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ABSTRACT

Background: A dysregulation of reward mechanisms was suggested in
the pathophysiology of anorexia nervosa (AN), but the role of the
endogenous mediators of reward has been poorly investigated. Endo-
cannabinoids, including anandamide and 2-arachidonoylglycerol, and
the endocannabinoid-related compounds oleoylethanolamide and pal-
mitoylethanolamide modulate food-related and unrelated reward. He-
donic eating, which is the consumption of food just for pleasure and not
homeostatic need, is a suitable paradigm to explore food-related reward.
Objective: We investigated responses of endocannabinoids and en-
docannabinoid-related compounds to hedonic eating in AN.
Design: Peripheral concentrations of anandamide, 2-arachidonoylglycerol,
oleoylethanolamide, and palmitoylethanolamide were measured in 7 un-
derweight and 7 weight-restored AN patients after eating favorite
and nonfavorite foods in the condition of no homeostatic needs, and
these measurements were compared with those of previously stud-
ied healthy control subjects.

Results: /) In healthy controls, plasma 2-arachidonoylglycerol concen-
trations decreased after both types of meals but were significantly higher
in hedonic eating; in underweight AN patients, 2-arachidonoylglycerol
concentrations did not show specific time patterns after eating either
favorite or nonfavorite foods, whereas in weight-restored patients, 2-
arachidonoylglycerol concentrations showed similar increases with both
types of meals. 2) Anandamide plasma concentrations exhibited no
differences in their response patterns to hedonic eating in the groups.
3) Compared with 2-arachidonoylglycerol, palmitoylethanolamide con-
centrations exhibited an opposite response pattern to hedonic eating in
healthy controls; this pattern was partially preserved in underweight AN
patients but not in weight-restored ones. 4) Like palmitoylethanolamide,
oleoylethanolamide plasma concentrations tended to be higher in non-
hedonic eating than in hedonic eating in healthy controls; moreover, no
difference between healthy subjects and AN patients was observed for
food-intake—induced changes in oleoylethanolamide concentrations.
Conclusion: These data confirm that endocannabinoids and endo-
cannabinoid-related compounds are involved in food-related reward
and suggest a dysregulation of their physiology in AN. This trial
was registered at ISRCTN.org as ISRCTN64683774. Am J
Clin Nutr 2015;101:262-9.

Keywords anhedonia, anorexia nervosa, endocannabinoids, he-
donic eating, reward

INTRODUCTION

Anhedonia, which is the reduced ability to experience reward,
is a key symptom in the clinical presentation of anorexia nervosa
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(ANY* (D). Accordingly, in AN patients, functional brain-
imaging studies that specifically assessed the processing of food-
related stimuli, such as watching images of highly rewarding
foods, showed, although not consistently, the hypoactivation of
brain areas of the mesolimbic reward system (2—7). In addition,
the hyperactivation of reward-related brain regions was docu-
mented in AN individuals on the processing of starvation-linked
stimuli such as reading positive valued “thin” words (8) or
watching female body images with underweight features (9).
These findings are consistent with the hypothesis that an altered
evaluation of reward stimuli might be involved in the patho-
physiology of AN (2, 7, 10).

Eating behavior encompasses 2 different components, one that
mediates the ingestion of food to maintain energy homeostasis
(homeostatic eating) and the other that mediates the rewarding
component of food ingestion (hedonic eating) (11). Although
homeostatic eating also has a hedonic component, hedonic eating
refers to the consumption of food exclusively for pleasure and not
to maintain energy homeostasis (11). Thus, hedonic eating may
represent a useful paradigm to specifically assess the physiologic
mechanisms involved in food-related reward in humans.

The endocannabinoid system, which comprises the 2 G-protein—
coupled receptors cannabinoid-1 and cannabinoid-2 receptors and
their endogenous ligands arachidonoylethanolamide (ananda-
mide) and 2-arachidonoylglycerol (12), is involved in the control
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of all aspects of food intake. In particular, hypothalamic and
mesolimbic endocannabinoids are produced after food deprivation
to activate cannabinoid-1 receptors locally and enhance appetite
by stimulating neurochemical pathways underlying both homeo-
static and rewarding aspects of food intake (13). We previously
showed that, seemingly in a paradoxical manner, plasma endo-
cannabinoid concentrations were elevated in both AN women
(14) and obese individuals (15). Although animal and human
studies strongly suggested that peripheral endocannabinoid
overproduction contributes to hyperphagia, dyslipidemia, or glu-
cose intolerance (16), the hypothesis that elevated peripheral
endocannabinoid concentrations in AN contribute to dysregulated
reward processes, hypothesized for this disorder, is still a matter
of speculation (14, 17).

In a previous study (18), we observed that, in healthy subjects,
hedonic eating was characterized by increases in peripheral con-
centrations of ghrelin and 2-arachidonoylglycerol, suggesting the
involvement of these mediators in the modulation of food-related
reward. Therefore, to investigate the physiologic modulation of
food-related reward in AN, we explored peripheral endocanna-
binoid responses to hedonic eating in patients with active or
weight-restored AN and compared them to responses of previously
studied healthy control subjects. We also measured concentrations
of the 2 anandamide-related mediators oleoylethanolamide and
palmitoylethanolamide that act as ligands for the peroxisome
proliferator-activated receptor-a (PPARa) (19) and transient
receptor potential vanilloid type-1 (TRPV1) channels (20),
which are 2 receptors whose activation, in opposition to that of
cannabinoid-1, may reduce food-intake and reward (16, 21, 22).

