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Abstract

The endocannabinoid system in the brain and periphery plays a major role in controlling food
intake and energy balance. We reported that tasting dietary fats was met with increased levels of
the endocannabinoids, 2-arachidonoyl-sn-glycerol (2-AG) and anandamide, in the rat upper small
intestine, and pharmacological inhibition of this local signaling event dose-dependently blocked
sham feeding of fats. We now investigated the contribution of peripheral endocannabinoid
signaling in hyperphagia associated with chronic consumption of a western-style diet in mice
(IWD] i.e., high fat and sucrose). Feeding patterns were assessed in male C57BL/6Tac mice
maintained for 60 days on WD or a standard rodent chow (SD), and the role for peripheral
endocannabinoid signaling at CB4Rs in controlling food intake was investigated via
pharmacological interventions. In addition, levels of the endocannabinoids, 2-AG and anandamide,
in the upper small intestine and circulation of mice were analyzed via liquid chromatography
coupled to tandem mass spectrometry to evaluate diet-related changes in endocannabinoid
signaling and the potential impact on food intake. Mice fed WD for 60 days exhibited large
increases in body weight, daily caloric intake, average meal size, and rate of feeding when
compared to control mice fed SD. Inhibiting peripheral CB1Rs with the peripherally-restricted
neutral cannabinoid CB; receptor antagonist, AM6545 (10mg/kg), significantly reduced intake of
WD during a 6 h test, but failed to modify intake of SD in mice. AM6545 normalized intake of
WD, average meal size, and rate of feeding to levels found in SD control mice. These results
suggest that endogenous activity at peripheral CB1Rs in WD mice is critical for driving
hyperphagia. In support of this hypothesis, levels of 2-AG and anandamide in both, jejunum
mucosa and plasma, of ad-libitum fed WD mice increased when compared to SC mice.
Furthermore, expression of genes for primary components of the endocannabinoid system (i.e.,
cannabinoid receptors, and endocannabinoid biosynthetic and degradative enzymes) was
dysregulated in WD mice when compared to SC mice. Our results suggest that hyperphagia
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associated with WD-induced obesity is driven by enhanced endocannabinoid signaling at
peripheral CB1Rs.
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1. INTRODUCTION

Significant scientific and clinical evidence suggests one major driver of obesity is chronic
consumption of foods that contain large quantities of fats and sugars (i.e., the western diet)
[1, 2]. Humans, rodents, and possibly other mammals detect dietary fats [3-7] and sugars [8]
via receptors in the oral cavity and alimentary tract, which are critical in mediating
preferences displayed for these high-energy foods [6, 9, 10]. Numerous signaling pathways
play important roles in the control of food intake, energy balance, and reward [9, 11],
including endocannabinoid (eCB) signaling at cannabinoid CB4Rs in the brain [12-23] and
periphery [12, 24-34].

Recent evidence suggests that the intake of palatable foods may be controlled by peripheral
eCB signaling [9]. For example, tasting emulsions containing mono- (i.e., oleic acid) or di-
unsaturated fats (i.e., linoleic acid) — but not carbohydrate (i.e., sucrose) or protein — was met
with large increases in eCB levels in the rat upper small intestine [27, 29]. Pharmacological
inhibition of eCB signaling at peripheral CB1Rs blocked (7) the intake of dietary fats in sham
feeding rats [27] and (7i) robust preferences for di-unsaturated fats in a sham feeding two-
bottle choice test [29] [see [6, 35] for description of the sham feeding paradigm in rat, which
isolates the cephalic phase of feeding from post-ingestive influence].

In addition to tasting dietary fats, we reported that fasting for up to 24 h is associated with
increases in production of the eCB, 2-arachidonoyl-sn-glycerol (2-AG), in the upper small
intestine of rats through a cholinergic-dependent mechanism that possibly involves the vagus
nerve [28]. For these experiments, fasting-induced 2-AG biosynthesis in the jejunum mucosa
was blunted in rats that received either full subdiaphragmatic vagotomy or local
intraduodenal infusion of the subtype 3 muscarinic acetylcholine receptor (m3 mAChR)
antagonist, DAU5884 [28]. Furthermore, pharmacological inhibition of small intestinal ms
MAChRs or CB1Rs blocked fasting-induced refeeding [28]. Thus, gut-brain eCB signaling is
a proposed orexigenic signal that may promote feeding under several distinct behavioral and
metabolic conditions.

