistically significant improvements compared to the L6
group 3.

Data Analysis

All analyses were conducted using Stata version 13 (College Station, Texas). We examined
descriptive statistics for all variables, and employed a combination of non-parametric and
parametric approaches (normalizing variables when necessary) using all available data
without imputations. To determine whether the dietary interventions altered plasma
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endocannabinoids, we used a Wilcoxon matched-pairs signed-ranks test to assess differences
in pre-to-post intervention values within each diet group. To determine whether group
assignment had an effect on the post-intervention value of each analyte, we used an analysis
of covariance including the baseline value of each respective analyte. To determine
associations between post-intervention plasma fatty acids and endocannabinoids, we used
linear regressions adjusted for the baseline values of the respective fatty acid and
endocannabinoid. To examine whether changes in endocannabinoids were related to clinical
improvements, we used regression models adjusted for the baseline values of each outcome
and endocannabinoid.

Demographic and baseline characteristics

Sixty seven participants were randomized to the H3-L6 or the L6 diet. The groups had
comparable baseline characteristics (Supplementary Table S5). Fifty-five participants
completed the 12-week intervention phase and provided baseline and 12-week plasma
measures. Endocannabinoids were measured for this sample. We compared baseline
characteristics for these 55 completers vs. the 12 non-completers using the Wilcoxon rank-
sum test. No statistically significant differences were detected for demographic or pain-
related characteristics, however, non-completers had lower mental health scores (SF-12
Mental Health composite score; p=0.03). At baseline, participants had high levels of
physical pain (mean headache days per month=23 (SD=7.5), mean headache hours per
day=10 (SD=6.4), mean severe headache hours per day=4.3 (SD=4.8), and reported taking
an average of 6 different headache-related medications.

Abundance of endocannabinoids and their precursor fatty acids in plasma

Mean plasma endocannabinoid concentrations at baseline were as follows: 2-DHG 166
ng/mL (SD=74.7); DHA-EA 0.47 ng/mL (SD=0.22); 2-AG 793.0 ng/mL (SD=324.1); AEA
0.49 ng/mL (SD=0.18), with no significant between-group differences in any
endocannabinoid (p>0.05). 2-DHG, 2-AG, DHA-EA and AEA were 0.57, 0.55, 0.0017 and
0.00038% as abundant as their precursors DHA and AA in plasma phospholipids.

Diet-induced changes in endocannabinoids

Compared to baseline and to the L6 intervention, the H3-L6 intervention significantly
increased 2-DHG and DHA-EA, and significantly reduced 2-AG (Table 2). The H3-L6
intervention had no effect on AEA, oleoylethanolamine (OEA), palmitoylethanolamine
(PEA), or oleaylglycerol (OG). The L6 intervention did not significantly alter 2-DHG,
DHA-EA, 2-AG, AEA, OEA, PEA or OG.

Associations between plasma endocannabinoids and their precursor fatty acids

Figure 2 shows the relationships between the endocannabinoids 2-DHG, DHA-EA, 2-AG
and AEA, and their precursor fatty acids in plasma after 12 weeks on the CDH trial.
Increases in plasma DHA were significantly related to increases in 2-DHG and DHA-EA
and decreases in 2-AG (p-values <0.05). Increases in plasma AA and %n6 in HUFA score
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were significantly related to decreases in 2-DHG and DHA-EA and increases in 2-AG and
AEA (p-values <0.05).