SUBJECTS AND METHODS

Patients consecutively admitted to the eating disorder inpatient
unit of Villa Garda Hospital were screened for the study. Patients
were required to meet Diagnostic and Statistical Manual for
Mental Disorders-IV edition criteria for AN either present or past.
Exclusion criteria were age <18 y, use of hormones or drugs,
history of psychosis, diabetes, psychoactive substance use or
head trauma, and presence of severe physical disorders or co-
morbid psychiatric disorders. Diagnoses were made by using the
Structured Clinical Interview for Diagnostic and Statistical
Manual for Mental Disorders-IV edition Axis I Disorders-Patient
edition (23). A total of 30 patients were screened; 3 patients
refused to participate into the study, 5 patients were excluded
because they were aged <18 y, and 8 patients were excluded
because of a current comorbid psychiatric disorder. The final
sample included 14 participants of whom there were 7 patients
(one man and 6 women) aged 18-35 y (25th, 50th, and 75th
percentiles: 19.5, 22, and 27 vy, respectively) with active AN
(5 patients with a restricting subtype and 2 with a binge-eating/
purging subtype) and 7 weight-restored patients (2 men and
5 women) aged 18-27 y (25th, 50th, and 75th percentiles: 18,
19, and 23.5 y, respectively) with a lifetime diagnosis of AN
(5 patients with a restricting subtype and 2 patients with a binge-
eating/purging subtype). Underweight patients were tested
=2 wk from their entry into the inpatient unit before starting any
specific weight-restoring program; weight-restored patients were
tested 2—14 wk (25th, 50th, and 75th percentiles: 2, 4, and 8 wk,
respectively) after having reached a BMI (in kg/m?) of 18.5. At
the time of the study, the BMI of active AN patients ranged from
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14.7 to 17.5 (25th, 50th, and 75th percentiles: 15.35, 15.8, and
16.15, respectively); the BMI of weight-restored AN patients
ranged from 18.7 to 21.8 (25th, 50th, and 75th percentiles: 18.9,
19, and 19.25, respectively).

Two healthy men and 5 healthy women, aged 21-28 y (25th,
50th, and 75th percentiles: 22.5, 25, and 26 y, respectively) with
BMI ranging from 19.0 to 24.5 (25th, 50th, and 75th percentiles:
19, 20, and 23, respectively), who participated in a previous
study with identical methodologic procedures (18) acted as
healthy controls. Controls had normal eating behaviors, were
drug-free, and had normal physical examinations, normal values
of routine blood and urine tests, and a normal electrocardiogram.

All subjects signed a written informed consent form. The study
was approved by the Ethics Committee of the Second University
of Naples, and all procedures were performed in accordance with
the Helsinki Declaration of 1975 as revised in 1983. This trial was
registered at ISRCTN.org as ISRCTN64683774.

Before the first experimental session, each participant was
asked to indicate his and her most favorite food by answering the
following question: “Which is your most favorite food that you
would eat also when satiated, just for pleasure?” At the first test
session, after a 12-h fast, at 0900, participants were asked to rate
their hunger and satiety on visual analog scales (VASs) that used
a 10-cm line with labels at the extremities indicating the most-
negative and most-positive ratings; afterward, subjects received
a breakfast of 300 kcal with 77% carbohydrates, 10% proteins,
and 13% fat. Immediately after breakfast, participants again
rated their hunger and satiety by means of VASs. After 1 h,
subjects were told that they would receive their previously
chosen favorite food, and an intravenous catheter was inserted
into an antecubital vein to collect a first blood sample (7 = 0);
the catheter was connected to a saline solution, which was
slowly infused to keep it patent. Immediately afterward, par-
ticipants were exposed to the chosen favorite food for 5 min;
during this time, they could smell and see the food but could not
eat it. At the end of the exposure, participants were asked to rate
their hunger, satiety, urge to eat the food, pleasantness to ex-
perience a mouthful of the food, and amount of the food they
would eat by using VASs. Then, subjects were free to eat the
favorite food ad libitum within 10 min; this time period was
chosen to standardize the time of food ingestion and times of
blood sample collection in participants in the 2 experimental
sessions. Additional blood samples were drawn immediately
after the exposure to the favorite food (7 = 5) and 15 (T = 30)
and 120 min (7 = 135) after eating it. At the end of the session,
the amount of food eaten by each participant was calculated by
weighting the residual food and subtracting it from the initial
amount of food provided, and calories eaten were calculated. At
the second test session, participants underwent the same ex-
perimental procedures of the first experimental session except
that they were exposed to a nonfavorite food and had to eat an
amount of it with the same nutrient composition and an equal
quantity of calories as the favorite food they ate in the previous
session within 10 min.