Several studies in humans and rodents suggest that peripheral eCB levels are increased under
conditions of obesity [36-42]; however, a role for peripheral eCB signaling in driving
hyperphagia associated with a western-style diet (WD) is unknown. In the current study, we
investigated the impact of chronic consumption of WD on eCB levels in circulation and the
upper small intestinal epithelium of mice, the contribution of WD-induced enhancements in
eCB signaling at peripheral CB1Rs in promoting hyperphagia associated with a WD, and
expression of genes encoding key eCB system components in the small intestine.
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2. MATERIALS AND METHODS

2.1. Animals

Eight-week old male C57BL/6 mice (Taconic, Oxnard, CA, USA) were group-housed with
free access to water and food, unless otherwise noted for food deprivation studies, and
maintained on a 12 hour light/dark cycle (lights off at 1800 h). Test diets consisted of
standard lab rodent chow [(SD) Lab Diet 5001, St. Louis, MO, USA,; 13.4 % kcal as fat,
56% kcal from carbohydrates, mostly starch], or western-style diet [(WD) Research Diets
D12709B, New Brunswick, NJ, USA; 40% kcal as fat, 43% kcal from carbohydrates, mostly
sucrose]. Five days prior to experimentation, animals were single-housed in cages with wire
mesh inserts to prevent coprophagia during 24 h food deprivation experiments. For studies
analyzing feeding behaviors, mice were single-housed in feeding chambers (TSE,
Chesterfield, MO, USA) with free access to water and SD or WD (described further below
in Feeding behavior). All procedures met the U.S. National Institute of Health guidelines for
care and use of laboratory animals, and were approved by the Institutional Animal Care and
Use Committee of the University of California, Riverside.

2.2. Feeding behavior

Animals were acclimated to feeding chambers for five days prior to experimentation, and
tested following 60 days on their respective test diet. Feeding behavior was monitored for
the subsequent 24 h to assess daily intake patterns, or for 6 h following drug treatments.
Feeding parameters included total caloric intake, average meal size, average rate of intake
(kcals from food per minute), average number of meals, average meal duration, and average
post-meal interval.

2.3. Chemicals and administration schedule

The peripherally restricted Cannabinoid Receptor Type 1 (CB;) antagonist, AM6545
(Sigma, St. Louis, MO, USA), was administered by IP injection at 10mg/kg in 2mL/kg.
Vehicle consisted of 7.5% dimethyl sulfoxide (DMSO, Sigma, St. Louis, MO, USA), 7.5%
tween 80 (Chem Impex Intl Inc., Wood Dale, IL, USA), 85% sterile saline (warmed in a bath
sonicator for 30 minutes) 30 minutes prior (16:30 h) to the onset of behavioral analysis in
feeding chambers. All control conditions were identical, except without drug present in the
vehicle. The pharmacokinetics and half-life of AM6545 are not well-established, thus we
chose to evaluate intakes over a period of 6 h from time of administration after the onset of
the dark phase. Mice maintained on SD or WD were split into two groups and analyzed
across two sessions of behavioral testing such that each subgroup received either vehicle or
drug with 72h between administration.

2.4, Tissue processing

2.4.1. Lipid extraction—Isofluorane was used to anesthetize animals at time of tissue
harvest (0900 to 1100 h), following 24 h food deprivation or ad-libitum feeding. Blood was
collected by cardiac puncture and stored in EDTA-lined tubes on ice, then plasma was
obtained by centrifugation (1500 g for 10 minutes, maintained at 4°C). Jejunum was rapidly
collected, washed with phosphate-buffered saline (PBS) on ice, sliced longitudinally on a
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stainless steel plate on ice, scraped with a glass slide to obtain mucosa, then snap-frozen in
liquid No_All samples were stored at —80°C until processing. Frozen tissues were weighed
and subsequently homogenized in 1.0 mL of methanol solution containing the internal
standard, [2Hs] 2-AG and [?H,]-AEA (Cayman Chemical, Ann Arbor, MI, USA). Lipids
were extracted with chloroform (2 mL) and washed with water (1 mL). Lipids were
similarly extracted from plasma samples, with the exception of a 0.9 % saline wash
replacing water (0.1 mL plasma at the expense of saline). Organic phases were collected and
separated by open-bed silica gel column chromatography as previously described [28].
Eluate was gently dried under N, stream (99.998% pure) and resuspended in 0.1 mL of
methanol:chloroform (9:1), with 1uL injection for analysis by ultra-performance liquid
chromatography coupled to tandem mass spectrometry (UPLC/MS/MS).

