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Abstract

Objective: The aim of this study was to determine whether downstream [peroxisome
proliferator-activated-receptor alpha (PPARa) and the G-protein coupled receptor, GPR119] and
upstream (a fatty acid translocase, CD36) signaling targets of N-oleoylethanolamide (OEA) were
necessary for weight loss, metabolic improvements, and diet preference following vertical sleeve
gastrectomy (VSG).

Summary Background Data: OEA is an anorectic N-acylethanolamine produced from dietary
fats within the intestinal lumen that can modulate lipid metabolism, insulin secretion, and energy
expenditure by activating targets such as PPARa and GPR119.

Methods: Diet-induced obese mice, including wild-type or whole body knockout (KO) of
PPARa, GPR119, and CD36, were stratified to either VSG or sham surgery before body weight,
body composition, diet preference, and glucose and lipid metabolic endpoints were assessed.

Results: We found increased duodenal production of OEA and expression of both GPR119 and
CD36 were upregulated in wild-type mice after VSG. However, weight loss and glucose tolerance
were improved in response to VSG in PPARaKO, GPR119KO, and CD36KO mice. In fact, VSG
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corrected hepatic triglyceride dysregulation in CD36KO mice, and circulating triglyceride and
cholesterol levels in PPARaKO mice. Lastly, we found PPARa-mediated signaling contributes to
macronutrient preference independent of VVSG, while removal of CD36 signaling blunts the VSG-
induced shift toward carbohydrate preference.

Conclusions: In the search for more effective and less invasive therapies to help reverse the
global acceleration of obesity and obesity-related disease OEA is a promising candidate; however,
our data indicate that it is not an underlying mechanism of the effectiveness of VSG.

Keywords
bariatric surgery; metabolism; N-oleoylethanolamide (OEA)

Despite advances in treatment options and increased risk awareness, obesity rates over the
past 18 years have steadily increased in adults (+9%) and children (+4.5%) within the
United States.! Bariatric surgery is currently the most effective and sustainable treatment for
obesity resulting in long-term average weight loss of 30% excess body weight,
improvements in glucose and insulin profiles, and the ability to rapidly suspend use of type 2
diabetes mellitus medication in many patients.? Vertical sleeve gastrectomy (VSG), which
excises ~80% of the stomach along the greater curvature without intestinal perturbation, is
favored by both patients and surgeons as it is less invasive and results in similar metabolic
improvements compared with other bariatric procedures. VSG has been shown to alter food
preference,34 normalize lipid handing,>~" and improve glucose homeostasis in both
humans2:8:2 and rodents.* However, the mechanisms that underlie weight loss and associated
metabolic improvements after VSG remain unresolved.

N-oleoylethanolamide (OEA) is an endogenous lipid analogue synthesized in the proximal
small intestine from the precursor molecule, oleic acid.1-12 Qleic acid is generated in the
gut lumen after postprandial digestive breakdown of dietary lipids and subsequently detected
and transported intracellularly by the cell-surface protein, cluster of differentiation 36
(CD36).1314 Diet influences OEA levels, as intraduodenal infusion of intralipid, but not
glucose or protein, stimulates OEA production.t3 Pharmacological administration of OEA
delays meal initiation and prolongs the interval between successive meals, resulting in
decreased food intake, reductions in body weight, and improved glucose and lipid
metabolism.11:15-17 However, chronic high-fat diet (HFD) reduces intestinal OEA,18-20
suggestive of physiological regulation of OEA in response to increased body mass and
impaired metabolism.

Interestingly, OEA has been shown to be increased within the small intestine of rats after
Roux-en Y gastric bypass (RYGB),2! suggesting this molecule may play an important role
in metabolic improvements after bariatric surgery. Anorexic effects of OEA have been
primarily attributed to activation of the nuclear receptor peroxisome proliferator-activated
receptor alpha (PPARa) and subsequent stimulation of the vagal afferent neurons that
innervates the gut.21-24 OEA also activates the G-protein coupled receptor 119 (GPR119),
located in intestinal enteroendocrine cells,25:26 |eading to the release of the satiety factor and
incretin glucagon-like peptide-1 (GLP-1).27
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Taken together, there is evidence that OEA signaling may be an important mechanism
though which VSG leads to metabolic improvements. Here, we examine if OEA signaling
through 2 downstream targets, GPR119 and PPARa, is necessary for VSG-induced
improvements in glucose homeostasis, lipid handling, or diet preference. Furthermore, we
examine if the upstream fatty acid translocase CD36 is necessary for the metabolic changes
induced after VSG.