Favorite foods were served in dishes from which the subject
was free to eat ad libitum without being required to finish all of
the food. On the basis of participants’ answers to the question
about their most-favorite food that they would eat also when
satiated, just for pleasure, bread, milk, and butter were identified
as nonfavorite foods and combined ad hoc to provide the same
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nutrients and calorie amounts of the hedonic foods. Calorie and
nutrient contents of favorite and nonfavorite foods were calcu-
lated by using the WINFOOD program (release 1.5, 1999;
Medimatica) except for subjects who ate packaged foods with
labels. To calculate calorie and nutrient contents of Italian cakes,
we obtained recipes from the confectioner who prepared them.

Blood was collected in tubes containing EDTA as an anticoag-
ulant. Plasma was separated by centrifugation and stored at —20°C.
Plasma concentrations of anandamide, 2-arachidonoylglycerol,
oleoylethanolamide, and palmitoylethanolamide were determined
by using isotopic dilution liquid chromatography—mass spectrom-
etry as described previously (24).

The BMDP statistical software package (release 7.0, 1992; WIJ
Dixon, BMDP Statistical Software) was used for data analysis.
Because plasma concentrations of endocannabinoids in healthy
controls were assayed in a previous experiment, their absolute values
could not be directly compared with those assayed in the current
study. Therefore, to make endocannabinoid response patterns of
previously assayed healthy controls comparable with those of AN
patients, for each subject and each compound, single values were
normalized by dividing them by the correspondent 7'= 0 value in the
nonhedonic eating. Differences in biochemical responses to 2 iso-
energetic meals in the 3 groups and in each group were analyzed by
using a mixed-model ANOVA with repeated measures followed by
the post hoc Tukey’s test. A 2-factor ANOVA with repeated mea-
sures was used to analyze differences in VAS scores. A level of
significance of P < 0.05 was used for all data analyses.

RESULTS

VAS scores

In both hedonic and nonhedonic eating sessions, no significant
differences emerged between groups in scores of hunger, satiety,
urge to eat, pleasantness to experience a mouthful of presented
food, and amount of food each participant would eat. In all groups,
hunger and satiety scores before hedonic eating did not differ from
those before nonhedonic eating, whereas scores of the urge to eat,
pleasantness to experience a mouthful of presented food, and
amount of food each participant would eat were significantly
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higher before eating the favorite food than nonfavorite food
(Figure 1).

Calories and nutrients

The calorie amount and nutrient composition of favorite and
nonfavorite foods are shown in Table 1. No significant differ-
ences emerged in mean values of calories and nutrients of fa-
vorite and nonfavorite foods in each group and between groups.

Plasma 2-arachidonoylglycerol

A mixed-model 3-factor ANOVA with repeated measures dis-
closed significant group X meal (F|p,15; = 6.09, P = 0.009) and
meal X time (F|3,15) = 3.10, P = 0.03) interactions, indicating that
plasma 2-arachidonoylglycerol responses to favorite and non-
favorite meals significantly differed between groups. Indeed,
when 2-arachidonoylglycerol plasma concentrations were ana-
lyzed in each group separately, significant effects for meal (F|; 2
=5.47, P =0.03) and time (F|3,12; = 6.63, P = 0.001) emerged in
healthy controls, no significant effect was evident in underweight
AN patients, and a significant effect only for time (F3 ;5 = 3.28,
P = 0.03) was shown in weight-restored AN patients (mixed-
model 2-factor ANOVA with repeated measures). In healthy
subjects, plasma 2-arachidonoylglycerol concentrations pro-
gressively decreased in both test sessions; moreover, before (T =
0) and after (T = 5) the exposure to the hedonic food and 120 min
after eating it (T = 135), 2-arachidonoylglycerol concentrations
were significantly higher than correspondent time point values of
nonhedonic eating (Figure 2). In contrast, in underweight AN
patients, plasma concentrations of 2-arachidonoylglycerol did not
show specific time patterns in either test session, whereas in
weight-restored AN patients, 2-arachidonoylglycerol concentra-
tions progressively increased in both test sessions without any
significant difference (P = 0.13) between hedonic eating and
nonhedonic eating (Figure 2).

Plasma anandamide

A mixed-model 3-factor ANOVA with repeated measures
disclosed significant effects only for time (Fj3 5, = 17.99, P <
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FIGURE 1 Mean (+SD) VAS scores in healthy subjects (n = 7; A), underweight patients with AN (n = 7; B), and weight-restored patients with AN
(n = 7; C) before eating favorite (black bars) and nonfavorite (white bars) meals. ""h’kCOmpared with the nonfavorite meal: “F; g = 10.98, P = 0.01;
bF[,’(,J =38.37, P =0.0008; “F|; ) = 19.65, P = 0.004; dF“,ﬁJ =8.64, P =0.02; °F|; ¢ = 53.80, P = 0.0003; fF[.,f,J =80.82, P =0.0001; &F}; 6= 7.14, P = 0.03;
hF{l«,ol = 50.78, P = 0.0004; kF“m =20.48, P = 0.004. AN, anorexia nervosa; VAS, visual analog scale.
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Calorie and nutrient contents of favorite and nonfavorite foods eaten by each subject group'