2.4.2. Measurement of 2-AG and anandamide—Data was collected using an Acquity
I Class UPLC system coupled to a Xevo TQ-S Mass Spectrometer (Waters, Milford, MA,
USA) with accompanying electrospray ionization (ESI) interface. Lipids were separated on
an Acquity UPLC BEH Cyg column (2.1 x 50 mm i.d., 1.7um, Waters) with inline Acquity
guard column (UPLC BEH C4g VanGuard Pre-column; 2.1 x 5 mm i.d., 1.7um, Waters), and
eluted by a gradient of methanol in water (0.25% acetic acid, 5mM ammonium acetate)
according to the following gradient at a flow rate of 0.4 mL per min: 80% methanol 0.5 min,
80% to 100% methanol 0.5-2.5 min, 100% methanol 2.5-3 min, 100% — 80% methanol 3—-
3.1 min). Column temperature was maintained at 40° C, and samples were maintained in the
sample manager at 10° C. Argon (99.998%) was used as collision gas. MS detection was in
positive ion mode and capillary voltage set at 0.1 kV. Cone voltage and collision energy as
follows, respectively: 2-AG = 30v, 12v; [2Hs] 2-AG = 25y, 44v; anandamide = 30v, 14v;
[2H,] anandamide = 26v, 16v. Lipids were quantified using a stable isotope dilution method
detecting protonated adducts of the molecular ions [M+H]* in the multiple reaction
monitoring (MRM) mode. Acyl migration from 2-AG to 1-AG is known to occur [43], thus
all reported values for 2-AG represent the sum of 2-AG and 1-AG. Tissue processing and
LCMS analysis from an individual experiment occurred independently of other experiments.
Extracted ion chromatograms were used to quantify 2-AG (m/z = 379.3>287.3) and
anandamide (/7/z = 348.3>62.0), and [2Hs] 2-AG (m/z = 384.3 > 93.4) and [2H4]
anandamide (/m/z = 352.3>66.1), which were used as an internal standards. Our established
lower limit of quantitation (LLOQ); signal-to-noise ratio of greater than 10) of analytes using
our optimized UPLC/MS/MS methods are as follows: 2-AG, 0.5 pmol; AEA, 0.008 pmol.

2.5. Gene expression analysis

Total RNA was extracted from jejunal mucosa using a Trizol (Invitrogen, Carlsbad, CA) and
RNeasy (Qiagen, Valencia, CA) combined method, and generated first-strand
complementary DNA using M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA). All
surfaces for tissue collection and processing were sanitized using 70% ethanol and then
treated with an RNAse inhibitor (RNAse out, G-Biosciences, St. Louis, MO, USA) to
maintain integrity of isolated RNA. Reverse transcription of total RNA (9.5 ug) was
performed with random hexamers (Invitrogen, Carlsbad, CA) for 50 min at 37°C. gRT-PCR
was carried out using PrimePCR Assays (Biorad, Irvine, CA, USA) with primers for
cannabinoid receptor 1 (CNR1), cannabinoid receptor 2 (CNR2), diacylglycerol alpha and
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beta (DAGLA and DAGLB), monoacylglycerol lipase (MGLL), and fatty acid amide
hydrolase (FAAH) using the preconfigured Sybr green assay (Biorad, Irvine, CA). Reactions
were run in triplicate. Hprt was selected as a housekeeping gene for experimental conditions;
no changes in its expression were found across conditions included in our analysis (Cq
values for conditions, n = 4, two replicates: ad-libitum fed standard diet, 24.09+0.10; 24 h
fasted standard diet, 24.29+0.13; ad-libitum fed western diet, 24.09+0.44; 24 h fasted
western diet, 24.21+0.23; not significant).

3. STATISTICAL ANALYSES

Data was analyzed using Graphpad Prism6 software. Results are expressed as the mean +
S.E.M. Significant differences between groups were assessed using Student’s two-tailed t-
test, and regular or repeated measures two-way analysis of variance (ANOVA) with Student-
Newman-Keuls or Sidak post hoc test, respectively, for comparison of means. Differences
were considered significant if A<0.05.

4. RESULTS

4.1. Western diet-induced obese mice are hyperphagic

Mice fed WD ad-libitum for 60 days, when compared to mice maintained on standard diet
(SD), rapidly gained body weight [Fig 1a, diet effect on cumulative change in body weight
A1,30)=125.6 p<0.001, and interaction between diet and time A29,870)=157.3 p<0.001;
Fig 1b, diet effect on cumulative gross body weight A1,30)=91.74 p<0.001, and interaction
between diet and time A29,870)=157.3 p<0.001], and consumed substantially higher
calories over a 24 h period (Fig 1c: £3.89, p<0.001). This effect was met with increased
average meal size (Fig 1d: £4.75, p<0.001) and rate of food consumption (Fig le: £3.77,
p<0.001), and remained irrespective of body weight (SD versus WD: total calories, from
241.6£32.8 to 405+44.7 kcal per kg body weight, £=2.96, p=0.01; average meal size, from
23.4+1.5 t0 33.0+£2.7 kcal per kg body weight, £=2.78, p=0.01; average rate of intake, from
11.0+0.8 to 14.3£1.2 kcal per kg per minute, £=2.08, p=0.04; data from 8 animals per
condition). Other feeding parameters including meal duration (Fig 1f: £1.03, p=0.31),
frequency (Fig 1g: £1.69, p=0.11), and post-meal interval (Fig 1h: £0.31, p=0.76)
remained unchanged in WD mice when compared to SD mice. These results indicate that
mice fed WD for 60 days exhibit hyperphagia due to larger meal size and rate of
consumption.