Male rodents were ordered from the Jackson Laboratory, Bar Harbor, ME, at 6 to 8 weeks of
age and included 1) peroxisome proliferator-activated receptor alpha knockout (PPARaKO)
mice (Stock #008154), 2) C57BL/6J wild-type (WT) mice (Stock #000664), and 3) cluster
of differentiation 36 receptor knockout (CD36KO) mice (Stock #019006). Long Evans rats
were ordered from Envigo (New Jersey). Whole body G-protein coupled receptor 119
knockout (GPR119KO) breeding mice were gifted from Arena Pharmaceuticals?® and bred
in-house. All mice were backcrossed with a C57BL/6J background, and C57BL/6J mice
were used as controls unless wild-type littermates were available. Rodents were singly
housed and fed a 40% high-fat butter diet (40% fat, 4.54 kcal/g, D03082706 Research Diets,
New Brunswick, NJ) in the PPARaKO and rat cohorts, or a more obesogenic 60% high-fat
lard-based diet (60% kcal fat, 5.24k/cal, D12492 Research Diets, New Brunswick, NJ) in the
CD36KO and GPR119KO cohorts. The more obesogenic diet was used due to concerns of
HFD resistance and not generating substantial fat mass before surgery. Surgical groups were
age- and weight-matched within each genotype prior to surgical intervention. Rodents were
housed under controlled temperature (22°C) and light (12:12-h light- dark cycle) conditions.
Tissue mass was measured using nuclear magnetic resonance (Echo MRI: Echo Medical
Systems, Houston, TX). All studies were approved by and performed according to the
guidelines of the Institutional Animal Care and Use Committee of the University of
Michigan or the University of Cincinnati.

Surgical Procedure

All rodents received either sham surgery or VSG after 9 to 12 weeks of HFD feeding. VSG
was performed by a midline skin incision in the ventral abdomen and underlying muscle.
The stomach was exposed and transected along the greater curvature to form a sleeve. The
stomach sleeve was closed and the greater curvature portion was removed using an Endopath
ETS-FLEX 35 mm Stapler (Ethicon endo-surgery, LLC, Cincinnati, OH). The stomach
sleeve was returned to the abdominal cavity and the body wall and skin were sutured. The
sham procedure involved exposure of the stomach before applying pressure on the stomach
with blunt forceps along a vertical line between the esophageal sphincter and the pylorus.
Postoperatively, animals were maintained on liquid Osmolite for 4 days and received
subcutaneous analgesic meloxicam (0.5 mg/kg) daily for 3 days and warm saline (1 mL) on
first postoperative day for fluid replacement.
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OEA Measures

Ad 1ib fed rodent intestinal tissue and mucosal scraps were harvested 10 to 12 weeks
postsurgery and were stored at —80°C until lipid extraction was performed as described
previously for brain specimens.?? Intestinal OEA was determined using isotope-dilution,
liquid chromatography-mass spectrometry.30

Glucose Tolerance Test

During oral glucose tolerance tests (OGTT), all mice were fasted 4 to 5 hours prior to an
oral gavage of 20% dextrose at a dose of 2 g/kg body weight. Blood was sampled via the
lateral tail vein and assessed for glucose concentration using a handheld AccuChek
glucometer prior to gavage (time 0), and 15, 30, 45, 60, and 120 minutes after gavage.