Favorite food

Nonfavorite food

Kilocalories ~ Carbohydrates, g Proteins, g

Lipids, g

Healthy controls 424.96 = 76.79
(n="17)
Underweight AN?

patients (n = 7)

409.97 = 96.15

Weight-restored AN 483.39 = 235.19 4224 + 17.83 8.19 = 6.40 31.29 * 22.35 540.10 * 241.15 49.52 = 16.78

patients (n = 7)

56.64 = 1245 9.64 * 6.36 17.76 = 9.34  432.23 * 80.25

4472 = 16.82 6.92 = 2.87 22.60 = 8.02 444.49 = 10290 47.66 * 14.88

Kilocalories ~ Carbohydrates, g  Proteins, g Lipids, g
61.65 = 1422 797 *2.68 17.08 + 9.38
9.05 £ 4.63 24.17 = 9.50

10.47 = 8.04 33.39 = 18.95

'All values are means = SDs. No significant difference emerged within each group and between groups for all variables (2-factor ANOVA with repeated

measures).
2AN, anorexia nervosa.

0.00001), indicating that plasma concentrations of anandamide
significantly changed over time in both test sessions without any
significant difference in the 3 groups. Indeed, in healthy sub-
jects, underweight patients with AN, and weight-restored AN
patients, plasma concentrations of anandamide progressively
decreased after eating either the favorite or nonfavorite meal
(Figure 3).

Plasma oleoylethanolamide

A mixed-model 3-factor ANOVA with repeated measures
disclosed a significant effect for meal (F|; ;5; = 6.30, P = 0.02)
and time (F|3,18) = 8.35, P = 0.0001), indicating that the plasma
oleoylethanolamide response to a favorite meal differed from
that to a nonfavorite meal with no significant differences be-
tween groups. Indeed, in all 3 groups, oleoylethanolamide
plasma concentrations in the hedonic eating were lower than in
nonhedonic eating and progressively decreased after eating both
hedonic and nonhedonic meals (Figure 4).

Plasma palmitoylethanolamide

A mixed-model 3-factor ANOVA with repeated measures
disclosed significant effects for meal (F|; 15, = 4.70, P = 0.04)

and time (F|3 5 = 18.34, P < 0.00001) and significant group X
meal (F[2,18] = 796, P= 0003) and meal X time (F[3,18] = 312,
P = 0.03) interactions. These data indicated that plasma pal-
mitoylethanolamide responses to favorite and nonfavorite meals
were significantly different between groups. Indeed, when pal-
mitoylethanolamide plasma concentrations were analyzed in
each group separately, significant effects for meal (F; 12) = 6.02,
P =0.03) and time (F3,12; = 19.70, P < 0.00001) emerged in
healthy controls, a significant meal X time interaction (F3 ;o) =
3.22, P = 0.03) was detected in underweight AN patients, and
a significant effect for time (F|336) = 6.54, P = 0.001) was ev-
ident in weight-restored AN patients (mixed-model 2-factor
ANOVA with repeated measures). In healthy subjects, plasma
palmitoylethanolamide concentrations progressively decreased
in both test sessions; moreover, after the exposure to the favorite
food (T = 5) and 15 min after eating it (T = 25) palmitoyle-
thanolamide concentrations were significantly lower than cor-
respondent time-point values of nonhedonic eating (Figure 5).
In contrast, in underweight AN patients, plasma concentrations
of palmitoylethanolamide showed a trend to increase (P = 0.09)
after the exposure to the nonfavorite meal and progressively
decreased after eating it, whereas plasma concentrations of
palmitoylethanolamide showed only a progressive decrease in
hedonic eating (Figure 5). In weight-restored AN patients,
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FIGURE 2 Mean (*=SD) plasma concentrations of 2-AG after hedonic and nonhedonic eating in healthy subjects (n = 7; A), underweight patients with
AN (n =7, B), and weight-restored patients with AN (n = 7; C). Arrows indicate when subjects started to eat the test meal. *Compared with nonhedonic eating,
P < 0.001 (post hoc Tukey’s test). AN, anorexia nervosa; 2-AG, 2-arachidonoyl glycerol.
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FIGURE 3 Mean (£SD) plasma concentrations of arachidonoylethanolamide (anandamide) after hedonic and nonhedonic eating in healthy subjects
(n =7; A), underweight patients with AN (n = 7; B), and weight-restored patients with AN (n = 7; C). Arrows indicate when subjects started to eat the test

meal. AN, anorexia nervosa.

palmitoylethanolamide concentrations showed a progressive
decrease in both test sessions without any significant difference
between hedonic eating and nonhedonic eating (Figure 5).