4.2. Western diet intake is associated with increases in levels of endocannabinoids in
jejunum epithelium and circulation

We previously reported that tasting dietary fats was met with increased levels of 2-AG and
anandamide in the jejunum of rats, but in no other peripheral organ tested [27, 29].
Importantly, direct infusion of low doses of the CB1R antagonist, rimonabant (0.3mg/kg),
into the jejunum, or peripheral administration of peripherally-restricted CB1R inhibitors that
do not reach the brain (see for AM6545 [24, 30] and URB447 [26]) blocked fat sham
feeding [27] and preferences for linoleic acid in a two-bottle choice sham feeding test [29].
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These results suggest that tasting dietary fats drives eCB signaling in the upper small
intestine, which in turn, generates positive feedback that promotes dietary fat intake [27, 29].

In order to elucidate the molecular underpinnings of WD-induced hyperphagia in the current
study and evaluate the contribution of peripheral eCB signaling in these processes, we
quantified small intestinal and circulating levels of the eCBs, 2-AG and anandamide, in mice
maintained on WD or SD under free-feeding and 24 h fasting conditions. Free-feeding mice
fed WD for 60 days (Fig 2a), when compared to free-feeding mice maintained on SD,
displayed higher levels of 2-AG in jejunum mucosa that reached concentrations
indistinguishable from fasted SD or fasted WD mice [Fig 2a, diet effect on 2-AG levels
H1,24)=4.52 p=0.04, and interaction between diet and feeding condition A1,24)=4.98
p=0.03; multiple comparisons test of free-feeding SD versus fasted SD and both free-feeding
and fasted WD p<0.05, multiple comparisons test of free-feeding WD versus both fasted SD
and WD p=ns]. In addition, anandamide levels in jejunum of WD mice were elevated when
compared to SD mice irrespective of feeding status [Fig 2b, diet effect on anandamide levels
H1,24)=25.88 p<0.001, and no interaction between diet and feeding condition F(1,24)=0.53
p=0.47; multiple comparisons test of FF SD versus FF WD, p<0.05; FD SD versus both FF
and FD WD, p<0.001]. Furthermore, levels of 2-AG were greatly elevated in plasma of both
free-feeding and 24 h fasted WD mice when compared to SD mice [Fig 2c; diet effect on 2-
AG levels A1,33)=141.3 p<0.001, and interaction between diet and feeding condition
F(1,33)=6.62 p=0.02; multiple comparisons test of all SD feeding conditions versus WD,
P<0.001], an effect also found for anandamide [Fig 2d, diet effect on anandamide levels
A1,33)=168.5 p<0.001, and no interaction between diet and feeding condition F(1,33)=0.01
p=0.94; multiple comparisons test of all SD feeding conditions versus WD, p<0.001].
Collectively, these data suggest that chronic ad-libitum consumption of a WD is associated
with elevated levels of eCBs in mouse jejunal epithelium and plasma, which may in turn,
activate peripheral CB1Rs and promote hyperphagic responses to WD.