Lipid Measurements

Hepatic and plasma triglyceride and cholesterol levels were either analyzed at the Mouse
Metabolic Phenotyping Center at the University of Cincinnati or by colorimetric assays
using Triglycerides and Cholesterol Reagent Set (Pointe Scientific, Canton, Ml). Blood
collection for plasma lipid analysis was performed via tail nick 2 hours after feeding and
again after 20 hours of fasting within the home cage at standard room temperature in the
GPR119KO and PPARaKO mouse cohorts or thermoneutrality (30°C) for the CD36KO
mouse cohort, as prolonged fasting may lead to hypothermia in CD36KO mice.3!

gRT-PCR Gene Expression

Intestinal tissue was homogenized in Trizol reagent, RNA was extracted using the TagMan
Reverse Transcription kit (Thermo Fisher Scientific, Inc, Waltham, MA), cDNA was isolated
(iScript cDNA synthesis kit, BioRad, Hercules, CA), and real-time quantitative PCR was
performed using a TagMan 7900 Sequence Detection System with TagMan Universal PCR
Master Mix and TagMan Gene Expression Assays (all from Applied Biosystems, Foster
City, CA) mRNA expression was evaluated by the SYBR Green (PPARa, GPR119, and
CD36) real-time kinetic PCR and normalized to the ribosomal RPL32 gene (Thermo Fisher,
#4331182).

Macronutrient Preference Test

Three pure macronutrient diets (TD.02521 [carbohydrate], TD. 02522 [fat], and TD02523
[protein], Harlan Teklad, Indianapolis, IN) were simultaneously presented in separate
containers to allow singly-housed mice to self-select the macronutrient content of their diet
for 5 testing days after 3 acclimation days. Each macronutrient container was weighed at the
same time daily to determine 24-hour intake. Mice were removed from analysis if nutrients
were unable to be accurately measured due to excessive nutrient spillage. Data are expressed
as % macronutrient of total kilocalories (kcal) intake (mean + SEM) over the 5-day period of
testing or as percentage average daily intake in kcals.

Plasma Assays

Blood obtained via tail nick was collected 10 minutes after a mixed meal gavage of Ensure
Plus with 25% dextrose (200 uL) in heparinized microvette tubes with a mixture of heparin,
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EDTA, aprotinin, and dipeptidyl peptidase IV inhibitor (Millipore, DPP4-010) and
subsequently assayed for total GLP-1 (Sandwich ELISA; Mesoscale Discovery, Rockville,
MD).

Statistical Analysis

The data were analyzed using mixed-model ANOVAs with a Tukey post-hoc analysis where
appropriate, unless otherwise stated. Statistical significance was set at £< 0.05. Data are
presented as mean + SEM. Statistical main effect outcomes are indicated with letters and
statistical interactions are represented by significance indicators within figures. Throughout
the manuscript the letter “a” will signify a main effect of surgery and the letter “b” will
signify a main effect of genotype.

RESULTS

VSG Decreases Fat Mass in PPARaKO and GPR119KO Mice

To determine the effect of VSG on OEA levels, WT mice and rats were fed a HFD and
underwent either sham surgery or VSG prior to quantification of intestinal OEA content.
VSG-treated mice and rats showed significantly higher OEA levels within the duodenum,
but not in the distal jejunum or ileum, compared with respective sham controls (Fig. 1 A, B).
VSG-treated WT mice also showed significantly higher expression of duodenal GPR119 and
CD36, but similar expression of duodenal PPARa mRNA compared with sham controls
(Fig. 1C).

We then performed VSG or sham surgery on PPARaKO and GPR119KO mice, to determine
the role of these receptors in postoperative metabolic improvements. As previously
described,32 PPARaKO mice had significantly more body mass compared with WT controls
after 12 weeks on a 40% HFD (Supplemental Figure 1A, http:/links.lww.com/SLA/B540),
due to increased fat mass (Supplemental Figure 1B, http://links.lww.com/SLA/B540). In
contrast, GPR119KO mice had similar body mass and composition profiles as WT control
mice 9 weeks after 60% HFD exposure (Supplemental Figure 1C-D, http://
links.lww.com/SLA/B540).

