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Abstract

Background: Gastroparesis (GP) is a motility disorder of the stomach presenting with upper
gastrointestinal symptoms in the setting of delayed gastric emptying. Endocannabinoids are
involved in the regulation of GI function including matility. However, their role in the
pathophysiology of GP has not been sufficiently investigated. Our goal was to compare the
circulating levels of endocannabinoids and cannabimimetic fatty acid derivatives in GP versus
control subjects.

Methods: The study compared plasma concentrations of endocannabinoids and their lipoamine
and 2-acyl glycerol congeners, measured by high-pressure liquid chromatography/tandem mass
spectrometry (HPLC-MS-MS), in adult patients with diabetic gastroparesis (DM-GP; n=24; n =
16 female), idiopathic gastroparesis (ID-GP; n = 19; n = 11 female), diabetic patients without GP
(DM; n =19; n = 10 female), and healthy controls (HC; n = 18; n = 10 female). Data, presented as
mean = SEM, were analyzed with ANOVA (Sidak post hoc).

Key Results: Endocannabinoids anandamide (AEA: 0.5 £ 0.1 nMol/L) and 2-arachidonoyl
glycerol (2-AG: 2.6 + 0.7 nMol/L) were significantly lower in female DM-GP patients vs. DM
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females (AEA: 2.5 £ 0.7 nMol/L and 2-AG: 9.4 + 3.3 nMol/L). Other monoacylglycerols
including 2-palmitoyl glycerol and 2-oleoyl glycerol were also lower in female DM-GP patients
compared to DM females. No changes were observed in men.

Conclusions & Inferences: Endocannabinoids and other fatty acid derivatives with
cannabimimetic properties are reduced in female DM-GP patients. Since GP, particularly with
diabetic etiology, is more prevalent among women and since cannabinoids are antiemetic, this
decrease in levels may contribute to symptom development in these subjects. Targeting the
endocannabinoid system may be a future therapeutic option in DM-GP patients.
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11 INTRODUCTION

Gastroparesis (GP) is a chronic gastrointestinal (GI) motility disorder which presents with
chronic refractory nausea and vomiting, epigastric discomfort, and early satiety in the setting
of delayed gastric emptying without gastric outlet obstruction. The vast majority of GP cases
are in women, and are idiopathic (ID-GP) or diabetic (DM-GP) in origin, while some cases
have been reported in the setting of traumatic or idiopathic vagal nerve damage.1-2 Patients
with GP experience significant reduction in their quality of life, and treatment options are
limited.34

The endocannabinoid system primarily consists of the endocannabinoid ligands anandamide
(AEA) and 2-arachidonoyl glycerol (2-AG), the enzymes responsible for their biosynthesis
from cell membrane lipids, such as N-acyl phosphatidylethanolamine phospholipase D
(NAPE-PLD) and diacylglycerol lipase (DAGL), their degradative enzymes, such as fatty
acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL), and their receptors,
cannabinoid-1 (CB1) and cannabinoid-2 (CB2). The enzymes involved in the biosynthesis or
degradation of endocannabinoids also are involved in the metabolism of other fatty acid
derivatives with cannabimimetic properties. While endocannabinoids have a role in slowing
GI motility and regulating Gl secretion, mucosal permeability, inflammation, visceral
sensation, and nociception, studies on the physiological roles of the other endogenous lipids
(eg, additional 2-acyl glycerols and AEA-congeners, lipoamines) are very limited.>’

Previous studies have described the endocannabinoid system as a potential target in treating
conditions such as anorexia,8 obesity,? cyclic vomiting syndrome, 10 and other Gl disorders.
57 Many GP patients use cannabis recreationally or medically, but whether targeting
endocannabinoid system is helpful in GP is still a matter of debate.6-11.12 |n addition to
changes in gastric emptying, GP is also associated with enteric neuronal loss, depletion of
interstitial cells of cajal, and inflammation at molecular and cellular levels such as changes
in M2 macrophage population and smooth muscle fibrosis.13-16

Immunomodulatory and antifibrotic actions of endogenous cannabinoids have been
demonstrated.1” Moreover, GP patients with severe nausea and abdominal pain are more
likely to use cannabis and perceive it as beneficial.1? It is possible that these patients are
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using cannabis to ameliorate a depletion in their endogenous cannabinoid levels. Here, we
tested the hypothesis that GP drives changes in circulating endocannabinoid and related lipid
signaling molecules and that these changes are sex- and GP subtype—dependent.