DISCUSSION

To the best of our knowledge, no previous study has been
carried to investigate the endocannabinoid and endocannabinoid-
related mediator responses to hedonic eating in AN. When we
compared underweight and weight-restored AN patients to
normal-weight healthy controls, we showed that /) responses of
plasma concentrations of 2-arachidonoylglycerol to hedonic eat-
ing were deranged in both groups of AN patients; 2) anandamide
plasma concentrations exhibited no differences in their response
patterns to hedonic eating in the groups; 3) plasma concentrations
of palmitoylethanolamide exhibited an opposite response pattern
to hedonic eating compared with that for 2-arachidonoylglycerol
in healthy controls; this pattern was partially preserved in un-
derweight AN patients but not weight-restored ones; and 4) like

palmitoylethanolamide, oleoylethanolamide plasma concentra-
tions tended to be higher in nonhedonic eating than hedonic
eating in healthy controls; however, unlike palmitoylethanola-
mide, no difference between healthy and AN participants was
observed for food-intake—induced changes of oleoylethanolamide
concentrations. The observed differences were not attributable to
changes in subjective responses to hedonic food because, as as-
certained by the VAS scores, both patients and controls were in
a status of satiety before the exposure to favorite and nonfavorite
foods, and no significant differences emerged between groups in
scores of the urge to eat, pleasantness to experience a mouthful of
presented food, and amount of food each participant would eat.
Similarly, these results could be not explained by differences in
calorie and nutrient contents of favorite and nonfavorite foods
because no significant differences emerged in mean values of
these variables both in each group and between groups. Finally,
the lack of significant differences in BMI values between weight-
restored AN patients and healthy controls suggested that de-
ranged endocannabinoid responses persisted in recovered AN
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FIGURE 4 Mean (£SD) plasma concentrations of OEA after hedonic and nonhedonic eating in healthy subjects (n = 7; A), underweight patients with
AN (n = 7; B), and weight-restored patients with AN (n = 7; C). Arrows indicate when subjects started to eat the test meal. AN, anorexia nervosa; OEA,

oleoylethanolamide.
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FIGURE 5 Mean (£SD) plasma concentrations of PEA after hedonic and nonhedonic eating in healthy subjects (n = 7; A), underweight patients with AN
(n =17; B), and weight-restored patients with AN (n = 7; C). Arrows indicate when subjects started to eat the test meal. ***Compared with nonhedonic eating
(post hoc Tukey’s test): *P < 0.02, **P < 0.001. AN, anorexia nervosa; PEA, palmitoylethanolamide.

patients independently from body-weight restoration. Therefore,
these findings support the hypothesis of the occurrence of a dys-
regulation of endocannabinoid and endocannabinoid-related sig-
naling associated with hedonic eating in both underweight and
weight-restored AN individuals despite the preservation of their
subjective responses to the consumption of favorite and non-
favorite foods and normalization of body weight.

In our healthy controls given the favorite meal, plasma con-
centrations of 2-arachidonoylglycerol were significantly higher
than corresponding concentrations measured with the nonfavorite
meal already before exposure to the meal. After eating the meal,
concentrations decreased over time but remained higher than
after eating the nonfavorite meal. We previously suggested (18)
that this observation may have depended on our experimental
design because, to adequately balance the favorite meal with the
nonfavorite one, participants were obliged to eat first the favorite
food, and they were aware of this. Therefore, we previously pro-
posed that the premeal increase of plasma 2-arachidonoylglycerol
in hedonic eating might have been associated with the antici-
pation of the pleasure of ingesting a food with highly rewarding
gustatory properties, whereas the persistence of higher concen-
trations of 2-arachidonoylglycerol after ingesting the favorite
food might have been associated with the pleasure experienced
during such a meal. In the current study, in underweight AN
patients, plasma 2-arachidonoylglycerol concentrations either
before or after eating the pleasurable food did not significantly
differ from those before or after eating the nonfavorite meal, and
with both meals, they did not significantly change after food
ingestion. Moreover, in weight-restored AN patients, the re-
sponse pattern of plasma 2-arachidonoylglycerol to hedonic
eating and nonhedonic eating was opposite to that observed in
normal subjects, with values increasing with both eating con-
ditions, and plasma concentrations after nonhedonic eating
were higher than those after hedonic eating, although this latter
difference was NS.

At variance with plasma 2-arachidonoylglycerol, in healthy
subjects, plasma concentrations of palmitoylethanolamide pro-
gressively decreased in both test meal sessions; moreover, after
the exposure to the favorite food (7= 5) and 15 min after eating it
(T = 30), they were significantly lower than corresponding

concentrations measured after nonhedonic eating. In contrast,
underweight AN patients, plasma palmitoylethanolamide con-
centrations significantly increased after the exposure to the
nonfavorite food but not after the exposure to the favorite meal,
and then, they progressively decreased after the ingestion of
both types of food. In weight-restored AN patients, palmitoy-
lethanolamide concentrations showed a progressive decrease
with both test-meal sessions without any significant difference
between hedonic eating and nonhedonic eating.

Finally, no significant main difference emerged in response
patterns of plasma anandamide and oleoylethanolamide in the 3
groups, although, like palmitoylethanolamide, unlike ananda-
mide, and opposite to 2-arachidonoylglycerol, in healthy vol-
unteers, oleoylethanolamide concentrations were lower after the
ingestion of favorite compared with nonfavorite foods.