VSG-treated PPARaKO, GPR119KO, and WT mice had significantly lower body mass
compared with genotype-matched sham controls (Fig. 2A, C; Supplemental Figure 2A, C,
http://links.lww.com/SLA/B540). When calculated as a percentage of baseline, postoperative
weight loss was greater in PPARaKO mice compared with WT mice (Fig. 2A), due to
increased preoperative body mass in PPARaKO mice (Supplemental Figure 1A, http://
links.lww.com/SLA/B540). The pre- to postoperative change in fat mass was significantly
less in the VSG-treated groups compared with genotype-matched sham controls in both
PPARaKO and GPR119KO cohorts (Fig. 2B, D). However, a slight decrease in lean mass
was noted after VSG regardless of genotype in the GPR119KO cohort (Supplemental Figure
2D, http://links.lww.com/SLA/B540). Food intake after surgery was decreased in all VSG-
treated groups 1 to 3 week after surgery, but then matched sham-operated levels for the
remainder of the study (data not shown) in line with our previous work.33:34
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PPARa and GPR119 Signaling Is Not Required for Improved Glucose Homeostasis After
VSG

PPARaKO mice had lower ad /ib fed glucose levels compared with sham-operated WT
mice, which was not further improved after VSG (Fig. 3A). During an OGTT, PPARaKO
mice had overall lower basal glucose levels that more rapidly returned to baseline compared
with WT mice (Fig. 3B). VSG-treated WT and PPARaKO mice showed improved glucose
excursion at the 30- and 45-minute time points compared with respective sham control mice
(Fig. 3B). VSG also lowered ad /ib fed glucose levels in WT and GPR119KO mice (Fig.
3C), and improved the glucose excursion at thel5- and 30-minute time points during an
OGTT (Fig. 3D) compared with sham controls.

As GPR119 activation increases GLP-1 levels,26 we assessed GLP-1 levels after a mixed
meal oral gavage. Circulating GLP-1 levels were similarly increased in VSG-treated WT and
GPR119KO mice compared with respective sham controls (Fig. 3E).

VSG Normalizes PPARaKO Mouse Plasma Lipid Levels

Postprandial and fasted plasma lipid levels were assessed approximately 7-weeks after
surgery. Postprandial plasma triglyceride levels were lower in PPARaKO mice after VSG
compared with sham-operated controls, but fasting levels were unchanged between surgery
groups (Fig. 4A). Additionally, PPARaKO mice had overall higher fasting triglyceride
levels compared with WT mice, regardless of surgical intervention. Postprandial plasma
cholesterol levels were elevated in PPARaKO mice compared with WT mice (Fig. 4B),
while VSG-treated mice of both genotypes had lower plasma cholesterol levels compared to
respective sham controls in both dietary states (Fig. 4B). VSG decreased hepatic triglyceride
and cholesterol levels equally in WT and PPARaKO mice compared with respective sham
controls (Fig. 4C, D). No difference in fed or fasted plasma triglyceride levels was detected
between surgical groups or genotypes within the GIPR119KO cohort (Fig. 4E). However,
postprandial circulating cholesterol levels were decreased in VSG-treated groups compared
with sham controls (Fig. 4F). GPR119KO mice, like their WT counterparts, showed a
significant decrease in hepatic triglycerides after VSG (Fig. 4G). There were no significant
changes in hepatic cholesterol levels in WT or GPR119KO mice after VSG (Fig. 4H).

VSG-induced Changes in Food Preference Are Not Replicated in PPARaKO Mice

Next, macronutrient preference for fat, carbohydrate, and protein was assessed over a 5-day
period. As we and others have previously shown, VSG in WT mice shifts macronutrient
preference away from fat and towards carbohydrate consumption.#:33 However, VSG
induced no significant change in macronutrient preference in PPARaKO mice. Interestingly,
PPARaKO mice had overall higher preference for carbohydrates and less preference for fat
compared with WT mice, while PPARaKO mice showed similar macronutrient preferences
between surgical groups (Fig. 5A, B). Although total food intake is typically constant during
macronutrient preference tests,*33:35 sham-operated WT mice had increased total nutrient
intake compared with sham-operated PPARaKO mice (Fig. 5C). Conversely, VSG-treated
WT and GPR119KO mice had lower fat intake (Fig. 5D) and higher carbohydrate intake
(Fig. 5E) compared with respective sham-controls. The GPR119KO mouse cohort exhibited

Ann Surg. Author manuscript; available in PMC 2020 August 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hutch et al. Page 7

no differences in total food intake (Fig. 5F). Additionally, protein intake was comparable
between surgical groups and genotypes in both mouse cohorts (data not shown).