between 12-week changes in plasma endocannabinoids and clinical measures

The relationships between changes in plasma endocannabinoids and clinical measures are
shown in Table 3. Since there was no significant effect modification by diet group, these
associations are reported for the combined groups (Stratified results shown in
Supplementary Table 4). For each SD increase in plasma 2-DHG, we observed a 10%
reduction in the number of headache days per month (p=0.006) and a 40% reduction in the
number of severe headache hours per day (p<0.001)(Table 3.a.). Increases in 2-DHG were
also related to improvements in psychological distress (p=0.002) and the SF-12 Mental
Health composite score (p=0.006), and tended to correlate with lower headache impact
(p=0.051) and higher physical health (0.080)(Table 3.b.). For each SD increase in plasma
DHA-EA, we observed a 7% reduction in the number of headache days per month (p=0.027)
and a 30% reduction in the number of severe headache hours per day (p<0.001). However,
unlike 2-DHG, changes in DHA-EA were not significantly related to psychological distress.
Decreases in 2-AG were related to decreased headache severity (p=0.011), but were not
related to any other clinical outcomes. Changes in n-3 and n-6 derived endocannabinoids
were not significantly related to functional dimensions of pain.

Discussion

Here we report for the first time in humans that targeted alterations in dietary n-3 and n-6
fatty acids significantly increased circulating 2-DHG and DHA-EA, and decreased 2-AG. In
light of research demonstrating that endocannabinoids regulate many critical biochemical
and behavioral processes in animals, the present demonstration in humans that these lipid
mediators are modifiable by diet could have important implications for a wide range of
pathological conditions.

Since DHA and AA are intermediates in the proposed causal pathway linking dietary fatty
acids to their endocannabinoid products, the finding that changes in plasma 2-DHG, DHA-
EA and 2-AG were correlated with changes in their respective precursor fatty acids was not
unexpected. In the present trial, changes in DHA seemed to be the best predictor of changes
in both the n-3 and n-6 endocannabinoid families. The finding that changes in plasma DHA
were positively related to DHA-derived endocannabinoids and inversely related to 2-AG is
consistent with the model shown in Figure 1, in which DHA and AA compete for the same
endocannabinoid biosynthetic enzymes. In this model, increased bioavailability of DHA
produced by the H3-L6 intervention displaces AA as a substrate for endocannabinoid
biosynthesis.

Diet-induced increases in 2-docosahexaenoylglycerol (2-DHG)

To our knowledge, the finding that plasma 2-DHG can be modified by diet is the first such
demonstration in humans. Previous animal studies examining diet-induced alterations in 2-
DHG were inconclusive. Berger et al.” showed that addition of DHA to DHA-free piglet
formula increased total brain lipid 2-DHG levels by 53%, however the relevance of these pig
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findings for human adults consuming omnivorous diets (containing some preformed DHA)
is unclear. By contrast, Wood et al.42 found that DHA supplementation for 2 weeks in mice
did not significantly alter plasma or brain 2-DHG, despite significant increases in DHA and
DHA-EA. This discrepancy may be due to the longer duration of feeding (12 weeks vs. 2
weeks) or to the concurrent lowering of dietary n-6 LA in the present trial. LA lowering may
promote increased 2-DHG synthesis by increasing hepatic synthesis-secretion and tissue
incorporation of the 2-DHG precursor DHA (Figure 1).

Although 2-DHG is a structural analog of the endocannabinoid 2-AG, it has low affinity for
cannabinoid receptors 38 and specific function(s) of 2-DHG have not yet been elucidated.
However, the relatively high concentration of 2-DHG in brain tissue 7+ 42, indicates that 2-
DHG could have important functions in the brain. In the present trial, increases in 2-DHG
correlated with reductions in headache frequency and severity, as well as psychological
distress. Notably, these diet-induced improvements in psychological distress were selective
for 2-DHG and were not associated with changes in 2-AG or DHA-EA. These findings are
consistent with the hypothesis that 2-DHG might play a role in modulating physical pain and
psychological distress. Future research into specific mechanisms of action of 2-DHG is
needed to test this hypothesis.