21 METHODS

2.11 Participants and plasma collection

This study was performed at Texas Tech University Health Sciences Center El Paso after
obtaining IRB approval. Patients referred to the Neurogastroenterology and Endocrinology
Clinics of Texas Tech University Health Sciences Center El Paso participated in this study.
Healthy controls (HCs) were included based on an advertisement. Fasting plasma samples
were collected from 24 DM-GP, 19 ID-GP patients, 19 diabetic patients without GP (DM),
and 18 HC. Studied subjects were 18 to 85 years old. Their demographic characteristics are
presented in Table 1. Plasma samples were immediately stored at —80°C and were shipped
on dry ice to the Department of Psychological & Brain Sciences of Indiana University for
analysis where the lipid extraction and HPLC/MS/MS analysis was performed.

In the GP groups, the diagnosis was confirmed based on the standardized 4-hour gastric
emptying test where a radiolabeled meal retention of >60% at 2 hours and >10% at 4 hours
was indicative of GP.18 In GP patients, total symptom score which was the sum of severity
(score: 0-4) for each major symptom (vomiting, nausea, early satiety, bloating, postprandial
fullness, and epigastric pain) during the last 2 weeks before sample collection was
calculated.1® None of the subjects had any organic Gl disorder such as peptic ulcer or
inflammatory bowel disease, cancer, allergy, autoimmune, infectious diseases or were
receiving antibiotics, immunosuppressants or non-steroidal anti-inflammatory drugs. Any
subject with a history of cannabis use was excluded from the study. Patients were also asked
to stop taking antidepressants and narcotics at least 72 hours before collection of the blood
samples.

2.21 Lipid extraction and HPLC/MS/MS analysis

Plasma was aliquoted into 150 pL volumes for each participant and then added to 2 mL of
(HPLC)-grade methanol (Thermo Fisher Scientific). Solutions were spiked with 500
picomoles deuterium-labeled A-arachidonoyl glycine (dgNAGIy; Cayman Chemical) to
determine extraction efficiency and centrifuged at 19,000 x g for 20 minutes at 24°C.
Supernatants were diluted with HPLC water (purified in house) to make a 15% supernatant
solution. Lipid extractions were performed as previously described using C18 solid-phase
extraction columns (Agilent).29-28 Briefly, columns were conditioned with 5 mL HPLC
methanol followed by 2.5 mL HPLC water. Then, the supernatant/water solution was loaded
onto the column. Impurities were washed off with 2.5 mL HPLC water. A series of 5
elutions with 1.5 mL 40%, 60%, 75%, 85%, and 100% methanol were collected.

As previously described,20-29 extracts were analyzed using an Applied Biosystems API 3000
triple quadrupole mass spectrometer (Foster City, CA, USA). 20 uL from each elution were
chromatographed using a 2.1 x 50 mm XDB-C18 reversed phase HPLC analytical column
with a 3.5 micron particle size (Agilent) using optimized mobile phase ingredients (mobile
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phase A: 80% water, 20% methanol with 1 mmol/L ammonium acetate; mobile phase B:
100% methanol with 1 mmol/L ammonium acetate). Two Shimadzu 10ADvp pumps
provided pressure for gradient elution. Analysis of the HPLC/MS/MS data was performed
using Analyst software (Applied Biosystems).20-2% Chromatograms displaying the retention
time of analytes matching programmed parent and fragment ion masses were generated by
running each sample using a multiple reaction monitoring (MRM) method. Retention times
were then compared to those from standards for the suspected compound. If retention times
matched, then concentrations were determined by calculating the area under the curve for
the unknown and comparing it to the calibration curve obtained from the standards.
Extraction efficiency was calculated using the recovery vial spiked with 500 pmol dgNAGIly
as a standard, and analyte levels were adjusted for extraction efficiency.

Data were analyzed using GraphPad Prism 6.1 software (GraphPad Software, Inc) and
presented as mean + standard error of the mean (SEM). Normality was tested based on
D'Agostino-Pearson omnibus test, and statistical comparisons were based on one-way
analysis of variance (ANOVA) and Sidak post hoc.

31 RESULTS

No statistical difference in the baseline characteristics of the study subjects was observed
(Table 1). Fasting plasma samples from 24 DM-GP (n = 16 women), 19 ID-GP patients (n =
11 women), 19 diabetic patients without GP (DM; n = 10 women), and 18 HC (n = 10
women) were analyzed. Plasma concentrations of the endocannabinoid AEA were
significantly decreased in women with DM-GP (Figure 1). There were no significant
differences in AEA across the four groups in men, suggesting a sex-dependent effect.

There were no significant changes between groups in the additional N-acyl ethanolamines
screened: palmitoyl ethanolamine (PEA), oleoyl ethanolamine (OEA), stearoyl ethanolamine
(SEA) and docosahexaenoyl ethanolamine (DEA) (Figure 2), as well as linoleoyl
ethanolamine (LEA).