4.3. Inhibiting peripheral CB1Rs blocks hyperpagia in mice maintained on a western diet

We next evaluated the contribution of heightened eCB signaling at peripheral CB1Rs (see
Fig 2) in hyperphagia associated with WD-induced obesity. Mice fed ad-libitum WD or SD
for 60 days were treated with the peripherally-restricted neutral CB1R antagonist, AM6545
([25, 30] 10 mg per kg IP) or vehicle prior to a 6 h feeding test. When compared to vehicle
treatment, AM6545 inhibited intake of WD [Fig 3a, drug effect on WD intake A1,12)=7.45
p=0.018, and interaction between drug effect and time (F(5,60)=11.39 p<0.001; multiple
comparisons test of AM6545 treatment versus vehicle, 4hr p<0.05, 5hr p<0.01, 6hr
p<0.001)]. In contrast to WD, AM6545 failed to affect intake of SD at all time points [Fig
3b, no drug effect on WD intake A1,14)=0.06 p=0.82, and no interaction between drug
effect and time A5,70=1.01 p=0.42]. Similar to results found for 24 h intakes of WD versus
SD (Fig 1b—g), vehicle-treated WD mice, when compared to vehicle-treated SD mice,
displayed increased 6 h caloric intake [Fig 3c, diet effect on intake A1,26)=4.23 p=0.05;
multiple comparisons test of SD versus WD p<0.01], average meal size [Fig 3d, diet effect
on intake A1,26)=5.41 p=0.02; multiple comparisons test of SD versus WD, p<0.01], and
rate of feeding [Fig 3e, diet effect on intake A1,26)=5.52 p=0.02; multiple comparisons test
of SD versus WD, p<0.05]. Treatment with AM6545, when compared to vehicle,
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significantly decreased WD intake [Fig 3c, drug effect on intake A1,26)=9.83 p=0.01, and
interaction between drug and feeding condition A1,26)=13.96 p=0.001; multiple
comparisons test of AM6545 WD versus vehicle WD, p<0.01], and normalized intake to
levels found for SC (Fig 3c; multiple comparisons test of AM6545 WD versus both
AMG6545 SD and vehicle SD, p=ns). Treatment with AM6545, when compared to vehicle,
similarly decreased WD meal size [Fig 3d, drug effect on meal size A1,26)=10.68 p=0.01,
and interaction between drug and feeding condition F(1,26)=5.52 p=0.02; multiple
comparisons test of AM6545 WD versus vehicle WD, p<0.01], and normalized intake to
levels found for SC (Fig 3d; multiple comparisons test of AM6545 WD versus both
AMG6545 SD and vehicle SD, p=ns). Increased rate of intake found for vehicle WD versus
vehicle SD was absent in AM6545-treated animals (Fig 3e; multiple comparisons test of
WD versus SD in AM6545-treated mice, p=ns); however, there was high variability and a
lack of group effect of drug [Fig 3e, drug effect on rate of intake A1,26)=0.598 p=0.44, and
no interaction between drug and feeding condition A1,26)=2.25 p=0.14]. Treatment with
AMGB545 had no effect on any meal parameters included in our analysis in SD mice (Fig 3c—
e; multiple comparisons test of AM6545 SD versus vehicle SD, p=ns). Our results suggest
that elevated levels of endogenous eCB signaling at peripheral CB1Rs drives hyperphagia in
WD-induced obesity.

4.4. Western diet affects gene expression of eCB system components in jejunum

Expression of gene transcripts were increased in fasted SD mice when compared to free-
feeding controls for cannabinoid receptor 1 [(CNR1) Fig 4a, feeding condition effect on
expression A1,41)=4.63, p=0.04; multiple comparisons test of free-feeding SD versus fasted
SD, p<0.01), cannabinoid receptor 2 [(CNR2) Fig 4b, feeding condition effect on expression
H1,41)=6.83, p=0.01; multiple comparisons test of free-feeding SD versus fasted SD,
p<0.05], and diacylglycerol lipase a [(DAGLA, 2-AG biosynthetic enzyme) Fig 4c, feeding
condition effect on expression A1,44)=13.21, p<0.001, multiple comparisons test of free-
feeding SD versus fasted SD, p<0.05]. In addition, gene expression was significantly
modified in WD-fed mice, when compared to SD-fed mice, such that fasting effects were
absent for CNRL1 [Fig 4a, diet effect on expression A1,41)=5.39 p=0.03, and interaction
between diet and feeding condition F(1,41)=4.698 p=0.04; multiple comparisons test of free-
feeding WD versus fasted WD, ns; multiple comparisons test of both free-feeding and fasted
WD versus fasted SD, p<0.01] and DAGLA [Fig 4c, diet effect on expression A1,44)=6.42
p=0.02, and no interaction between diet and feeding condition F(1,44)=0.2481) p=0.63;
multiple comparisons test of free-feeding WD versus fasted WD, p=ns; multiple
comparisons test of both free-feeding and fasted WD versus fasted SD p<0.05]; however, a
group diet effect was not found for CNR2 [Fig 4b, diet effect on expression A1,41)=1.863,
p=0.19], despite a lack of effect of fasting in WD mice (Fig 4b, multiple comparisons test of
free-feeding WD mice versus fasted WD mice, p=ns).

Feeding status was not met with any significant changes in gene expression in SD and WD
mice for diacylglycerol lipase p [DAGLB, 2-AG biosynthetic enzyme; Fig 4d, feeding
condition effect on expression A1,44)=2.1 p=0.154], monoacylglycerol lipase [(MGLL, 2-
AG degradative enzyme) Fig 4e, feeding condition effect on expression A1,44)=0.07
p=0.79], and fatty acid amide hydrolase [(FAAH, anandamide degradative enzyme) Fig 4f,
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feeding condition effect on expression A1,41)=1.33 p=0.26]. There was, however, a
significant group diet effect for expression of MGLL in WD-fed mice versus SD-fed mice
for [Fig 4e, diet effect on expression A1,44)=11.95 p=0.001, and interaction between diet
and feeding condition A1,44)=5.25 p=0.03; multiple comparisons test of both free-feeding
and fasted WD mice versus free-feeding SD mice] and FAAH [Fig 4f, diet effect on
expression A1,41)=4.1 p=0.05, and interaction between diet and feeding status F(1,41)=4.81
p=0.03; multiple comparisons test of both free-feeding and fasted WD mice versus free-
feeding SD mice]. Collectively, the results suggest a dysregulation in the expression of eCB
components in WD mice; however, elevated levels of eCBS in jejunum and plasma are not
entirely explained by these effects.