Taken together, these findings support the idea that responses of
endocannabinoid and endocannabinoid-related mediators to he-
donic eating is deeply deranged both in underweight and weight-
restored phases of AN. Experimental data supported the idea that
endocannabinoids are involved in the mediation of food-related
reward. Indeed, animal studies showed that the blockade of the
cannabinoid-1 receptor by rimonabant was able to inhibit the re-
lease of dopamine in the nucleus accumbens induced by hedonic
food (25) and decrease the consumption of hedonic food in non-
food-deprived animals (26), with both of these effects being less
strong when the animals were exposed to normal food. These data
suggest that foods with high-salience and -incentive properties
might stimulate an endocannabinoid tone to induce dopamine
release in limbic areas involved in reward mechanisms (27).
Furthermore, recent evidence also showed that endocannabinoid
concentrations in the small intestine increased after the con-
sumption of fatty foods, which, for human beings, are usually more
hedonic than are nonfatty foods (28). Thus, in healthy volunteers,
the selective increase of plasma 2-arachidonoylglycerol concen-
trations before and, especially, after exposure to a favorite food may
reflect corresponding changes both in brain-reward-related areas
and the gut; the altered response in AN patients may underlie the
lack of motivation toward food consumption or even an increased
reward from the lack of consumption of any type of food. How-
ever, note that our patients were highly motivated to participate in
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this study, and this motivation may have influenced the response of
2-arachidonoylglycerol concentrations to food ingestion. Also, the
observed higher plasma concentrations of palmitoylethanolamide
and oleoylethanolamide (an effect significant only for the former
compound) with nonhedonic eating compared with hedonic eating
in healthy volunteers can be interpreted as a response aimed at
enhancing the intake of favorite food because both compounds,
either via PPARa or TRPV1, were suggested to produce food-
intake inhibitory or reward counteracting actions (16, 21, 22). In
this sense, note again how such a potential hedonic food-intake
stimulatory effect was not observed in AN patients. Finally, the
lack of any response whatsoever of anandamide plasma concen-
trations in both healthy and AN subjects can be interpreted by the
fact that this endocannabinoid, like oleoylethanolamide and pal-
mitoylethanolamide and unlike 2-arachidonoylglycerol, has also
been reported to potently activate TRPV1 (29) and, less potently,
PPAR« (30). In summary, in underweight AN patients, the lack of
2-arachidonoylglycerol activation after hedonic eating and in-
crease of concentrations of palmitoylethanolamide, a PPAR«, and
TRPV1 ligand with potential anorectic and reward-counteracting
actions after the exposure to the nonfavorite food but not after
the favorite meal could have denoted a deranged modulation of
food-related reward occurring in the acute phase of AN.
Likewise, in weight-restored AN patients, the occurrence of
2-arachidonoylglycerol and palmitoylethanolamide responses
different from those that occurred in healthy controls (i.e.,
a stronger increase of 2-arachidonoylglycerol after the exposure
or ingestion of the nonfavorite meal and the lack of significant
differences of palmitoylethanolamide responses to favorite and
nonfavorite meals) suggested the persistence of a deranged
biochemical modulation of food-related reward. However, our
weight-restored patients had reached normal BMI from 2 to 14 wk
only, and this may not represent a stable weight restoration.
Therefore, studies in AN patients who meet more-stringent criteria
of full recovery (such as maintaining a body weight >90% of the
average body weight, having regular menstrual cycles, and not
bingeing, purging, or restricting food intake =1 y) are necessary to
define whether the deranged endocannabinoid modulation of food-
related reward is part of the biological background of AN. To this
regard, a functional brain imaging study (7) showed that un-
derweight AN patients exhibited hypoactivation of brain areas
involved in food-related reward after the exposure to images of
favorite foods in conditions of both hunger and satiety. This hy-
poactivation was present also in long-term weight-restored AN
patients, although only in the hunger state, which suggested that
hypoactivation might be a primary or acquired biological trait of
AN. It could be speculated that a deranged endocannabinoid
physiology, as shown by our preliminary findings, might mediate
such a brain dysfunction. If this suggestion is confirmed in future
studies, it might open new potential therapeutic perspectives for
AN. Alternatively, apart from underlying alterations in reward
regulatory mechanisms, the differences observed in AN subjects
might have also reflected their altered metabolic status because
underweight AN patients normally exhibit a clear catabolic status,
whereas weight-recovered AN patients are predominantly ana-
bolic, and normal-weight healthy subjects show, on average,
a neutral metabolic status. In fact, the endocannabinoid system is
involved in the regulation not only of reward but also of peripheral
metabolism at the level of the adipose tissue, liver, pancreas and
skeletal muscle (16). This possibility seems to be supported by our
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finding of differences between recovered and symptomatic AN
subjects in responses to favorite foods of 2-arachidonoylglycerol
and, particularly, palmitoylethanolamide plasma concentrations.