Diet-induced increases in docosahexaenoylethanolamine (DHA-EA)

The demonstration in humans that DHA-EA can be modified by diet in the present trial is
consistent with previous reports in animal models. Berger et al.’ reported that piglets fed
formula containing n-3 DHA had higher DHA-EA levels in brain lipid extracts than piglets
consuming DHA-free formula. Wood et al.*2 showed in mice that DHA supplementation
produced significant increases in plasma and brain DHA-EA.. Figueroa et al.1> showed in
rats that DHA supplementation increased 2-docosahexaenoyl-glycerophospoethanolamine,
the precursor to DHA-EA, in experimental spinal cord injury (SCI). This increase was
associated with improved functional recovery and reduced sensitivity to noxious heat. This
link between DHA-EA and reduced pain sensitivity in experimental SCI is consistent with
the association between increases in DHA-EA and reductions in headache frequency in the
present trial. Importantly, however, specific mechanisms linking DHA-EA to anti-
nociception have not been identified.

In addition to these putative anti-nociceptive actions, DHA-EA has well-known anti-
inflammatory 25 and neurogenic properties. Kim et al. demonstrated that DHA-EA is a
potent stimulator of neuritogenesis, synaptogenesis, and synaptic protein expression in
developing hippocampal neurons 32: 34,39 These neurogenic properties could help explain
the finding of improved functional recovery with DHA supplementation after experimental
SClI reported by Figueroa et al 37, In addition, these properties highlight the potential of the
H3-L6 intervention as a therapeutic strategy that should be tested for enhancing recovery
after traumatic brain or spinal cord injury.

Diet-induced reduction in 2-arachidonoylglycerol (2-AG)

The finding that plasma 2-AG was reduced by the H3-L6 intervention is consistent with a
previous report that supplementation with krill oil (a source of n-3 EPA and DHA) reduced
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plasma 2-AG in obese humans.> However, the same group of investigators recently found
that supplementation with krill oil powder reduced plasma AEA, but it had no effect on 2-
AG.5 Our finding of reduced 2-AG with the H3-L6 intervention is consistent with findings
in mouse plasma 42 and brain 2 with supplemental DHA. Hibbeln et al. demonstrated
significant reductions in liver and brain n-6 AA and 2-AG with dietary n-6 LA lowering
alone in mice. 2 By contrast, we found in humans that n-6 lowering alone (the L6
intervention) for 12 weeks had no effect on plasma AA or 2-AG. This discrepancy may be
due to differences between mouse diets and omnivorous human diets which contain
preformed AA and DHA. AA and DHA inhibit hepatic conversion of LA to AA,14 the
precursor for 2-AG biosynthesis. Hence, dietary n-6 LA intake may be less relevant for 2-
AG biosynthesis in humans. Alternatively, 12 weeks of dietary LA-lowering may not be
long enough to reduce circulating AA and 2-AG due to the high LA content of adipose
tissue in the U.S, 16 2118

The relationship between 2-AG and physical pain and psychological distress is complex and
incompletely understood. Acute stimulation of CB-1 and CB-2 cannabinoid receptors by 2-
AG elicits anti-nociceptive?2 33 and anxiolytic 1 effects. However, 2-AG also serves as a
major source for production free AA and pronociceptive eicosanoids 4 28, which have been
implicated in the pathogenesis of multiple chronic pain syndromes including headaches 3.
Moreover, 2-AG also serves as a substrate for cyclooxygenase 2 mediated conversion into
pro-nociceptive mediators with actions that largely opposite to known anti-nociceptive and
anti-inflammatory actions of 2-AG 7. These observations, which highlight the complex and
interactive nature of lipid signaling pathways, indicate that higher levels of 2-AG might
promote nociceptive signaling in certain circumstances. Consistent with this, in a recent
study in patients with end-stage osteoarthritis undergoing total knee arthroplasty, central
(cerebrospinal fluid) and peripheral (synovial fluid) levels of 2-AG were significantly
elevated in patients with higher postoperative pain, and synovial fluid 2-AG levels positively
correlated with postoperative opioid use 4. In the present study, the findings that the
reduction in pain in the H3-L6 group was accompanied by a reduction in plasma 2-AG, and
that the decrease in 2-AG was associated with fewer severe headache hours, are consistent
with the idea that 2-AG could contribute to nociceptive signaling. However, these
relationships are complex and require further investigation.

Could the H3-L6 intervention reduce addictive risk in chronic pain patients?