Like what was observed with AEA, the plasma endocannabinoid 2-AG was significantly
decreased in women with DM-GP (Figure 3). Importantly, this pattern was also observed
with additional 2-acyl glycerols such as 2-palmitoyl glycerol (2-PG), 2-oleoy! glycerol (2-
0QG), and 2-linoleoy! glycerol (2-LG) (Figure 4).

Circulating levels of the free fatty acids arachidonic acid, linoleic acid, and oleic acid were
significantly higher in women with DM-GP vs. DM only (Figure 5). There was also a
significant reduction in arachidonic acid levels in women with ID-GP versus healthy
controls, representing one of the few differences in circulating lipid levels between healthy
controls and GP patients in the study.

41 DISCUSSION

The plant Cannabis has two major active components, tetrahydrocannabinol (THC) and
cannabidiol (CBD), which have been used for the treatment of Gl disorders presenting with
nausea, vomiting, abdominal pain, and inflammation.>:7:30-36 Based on recent studies,
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11.7%-46.7% of GP patients reported current or past use of cannabinoids including THC,
dronabinol, and/or CBD. Patients with severe symptoms were more likely to use Cannabis
and those who were using Cannabis (THC) reported more improvement in their GP
symptoms compared to CBD alone.11.12

The endocannabinoid system, which includes endocannabinoid ligands (anandamide and 2-
arachidonoylglycerol), enzymes responsible for their biosynthesis and degradation, and the
cannabinoid receptors 1 and 2 (CB1 and CB2), is involved in the regulation of Gl function
including motility, mucosal permeability, inflammation, visceral sensation, and nociception.®
Stimulation of the CB1 and CB2 receptors with their agonists inhibits GI motility/peristalsis,
decreases inflammation, and reduces visceral pain. These effects are moderated in the

central nervous system (CNS), enteric nervous system, and through the gut-brain interaction.
5-7,30,31,34

In the current study, we observed that circulating endocannabinoid and related lipid levels
were altered in GP, mainly in women and in DM-GP patients. The changes observed could
partially underlie the symptom profile of these patients, as decreased endocannabinoid levels
may reduce their potential protective mechanisms in controlling emesis. Chouker et al
reported lower blood endocannabinoid levels among human subjects with motion sickness
while undergoing parabolic flight maneuvers.37 In pregnant women who had hyperemesis
gravidarum, no changes in plasma AEA, OEA, or PEA were detected compared with
matched pregnant controls.38 In another study, which compared serum endocannabinoids
and related lipids OEA and PEA in cyclic vomiting syndrome (CVS) patients, no change
was observed in AEA and 2-AG levels in CVS versus control; however, serum levels of
OEA and PEA were higher during the sick compared with well-phase CVS.3?

Van Sickle et al showed that methanandamide, a stable analog of anandamide, inhibits
morphine 6 glucuronide induced emesis in ferrets through a CB1-mediated mechanism. 40
URB597, which is an inhibitor of FAAH and potentially enhances anandamide levels
through blocking its degradation, has some CB1-dependent antiemetic effects in animal
models,*! while, in a model of cisplatin-induced emesis, anandamide was ineffective in
controlling emesis when given alone.#1 Although the body of literature mainly supports the
protective role of anandamide in controlling emesis, discrepancies in results might be due to
the differences in models used and suggest that levels of AEA do not always directly
correlate with nausea and vomiting. Furthermore, effects of FAAH inhibitors extend beyond
their effects on AEA,24:27.42 gych that AEA might not have been the only modulator in
studies where FAAH inhibitors showed a decrease in emesis.

Additional N-acyl ethanolamines are synthetized and degraded within similar pathways as
anandamide. For example, NAPE-PLD and FAAH, respectively, function as biosynthetic and
metabolic enzymes for all N-acyl ethanolamines screened in our study,22:24:43-46 and are not
specific to anandamide. Given that there were no concurrent decreases in other N-acyl
ethanolamines in the DM-GP-women in the current study, NAPE-PLD or FAAH inhibition
appears an unlikely mechanism underlying the decrease in AEA.
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We did not observe any change in PEA level in GP patients versus their controls. In a recent
study in CVS patients, PEA was increased suggesting a potential protective role against
emesis. Rock and colleagues showed that FAAH inhibition reduces acute nausea in rats
through a PPARa-mediated effect. Remarkably, the available clinical data support PEA as
an effective analgesic compound with minimal side effects.4’ In a study by Cremon et al,
PEA combined with polydatin, which reduces mast cell activation, markedly improved
abdominal pain severity in irritable bowel syndrome without any serious adverse effect. This
supports the therapeutic roles of PEA in Gl disorders.*8 Whether PEA can help with nausea
and vomiting needs further investigation.