The strength of this study was that, to assess peripheral bio-
chemical responses to hedonic eating in AN, we were able to
motivate a subgroup of AN patients, who are usually very reluctant
and afraid to eat, to consume a standard breakfast of 300 kcal and eat
both a favorite food ad libitum and, in a separate session, an
equivalent amount of a nonfavorite food. However, the current study
also had some limitations. First, our data refer to circulating con-
centrations of endocannabinoids and related mediators; thus, al-
though concentrations of these compounds are also modulated after
food intake in peripheral organs, at least in rodents (31), it remains to
be determined if the changes in peripheral endocannabinoid re-
sponses to hedonic eating we observed in our AN patients reflect
similar changes in brain areas directly involved in reward mecha-
nisms and if peripheral changes in endocannabinoid tone affect
central functions because of the high lipophilicity of these com-
pounds. Therefore, the relevance of our results to the physiology of
brain mechanisms implicated in the modulation of food-related
reward in AN remains to be determined. A second limitation was
represented by the low number of subjects in each group. This
number was attributable to the high difficulty in obtaining a full
compliance of both underweight and weigh-restored AN patients to
the current study paradigm, which encompassed the exposure and
ingestion of food with a high calorie content, independently from
its rewarding value. Finally, our patient samples included both
restricting and binge-purging individuals. A recently published study
(32) showed that binge-purging AN patients have a hedonic appetite
higher than that of restricting anorexics. Therefore, differences in the
modulation of reward-related processes between the 2 subtypes of
AN patients may have affected our findings. However, we also
performed statistical analyses without binge-purging patients to have
purely anhedonic-restrictive patient groups, and results did not
change (data not shown). Larger patient samples would help to
clarify this issue.

In conclusion, the current results show, for the first time to our
knowledge, a dysregulation of peripheral endocannabinoid sig-
naling in both underweight and recently weight-restored patients
with AN who undergo hedonic eating, thereby suggesting an
alteration of the biochemical mechanism implicated in food-
related reward. The full assessment of the relevance of these
findings to the pathophysiology of AN awaits additional studies.

The authors’ responsibilities were as follows—AMM, VDM, PM, and
MM: designed the study and wrote the protocol and manuscript; AMM,
RDG, PS, MEG, and SC: conducted clinical tests; TA and FP: performed
laboratory assays; and all authors: contributed to and approved the final
version of the manuscript. None of the authors declared biomedical financial
interests or potential conflicts of interest.

REFERENCES

1. Deborde AS, Berthoz S, Godart N, Perdereau F, Corcos M, Jeammet P.
Relations between alexithymia and anhedonia: a study in eating dis-
ordered and control subjects. Encephale 2006;32:83-91.

2. Kaye WH, Fudge JL, Paulus M. New insights into symptoms and
neurocircuit function of anorexia nervosa. Nat Rev Neurosci 2009;10:
573-84.

3. Wagner A, Aizenstein H, Venkatraman VK, Fudge J, May JC,
Mazurkewicz L, Frank GK, Bailer UF, Fischer L, Nguyen V, et al.
Altered reward processing in women recovered from anorexia nervosa.
Am J Psychiatry 2007;164:1842-9.

9T0Z ‘v Jequiardas uo 1sanb Aq 610 uonuinu-usle woly papeojumoq


http://ajcn.nutrition.org/

@ The American Journal of Clinical Nutrition

11.

12.

14.

15.

16.

18.

ENDOCANNABINOIDS AND REWARD IN ANOREXIA NERVOSA

. Wagner A, Aizenstein H, Mazurkewicz L, Fudge J, Frank GK, Putnam

K, Bailer UF, Fischer L, Kaye WH. Altered insula response to taste
stimuli in individuals recovered from restricting-type anorexia nervosa.
Neuropsychopharmacology 2008;33:513-23.

. Zink CF, Weinberger DR. Cracking the moody brain: the rewards of

self starvation. Nat Med 2010;16:1382-3.

. Soussignan R, Schaal B, Rigaud D, Royet JP, Jiang T. Hedonic reactivity

to visual and olfactory cues: rapid facial electromyographic reactions are
altered in anorexia nervosa. Biol Psychol 2011;86:265-72.

. Holsen LM, Lawson EA, Blum J, Ko E, Makris N, Fazeli PK,

Klibanski A, Goldstein JM. Food motivation circuitry hypoactivation
related to hedonic and non hedonic aspects of hunger and satiety in
women with active anorexia nervosa and weight-restored women with
anorexia nervosa. J Psychiatry Neurosci 2012;37:322-32.

. Redgrave GW, Bakker A, Bello NT, Caffo BS, Coughlin JW, Guarda

AS, McEntee JE, Pekar JJ, Reinblatt SP, Verduzco G, et al. Differential
brain activation in anorexia nervosa to fat and thin words during
a Stroop task. Neuroreport 2008;19:1181-5.

. Fladung AK, Gron G, Grammer K, Herrnberger B, Schilly E, Grasteit

S, Wolf RC, Walter H, von Wietersheim J. A neural signature of an-
orexia nervosa in the ventral striatal reward system. Am J Psychiatry
2010;167:206-12.

. Keating C, Tilbrook AJ, Rossell SL, Enticott PG, Fitzgerald PB. Reward

processing in anorexia nervosa. Neuropsychologia 2012;50:567-75.
Lowe MR, Butryn ML. Hedonic hunger: a new dimension of appetite?
Physiol Behav 2007;91:432-9.

Di Marzo V. Targeting the endocannabinoid system: to enhance or
reduce? Nat Rev Drug Discov 2008;7:438-55.

. Cristino L, Becker T, Di Marzo V. Endocannabinoids and energy ho-

meostasis: an update. Biofactors 2014;40:389-97.