Patients with chronic pain have high rates of alcohol 13 and tobacco misuse 26. Abuse of
prescription opioids and other analgesic medications is a major public health challenge 36. In
the present trial, the H3-L6 group experienced a major reduction in headache pain while
reducing their use of acute pain medications 3°. This group also had a reduction in plasma
concentrations of 2-AG. Given the links between n-6 endocannabinoid hyperactivity,
impaired satiety, craving and addiction 11 27  the prospect of reducing 2-AG in the context
of pain reduction as a strategy for reducing addictive tendency is appealing. These
preliminary data suggest that the H3-L6 intervention could be investigated in future trials as
a complementary approach for managing pain and reducing relapse in patients with chronic
pain and comorbid opioid misuse.
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The present trial was relatively small and requires replication in a larger trial with nutrients
altered as controlled variables. While the results clearly demonstrate that diet can alter
circulating DHA and AA derived endocannabinoids, they cannot establish whether any of
these endocannabinoids are causally related to improvements in pain-related clinical
endpoints. Future studies are needed to: (1) establish whether comparable diet-induced
biochemical alterations are possible in tissues more directly associated with physical and
psychological dimensions of pain; (2) determine whether the magnitude of diet induced
changes in endocannabinoid levels are physiologically relevant; (3) examine whether and
how these lipid mediators modulate physical and psychological pain responses; (4) assess
the relative contributions of the n-3 and n-6 derived endocannabinoids in relation to other
lipid mediators posited to modulate inflammation and pain; (5) examine the effects of age
and gender on the biochemical and clinical effects of the interventions; and (6) to examine
the potential interplay between dietary n-3 and n-6 fatty acids and pain medications that alter
fatty acid metabolism (e.g. non-steroidal anti-inflammmatory medications).

In summary, we found that targeted dietary changes can alter circulating 2-DHG, DHA-EA
and 2-AG in accordance with changes in their biosynthetic precursor pools. Physical pain
relief correlated with increases in the 2-DHG and DHA-EA, while improvements in
psychological aspects of pain were correlated with increases in 2-DHG alone. These
findings establish that DHA-derived endocannabinoid-like mediators are modifiable by diet
in humans, and highlight 2-DHG and DHA-EA as lipid autacoids worthy of further
investigation as mediators or biomarkers of physical pain and related conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Model depicting diet-induced alterations in n-3 and n-6 derived endocannabinoids
(A) Dietary n-3 and n-6 polyunsaturated fatty acids compete for enzymatic conversion into

their respective elongated and desaturated products, notably n-3 DHA and n-6 AA.

(B) n-3 DHA and EPA and n-6 AA and LA compete for esterification into cell membranes.
(C) Membrane n-3 DHA and n-6 AA are converted to their respective glycerol-ester and N-
acylethanolamine endocannabinoids in proportion to available substrate.

(D) n-3 and n-6 fatty acids can be converted to numerous other lipid autacoids with pro- or
anti-nociceptive properties (eg, prostaglandins, EETs, HODEs, lipoxins, resolvins,
protectins).

DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; LA, linoleic acid; AA,
arachidonic acid; DHG, docosahexaenoylglycerol; DHA-EA,
docosahexaenoylethanolamine; AG, arachidonoylglycerol; AEA,
arachidonoylethanolamine; EET, epoxyeicosatrienoic acid; HODE, hydroxyoctadecadienoic
acid; CB, cannabinoid; TRPV1, transient receptor potential cation channel, subfamily V,
member 1.
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Figure 2. Precursor fatty acids and their n-3 and n-6 endocannabinoid products in plasma after

12 weeks

Plots are post-estimations of linear regression models for the effect plasma fatty acids on

each endocannabinoid after 12 weeks on the Chronic Daily Headache Study (n=55),
adjusting for the baseline value of each respective endocannabinoid and fatty acid.