5. DISCUSSION

In 2013, the American Medical Association announced that obesity is a disease, which
affects nearly one-third of American adults with significant negative impact on life
expectancy [44]. Mounting evidence suggests that a primary contributing factor of these
obesity rates is overconsumption of high-energy foods containing large quantities of fats and
sugars, known as the “western diet” (WD [1, 2]). We utilized a mouse model of WD-induced
obesity in the present study to investigate the role for peripheral eCB signaling in
hyperphagia associated with consumption of western diet. Collectively, our results suggest
that chronic consumption of a WD is associated with elevated levels of 2-AG and
anandamide in jejunum mucosa and plasma of mice, which may in turn, activate peripheral
CB1Rs and promote hyperphagic responses to WD.

Mice fed ad-libitum WD for 60 days displayed robust increases in caloric intake as a result
of increased meal size, and rate of feeding (i.e., consummatory behaviors) when compared
to control mice maintained on SD that contained low levels of fats and sugar (Fig 1). These
data suggest that hyperphagia associated with WD-induced obesity may be driven by
hedonically-positive feedback from specific constituents of the diet. Indeed, merely tasting
dietary fats (i.e., corn oil) or carbohydrates (i.e., sucrose) induced dopamine outflow in the
ventral striatum in rats [45, 46], which suggests that palatable food taste may promote intake
by a mechanism that includes activating regions of the brain associated with food reward.
Furthermore, we reported that tasting liquid diets containing dietary fats increased levels of
the eCBs in the upper small intestine of rats, but no other organ tested, and pharmacological
inhibition of this local signaling event with selective CB1R antagonists blocked intake and
preferences for fat [27, 29]. These studies suggest a gut-brain eCB signaling axis that
promotes palatable food intake based on its unique gustatory properties [6].

In the current study, hyperphagia observed in WD-induced obese mice was blocked by
peripheral administration of the peripherally-restricted neutral CB4R antagonist, AM6545;
however, AM6545 exerted no effect on the intake of SD during a 6 h test (Fig 2). The
pharmacokinetics and half-life of AM6545 are not well-established, thus we evaluated
intakes over a period of 6 h from the onset of the dark phase. Importantly, inhibiting
peripheral eCB signaling at CB1Rs in WD mice normalized enhancements in meal size to
levels found in SD mice and blocked increases in rate of feeding. These results suggest that
heightened endogenous activity at peripheral CB1Rs is responsible for driving hyperphagia
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associated with chronic consumption of WD, an effect not present in mice fed SD, which
might not display active eCB signaling during ad-libitum feeding conditions. Based on these
results and our previous studies in rats that revealed increases in eCB signaling exclusively
in the small intestine in response to tasting fats [27, 29] and fasting for 24 h [28], we asked
whether eCB levels in the epithelium of the jejunum may also be elevated in WD mice and
drive hyperphagia. Indeed, levels of 2-AG were significantly elevated in the epithelium of
the jejunum in free-feeding mice fed WD for 60 days when compared to ad-libitum fed mice
maintained on SD, and reached levels comparable to those in fasted mice maintained on SD
(Fig 3a). This result is consistent with reports from other groups that show an enhancement
of eCB levels in peripheral organs, namely in the upper small intestine [39, 47] and liver [40,
48], of mice maintained on high-fat diets for eight and 14 to 16 weeks, respectively. In
contrast to fasting-induced increases in levels of jejunal 2-AG displayed by SD mice — which
is an effect similar to results we previously reported in rats [28] — WD mice failed to display
any further increases in 2-AG after a 24 h fast when compared to free-feeding conditions
(Fig 3a). This result suggests a maximal level of 2-AG production in small intestinal
epithelium, possibly due to a limited availability of 2-AG precursors (e.g., 1, stearoyl,2-
arachidonoyl-sr+glycerol [28, 49]). Furthermore, in contrast to reports in rats [31, 39], we
found no significant changes in anandamide levels in jejunum mucosa in response to fasting
in SD mice, which might indicate species and/or strain differences among rodents. Similar to
2-AG, levels of anandamide were not affected by fasting in WD mice. Collectively, the
results suggest that enhanced eCB activity at CB1Rs in the jejunum of WD mice may
promote hyperphagia by increasing meal size and rate of feeding. Further studies that
investigate discrete components of WD in these responses, however, are warranted.