Monteleone P, Matias I, Martiadis V, De Petrocellis L, Maj M, Di
Marzo V. Blood levels of the endocannabinoid anandamide are in-
creased in anorexia nervosa and in binge-eating disorder, but not in
bulimia nervosa. Neuropsychopharmacology 2005;30:1216-21.
Matias I, Gonthier MP, Orlando P, Martiadis V, De Petrocellis L,
Cervino C, Petrosino S, Hoareau L, Festy F, Pasquali R, et al. Regu-
lation, function, and dysregulation of endocannabinoids in models of
adipose and beta-pancreatic cells and in obesity and hyperglycemia. J
Clin Endocrinol Metab 2006;91:3171-80.

Silvestri C, Di Marzo V. The endocannabinoid system in energy ho-
meostasis and the etiopathology of metabolic disorders. Cell Metab
2013;17:475-90.

. Monteleone P, Maj M. Dysfunctions of leptin, ghrelin, BDNF and

endocannabinoids in eating disorders: beyond the homeostatic control
of food intake. Psychoneuroendocrinology 2013;38:312-30.
Monteleone P, Piscitelli F, Scognamiglio P, Monteleone AM, Canestrelli
B, Di Marzo V, Maj M. Hedonic eating is associated with increased pe-
ripheral levels of ghrelin and the endocannabinoid 2-arachidonoyl-glycerol
in healthy humans: a pilot study. J Clin Endocrinol Metab 2012;97:
E917-24.

19

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

269

. Lo Verme J, Gaetani S, Fu J, Oveisi F, Burton K, Piomelli D. Regu-
lation of food intake by oleoylethanolamide. Cell Mol Life Sci 2005;
62:708-16.

Movahed P, Jonsson BA, Birnir B, Wingstrand JA, Jgrgensen TD,
Ermund A, Sterner O, Zygmunt PM, Hogestitt ED. Endogenous un-
saturated C18 N-acylethanolamines are vanilloid receptor (TRPV1)
agonists. J Biol Chem 2005;280:38496-504.

Adamczyk P, Miszkiel J, McCreary AC, Filip M, Papp M, Przegaliniski
E. The effects of cannabinoid CB1, CB2 and vanilloid TRPV1 receptor
antagonists on cocaine addictive behavior in rats. Brain Res 2012;1444:
45-54.

Melis M, Muntoni AL, Pistis M. 2 Endocannabinoids and the pro-
cessing of value-related signals. Front Pharmacol 2012;3:7.

First MB, Spitzer RL, Gibbon M, Williams JB. Structured clinical
interview for DSM-IV axis I disorders — patient ed. SCID-I/P, version 2.
New York: New York State Psychiatric Institute, Biometrics Research
Departmen;, 1995.

Annuzzi G, Piscitelli F, Di Marino L, Patti L, Giacco R, Costabile G,
Bozzetto L, Riccardi G, Verde R, Petrosino S, et al. Differential al-
terations of the concentrations of endocannabinoids and related lipids
in the subcutaneous adipose tissue of obese diabetic patients. Lipids
Health Dis 2010;9:43.

Melis T, Succu S, Sanna F, Boi A, Argiolas A, Melis MR. The can-
nabinoid antagonist SR 141716A (Rimonabant) reduces the increase of
extra-cellular dopamine release in the rat nucleus accumbens induced
by a novel high hedonic food. Neurosci Lett 2007;419:231-5.
Simiand J, Keane M, Keane PE, Soubrié P. SR 141716, a CB1 can-
nabinoid receptor antagonist, selectively reduces sweet food intake in
marmoset. Behav Pharmacol 1998;9:179-81.

Di Marzo V, Ligresti A, Cristino L. The endocannabinoid system as
a link between homoeostatic and hedonic pathways involved in energy
balance regulation. Int J Obes (Lond) 2009;33(Suppl 2):S18-24.
DiPatrizio NV, Astarita G, Schwartz G, Li X, Piomelli D. Endo-
cannabinoid signal in the gut controls dietary fat intake. Proc Natl
Acad Sci USA 2011;108:12904-8.

Zygmunt PM, Petersson J, Andersson DA, Chuang H, Sgrgard M, Di
Marzo V, Julius D, Hogestidtt ED. Vanilloid receptors on sensory
nerves mediate the vasodilator action of anandamide. Nature 1999;
400:452-7.

Artmann A, Petersen G, Hellgren LI, Boberg J, Skonberg C, Nellemann
C, Hansen SH, Hansen HS. Influence of dietary fatty acids on endo-
cannabinoid and N-acylethanolamine levels in rat brain, liver and small
intestine. Biochem Biophys Acta 2008;1781:200-12.

1zzo AA, Piscitelli F, Capasso R, Aviello G, Romano B, Borrelli F,
Petrosino S, Di Marzo V. Peripheral endocannabinoid dysregulation
in obesity: relation to intestinal motility and energy processing in-
duced by food deprivation and re-feeding. Br J Pharmacol 2009;158:
451-61.

32. Witt AA, Lowe MR. Hedonic hunger and binge eating among women

with eating disorders. Int J Eat Disord 2014;47:273-80.

9T0Z ‘v Jequiardas uo 1sanb Aq 610 uonuinu-usle woly papeojumoq


http://ajcn.nutrition.org/