The other endocannabinoid compound studied here was the 2-acyl glycerol, 2-AG. 2-AG
was decreased in female DM-GP patients. MAGL is the primary degradative enzyme of 2-
acyl glycerols. 4950 Increasing endogenous 2-AG levels with a selective MAGL inhibitor
(JZL184) inhibited LiCl-induced vomiting in the house musk shrew through a CB1 but not a
CB2-mediated mechanism.?! The effects of 2-AG and MAGL inhibition in controlling
nausea were reproduced in further studies.>2:53 Therefore, by decreasing 2-AG levels,
nausea and vomiting may aggravate. Close analysis of the data indicated that three other 2-
acyl glycerols measured in this study were decreased in DM-GP women. This is an
interesting finding indicating the changes observed are in line with 2-AG levels. Of note,
these 2-acyl glycerols are partially synthetized and metabolized by DAGL and MAGL,
respectively. Therefore, parallel changes in their levels suggest potential alteration of these
enzymes’ activity. Additionally, levels of arachidonic acid are closely related to DAGL and
MAGL activity,24°0 so the concurrent increase in circulating arachidonic acid in women
with DM-GP is an additional indication that these enzymes contribute to the decrease in 2-
AG and other 2-acyl glycerols.

Here, it can be contended that decreasing endocannabinoid levels and their endogenous tone
may hasten gastric motility and emptying in women with DM-GP. Studies have shown that
there is no clear association between the severity of GP symptoms and gastric emptying, and
interventions such as gastric electrical stimulation do not accelerate gastric emptying while
improving the GP symptoms.>* On the other hand, decreased endocannabinoids can be
considered protective or defensive in DM-GP patients to accelerate gastric emptying. In the
current study, we also observed an increase in free arachidonic acid. Arachidonic acid is a
mediator of inflammation either directly or through its eicosanoid metabolites; it might be
cytotoxic or neurotoxic.%® Therefore, decreased endocannabinoids in DM-GP women may
also be associated with increased exposure to toxic metabolites of arachidonic acid. These
compounds may induce toxicity and symptoms including nausea and vomiting.

This study had some limitations such as being single-center and its small sample size.
Moreover, medications or comorbidities which were not recorded may affect the fatty acid
derivative levels.

In conclusion, our study shows that endocannabinoids and related lipid molecules are
imbalanced in DM-GP women. This imbalance implies a loss of the protective effects of
endocannabinoids on the nausea process, and a potential shift in the biochemical
environment toward cytotoxicity and inflammation. Why these changes are sex- and GP
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btype—dependent needs further investigation. Future studies should address the value of
docannabinoid degradation blockers such as MAGL inhibitors to boost endocannabinoid

levels in GP patients and more specifically in DM-GP women. The fact that men with
diabetes mellitus develop symptomatic GP without a loss of endocannabinoids argues
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Key points
. Endocannabinoids are involved in the regulation of gastrointestinal function.
. Plasma endocannabinoids anandamide and 2-AG are significantly lower in

female diabetic gastroparetics compared with female diabetics without
gastroparesis.

. Changes in plasma endocannabinioid levels in gastroparesis are sex- and
subtype-dependent.
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FIGURE 1.
Anandamide levels in plasma. Women with DM-GP had lower plasma AEA levels (one-way

ANOVA P< .05; * Sidak post hoc < .05 in DM-GP vs. DM). AEA, anandamide; DM,
diabetes mellitus; ID-GP, idiopathic gastroparesis; and DM-GP, diabetic gastroparesis
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N-acyl ethanolamines in plasma. Palmitoyl ethanolamine (PEA), oleoyl ethanolamine
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gastroparesis vs. control. DM, diabetes mellitus; DM-GP, diabetic gastroparesis; ID-GP,
idiopathic gastroparesis
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Plasma levels of 2-AG in gastroparesis vs. control (one-way ANOVA P< .05; * Sidak post
hoc P< .05 in DM-GP vs. DM). DM, diabetes mellitus; DM-GP: diabetic gastroparesis; ID-

GP, idiopathic gastroparesis
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FIGURE 4.
Plasma 2-acyl glycerols in gastroparesis vs. control (one-way ANOVA P< .05; * Sidak post

hoc P< .05 in DM-GP vs. DM). DM, diabetes mellitus; DM-GP: diabetic gastroparesis; ID-
GP, idiopathic gastroparesis; 2-PG, 2-palmitoyl glycerol; 2-OG, 2-oleoyl glycerol; 2-LG, 2-
linoleoyl glycerol
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FIGURE 5.

Free fatty acids in plasma across different patient populations (one-way ANOVA P< .05;
Sidak post hoc * P< .05 and **P < .01 in DM-GP vs. DM). DM, diabetes mellitus; DM-GP,
diabetic gastroparesis; ID-GP, idiopathic gastroparesis
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