Endocannabinoids are measured in ng/mL.
The shaded areas around regression lines are 95% confidence intervals. DHG,

docosahexaenoylglycerol; DHA-EA, docosahexaenoylethanolamine; 2-AG, 2-

arachidonoylglycerol; AEA, arachidonoylethanolamine; DHA, docosahexaenoic acid; n-6,
omega-6; HUFA, highly unsaturated fatty acids.
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Table 1

Description of clinical outcomes in the chronic daily headache trial
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Description

Time points

Pain frequency and intensity

Headache days/month

Headache hours/day

Severe headache hours/day

Functional dimensions of pain

Headache Impact on quality of life
(HIT-6)

Physical Health Composite Score
(SF-12)

Psychological dimensions of pain
Mental Health Composite Score
(SF-12)

Psychological distress (BSI-18)

Number of headache days experienced during the

previous 4 weeks

Calculated from web-based daily Headache
Diary recording hourly headache characteristics
(rated as mild, moderate, or severe). Mean
Headache Hours per day and Severe Headache
Hours per day were calculated by averaging the
last 4 weeks before randomization and during
intervention weeks eight through 12.

Measure of headache-related disability based on
self-reported pain, social functioning, role
functioning, vitality, cognitive functioning, and
psychological distress.

Summary measure for quality of life, function
and well-being in physical dimensions of life

Summary measure for quality of life, function
and well-being in psychological dimensions of
life

Measure of general psychological distress over
the last 7 days by each of 18 symptoms,
including separate scores for anxiety, depression,
somatization, and a global symptom severity
index

Baseline and
Intervention Week 12

Recorded daily
throughout the run-in
and intervention
phases (112 days
total)

Baseline and
Intervention Week 12

Baseline and
Intervention Week 12

Baseline and
Intervention Week 12

Baseline and
Intervention Week 12

Baseline mean (SD)

23.2(7.5)

10.2 (6.4)
4.3 (4.8)

60.8 (5.0)

436 (9.4)

44.3 (9.8)

52.3(9.3)
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Table 3
a. Associations between 12-week changes in endocannabinoids and physical pain (n=55)

n-3 DHA-derived! (ng/mL) n-6 AA derived! (ng/mL)
2-DHG DHA-EA 2-AG AEA
Headache days/month (n=55) -10% (0.006) -7% (0.027) -6% (0.191) -2% (0.533)
Headache hours/day (n=51) -12% (0.031) -3% (0.642) 13% (0.068) 8% (0.175)
Severe headache hours/day (n=51) -40% (<0.001) -30% (<0.001) 39% (0.011) 34% (0.001)

1standardized coefficients represent the % change in count (i.e., days or hours) for each standard deviation change in the respective
endocannabinoid (p-values in parenthesis) and are derived from Poisson regression models relating endocannabinoids and headache outcomes
at week 12 and adjusting for the respective baseline values.

b. Associations between 12-week changes in endocannabinoids and pain-related quality of life measures and psychological stress — both
groups (n=55)

n-3 DHA-derivedt n-6 AA derived?!

2-DHG DHA-EA 2-AG AEA
Functional dimensions of pain
Headache Impact on quality of life -0.23 (0.051) -0.19 (0.089) 0.21 (0.124) 0.12 (0.332)
(HIT-6)2
Physical Health Composite Score 0.21 (0.080) 0.16 (0.171) -0.17 (0.231) -0.19 (0.125)
(SF-12)3
Psychological dimensions of pain
Mental Health Composite Score 0.34 (0.006) 0.11 (0.346) -0.002 (0.986) 0.01 (0.912)
(SF-12)3
Psychological distress (BSI)4 -0.36 (0.002) -0.16 (0.138) 0.12 (0.351) 0.15 (0.205)

Standardized coefficients represent a standard deviation change in the outcome variable for each one standard deviation increase in the respective
endocannabinoid (p-values in parenthesis) and are derived from linear regression models relating endocannabinoids and outcomes at week 12 and
adjusting for the respective baseline values.

2. . . .

Higher score = more headache impact on quality of life.

3Higher score = better quality of life.

4 . . .
Higher score = more psychological distress.
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