VSG Decreased Body Mass and Improved Glucose Regulation in CD36KO Mice

As PPARaKO and GPR119KO mice showed similar metabolic changes as WT mice after
VSG, these receptors may not be necessary for postoperative metabolic improvements.
Therefore, postoperative increases in OEA are either a noncontributing byproduct of surgical
intervention or operate through alternative signaling pathways. To test the latter possibility,
we targeted CD36, an upstream regulator of OEA. After 9 weeks of 60% HFD feeding,
CD36KO mice gained less body weight, lean mass, and fat mass than WT mice
(Supplemental Figure 1E-F, http://links.lww.com/SLA/B540). Both CD36KO mice and WT
mice had overall reduced absolute body mass and expressed as percent of baseline after
VSG (Supplemental Figure 2E, http://links.lww.com/SLA/B540; Figure 6A). CD36KO mice
showed an initial decrease in body mass within the first 3 weeks, before surgical groups
showed similar body weight throughout the remainder of the study. Although CD36KO mice
had less overall fat and lean mass (Supplemental Figure 2F, http://links.lww.com/SLA/
B540), VSG decreased fat mass from preoperative to 8 weeks postsurgery in WT and
CD36KO mice compared with respective sham controls (Fig. 6B).

Given lower overall body mass, CD36KO mice had expectedly lower ad /ib fed glucose
levels compared with WT mice (Fig. 6C). During an oral glucose tolerance test, VSG-treated
WT and CD36KO mice had higher peak glucose levels 15 minutes after oral gavage, but
more rapid return to baseline glucose levels (within 30 min) compared with sham-operated
control mice (Fig. 6D). The higher glucose values 15 minutes postoral gavage corresponds
with the increased gastric emptying rate associated with VSG.36

VSG Normalizes CD36KO Hepatic Triglyceride Levels

Plasma triglyceride levels in the CD36KO mouse cohort did not significantly change with
respect to surgery or genotype after either an overnight fast or 2 hours after feeding (Fig.
7A). Postprandial and fasted plasma cholesterol levels were lower in VSG-treated groups
compared with shame controls in both WT and CD36KO mice (Fig. 7B). CD36KO mice had
elevated hepatic triglyceride levels compared with WT controls (Fig. 7C), despite
significantly decreased lean and fat mass throughout the duration of the study (Supplemental
Figure 2F, http://links.lww.com/SLA/B540). However, VSG lowered hepatic triglyceride
levels in CD36KO mice alongside reducing levels in WT mice (Fig. 7C). Hepatic cholesterol
levels were not impacted by removal of CD36-mediated signaling or after VSG (Fig. 7D).

VSG does not induce a food preference shift in CD36KO mice.

Macronutrient preference testing was performed to determine the role of CD36 signaling in
surgery-induced shifts in nutrient preference. While VSG-operated WT mice had higher
preference for carbohydrates compared with sham mice, CD36KO mice showed similar
carbohydrate preferences regardless of surgical intervention (Fig. 7E). CD36KO mice after
VSG showed moderately lower fat preference (-18%), while WT mice after VSG showed
drastically lower fat preference (—55%) compared with respective sham controls (Fig. 7F).
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No differences in protein intake (data not shown) or average daily kilocalorie intake were
detected between genotypes or surgical interventions (Fig. 7G).

DISCUSSION

OEA is an endocannabinoid-like lipid signaling molecule that can trigger physiological
effects similar to those seen after bariatric surgery; including decreased food intake, reduced
fat mass, increased GLP-1 release, and reduced serum and hepatic lipids. Due to the
hypophagic actions of OEA, it has been hypothesized that decreased OEA may lead to
obesity through impaired satiety signaling pathways. In fact, chronic consumption of fat-rich
diets reduces OEA production.19:20.37.38 Although studies report variable relationships
between OEA levels and obesity and impaired glucose homeostasis,3%-42 many of these
studies measured total circulating OEA. Since fats are absorbed in the proximal small
intestine, duodenal, and jejunal OEA levels may better represent OEA turnover. In support
of this, diet-induced obese rats have significantly lower levels of jejunal OEA than lean rats.
20 Additionally, intestinal OEA is increased following RYGB in rats,2! and our data show
similar findings in the duodenum of mice after VSG. To determine whether these differences
in OEA were necessary for the metabolic success of surgery, we performed VSG in 3 mouse
models lacking the expression of key proteins involved in OEA signaling and quantified
body weight and lipid and glucose metabolic endpoints.