Specific downstream pathways that communicate peripherally-derived eCB signals to the
brain and promote feeding of WD remain to be determined; however, neural and endocrine
mechanisms may play a prominent role. One potential downstream candidate mechanism
includes enhanced eCB-mediated inhibition of cholecystokinin release from the upper small
intestine in WD-induced obesity, which may in turn, act to increase meal size and rate of
feeding of WD by delaying the activation of cholecystokinin-mediated satiation signaling to
the brain carried by the afferent vagus nerve [50]. In support of this hypothesis, gene
transcripts for CB1Rs have been identified in enteroendocrine I cells within the duodenum of
rodents, which may act to inhibit cholecystokinin release [51]. In addition to enhanced local
signaling in the upper small intestine of WD mice, elevated levels of circulating eCBs in
WD mice may also act as an endocrine signal that directly interacts with feeding- and
reward-related pathways in the brain, and thereby contribute to hyperphagia and WD-
induced obesity found in our studies. Indeed, studies in normal weight and obese humans
suggest that consumption of highly palatable foods (i.e., hedonic eating) is associated with
elevated levels of 2-AG in plasma [52, 53]. Furthermore, when compared to normal weight
human subjects, plasma levels of 2-AG were elevated in obese women [38], and both 2-AG
and anandamide were elevated in saliva of obese male and female subjects [36]. It remains
to be determined, however, if circulating eCBs may also directly interact with feeding- and
reward-related pathways in the brain.

Analysis of gene expression of primary constituents of the eCB system suggests a
dysregulation in the expression of key components of the eCB system following chronic
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consumption of WD; however, heightened eCB tone in WD obesity is not entirely explained
by these results. We found that fasting for 24 h was met with increased expression of mMRNA
for CB1Rs, CB,Rs, and DAGLa in the jejunum mucosa of mice maintained on SD;
however, WD mice failed to display a similar response (Fig 4a, b, c). Interestingly, there was
group effect on the expression of DAGLAa such that WD mice had significantly lower
expression when compared to SD. In light of elevated levels of 2-AG in the jejunum mucosa
and plasma of mice fed a WD versus SD, this result is counter to what we expected for
expression of this biosynthetic enzyme for 2-AG. Furthermore we found increases in the
expression of mMRNA for the 2-AG and anandamide degradative enzymes, MAGL and
FAAH respectively, in mucosa of WD mice when compared to levels in SD mice (Fig 4e),
which is counter to our expectation that eCB degradative enzyme expression would decrease
given elevations in 2-AG and anandamide. This result may reflect an adaptive response to
elevated levels of 2-AG and anandamide in WD mice. No changes were found in DAGLB
expression under all conditions (Fig 4d), which suggests that similar to results found in brain
[49], the DAGLa isoform rather than DAGL, may be primarily involved in the biosynthesis
of 2-AG in jejunum mucosa. Collectively, our gene expression results do not provide clear
evidence that explains elevations in eCB levels in WD mice when compared to SD mice.

An analysis of levels of protein for all components of the eCB system is warranted, as well
as analysis of the function of eCB biosynthetic and degradative enzymes via functional
enzyme assays, which will help to address the underpinnings of eCB elevations in WD mice.
Furthermore, it is plausible that that cholinergic signaling is enhanced under conditions of
ad-libitum feeding of WD rather than any specific changes in the expression of eCB
machinery. A test of these hypotheses remain. The latter scenario is supported by previous
evidence from our group that suggests a key role for cholinergic signaling at small intestinal
muscarinic m3 receptors, and likely the efferent vagus nerve, in driving 2-AG production
and re-feeding after a fast in rats [28]. In further support of this hypothesis, we reported that
tasting dietary fats drives production of the eCBs in the upper small intestine of rats, an
effect that is absent in animals that received complete subdiaphragmatic vagotomy. This
result suggests that critical signals from the oral cavity related to fat taste are transmitted to
the small intestine via the vagus nerve [27, 29]. Future studies will be important to evaluate
the contribution of cholinergic signaling in driving eCB production in the periphery that
promotes hyperphagia associated with consumption of WD.

6. CONCLUSIONS

Our results suggest that mice fed a WD for 60 days are hyperphagic due to increases in meal
size and rate of consumption, and that feeding responses are driven — at least in part — by
increases in peripheral eCB tone in the upper small intestinal epithelium and circulation.
Future studies will be critical to evaluate the specific downstream pathways that peripheral
eCBs interact with to communicate with the brain in the control of feeding, including
possible neural (e.g., vagal) and endocrine (i.e., circulation) mechanisms. In addition, it will
be important to evaluate the interaction between a variety of species of lipids (e.g., high in
mono- or di-unsaturated fats versus saturated and polyunsaturated fats) and carbohydrates
(e.g., fructose, sucrose) on eCB signaling in the gut and brain, and their impact on hedonic
feeding behaviors that can lead to obesity.
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Together, our work suggests peripheral CB1Rs may be an effective therapeutic target for the
treatment of western diet-induced obesity and eating disorders. This therapeutic approach
has substantial advantage over traditional CB1Rs antagonists/inverse agonists (e.g.,
rimonabant) that cross the blood-brain barrier and interact with central brain mechanisms.
For example, rimonabant was found to be effective for the treatment of obesity and
metabolic syndrome in humans; however, benefits were met with severe psychiatric side
effects, including depression and in some instances, suicide [54]. These outcomes precluded
rimonabant from gaining FDA approval. On the other hand, the work in the present report as
well as others [12, 24-34] suggests that targeting peripheral CB1Rs with antagonists (e.g.,
AMGB545) that do not reach the brain may be an effective treatment strategy for metabolic
syndrome and possibly eating disorders, without deleterious psychiatric side-effects inherent
to brain-penetrant CB4R inhibitors.
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Highlights
. Mice maintained on a western diet become obese and display hyperphagia
. Hyperphagia results from increases in meal size and rate of consumption
. Intestinal and plasma endocannabinoids increase in western diet-induced
obese mice
. Inhibiting peripheral endocannabinoid signaling normalizes feeding patterns
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Figure 1.
Chronic consumption of a western diet is associated with hyperphagia. Male mice

maintained for 60 days on a western diet (Western) become obese (a, cumulative change in
body weight; b, gross body weight) and display increases in 24 h caloric intake, meal size,
and rate of intake (c—e) when compared to mice maintained on a standard chow diet (Stand).
Meal duration, frequency, and post meal interval do not significantly differ between diets (f-
h). Repeated measures two-way ANOVA, with Sidak’s multiple comparison post hoc test,
*** = p<0.001 (a); unpaired Student’s £test (two-tailed), *** = p<0.001 between Stand and
Wetern. Results are expressed as means = SEM; n=16/condition (a, b), 7/=8/condition (c-h).
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Figure 2.
Mice fed a western diet display increases in levels of 2-AG and anandamide in jejunum

mucosa and plasma. Mice maintained on a standard diet (Stand) that were fasted for 24 h
(FD) display increases in 2-AG levels in jejunum mucosa, when compared to free feeding
controls [FF (a)], and FF male mice maintained on western diet (Western) display increases
in levels of 2-AG in jejunum mucosa to levels found in fasted Stand mice (a). Western mice
display elevated anandamide in jejunum mucosa when compared to Stand mice, irrespective
of feeding condition (b). Western mice display increases in plasma levels of 2-AG (c) and
anandamide (d) when compared to Stand mice. Two-way ANOVA with Student-Newman-
Keuls multiple comparison post hoc test. * = p<0.05, *** = p<0.001, ns = not significant.
Results are expressed as means + SEM; r#=7/condition for jejunum, /7=9-10/condition for
plasma.
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Figure 3.

Inhibiting peripheral CB1Rs reduces food intake in mice fed a western diet, but not a
standard diet, and normalizes intake and meal patterns in western diet fed mice.
Pharmacological blockade of peripheral CB1Rs with AM6545, when compared to vehicle
treatment (Veh), inhibits the caloric intake of male mice maintained for 60 days on western
diet [WD (a)] during a 6 h test, but has no effect on caloric intake in mice maintained on
standard chow diet [b (SD)]. Vehicle-treated WD mice display an increase in caloric intake
(c), average meal size (d), and rate of feeding [e (kcal per minute of feeding)], when
compared to Veh-treated SD mice during a 6 h test. Pharmacological blockade of peripheral
CBRs with AM6545 reduces total caloric intake (c), meal size (d), and rate of intake (e) in
WD mice to levels indistinguishable from SD control mice, and has no effect on meal
parameters in SD mice (c—€). Repeated measures (a, b) or regular (c—€) two-way ANOVA,
with Sidak’s or Student-Newman-Keuls, respectively, multiple comparison post hoc test, *=
p<0.05, ** = p<0.01, *** = p<0.001. Results are expressed as means + SEM; n=7-8/
condition.
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Figure 4.
Expression of genes for components of the endocannabinoid system is modified in mice fed

a western diet. Expression of mMRNA encoding CB4R [a (CNR1)], CB2R [b (CNR2)],
DAGL-a [c (DAGLA)], and FAAH (f) are elevated in standard chow-fed (Stand) 24 h fasted
(FD) male mice, an effect absent in mice fed a western diet (Western). No changes are found
under all conditions for DAGL-B [d (DAGLB)]. Expression of MAGL and FAAH genes are
elevated in Western mice when compared to Stand (e, f). Two-Way ANOVA with Student-
Newman-Keuls multiple comparison post hoc test. ** = p<0.01, * = p<0.05, ns = not
significant. Results are expressed as means + SEM; /7=3—-4/condition in triplicate.
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