Here, we find that VSG induces similar changes in body mass and composition across
genotypes; with lower overall body mass and fat content in VSG-treated WT, PPARaKO,
and GPR119KO mice and lower fat content in VSG-treated CD36KO mice compared with
sham control mice. VSG improved glucose handling in all KO mouse models compared with
respective sham controls, with similar increases in postprandial GLP-1 in VSG-treated mice
regardless of GPR119 expression. Plasma lipid levels were notably lower after VSG in WT
and PPARaKO mice compared with sham controls, while hepatic triglyceride levels were
lower in VSG-treated WT and CD36KO mice compared with sham controls. Interestingly,
macronutrient preference for carbohydrates did not vary between surgical interventions in
PPARaKO or CD36KO mice.

Previous data suggest that increased OEA signaling through PPARa can lead to
improvements in lipid and glucose homeostasis.*3 Conversely, we found that PPARaKO
mice had overall improved glucose metabolism evidenced by reduced ad /ib fed and fasting
glucose levels and improved glucose tolerance during an oral glucose tolerance test. Unlike
WT mice where glucose metabolism was greatly improved after VSG, glucose metabolism
was only moderately improved by VSG in PPARaKO mice. However, VSG did normalize
plasma lipids, suggesting that VSG works through PPAR a-independent pathways to mediate
changes in lipid metabolism. One possibility is by reduced intestinal chylomicron
production, which we have previously seen after VSG.#4 Although we were unable to assess
chylomicron production here, samples were taken in the fed state where the predominant
source of triglycerides would be intestinal chylomicron production.

OEA-induced activation of enteroendocrine GPR119 receptors contributes to GLP-1 and
insulin secretion.25-27 However, our data show increased GLP-1 in VSG-treated GPR119KO
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mice, indicating that increased duodenal OEA production and upregulation of GPR119
expression observed after VSG in WT mice is not responsible for associated increases in
postsurgical GLP-1 levels. In fact, our data generally indicate that GPR119, presumably via
OEA signaling, is not necessary for VSG-induced improvements in glucose homeostasis or
GLP-1 release.

Activation of an OEA-PPARa gut-brain axis has been linked to the beneficial effects of
RYGB on fat intake and macronutrient preference.?l While PPARaKO mice maintained on
a HFD had reduced fat preference and increased carbohydrate preference compared with
WT mice, this was not further influenced by VSG. In contrast, VSG significantly decreased
fat and increased carbohydrate consumption in both GPR119KO and WT mice. Regardless
of changes in macronutrient preference, all groups within the PPARaKO and GPR19KO
cohorts showed comparable postoperative body weight loss. Similarly, Hankir et al?! found
that vagotomy blunted the RY GB-induced shift in macronutrient preference without
impacting postsurgical weight loss. These data suggest that changes in food preference are
not the key driver of weight loss after bariatric surgery. Although VSG and RYGB have
similar postoperative outcomes, these procedures differ anatomically and physiologically
with variations in weight loss and T2DM remission.#>-47 Specifically, RYGB induces drastic
intestinal rearrangement, which does not occur after VSG. Despite this difference, VSG and
RYGB both increase OEA levels within the portion of the intestine directly connected to the
stomach, either the duodenum in VSG or Roux limb in RYGB.2L A direct comparison of
RYGB and VSG will be necessary to determine if OEA acts through PPARa after RYGB
but not VSG.

The cell-surface enterocyte protein CD36 functions as a biosensor for dietary fats and can
influence the activity of OEA catabolic enzymes among several other biological processes.
48.49 Given the dual role of CD36 to translocate OEA across the membrane and as a target of
OEA signaling, we utilized a CD36KO mouse as an upstream mediator of OEA synthesis.13
CD36 is also a known taste receptor for unsaturated fatty acids in the mouse oral cavity,
therefore, CD36KO mice are known to be resistant to diet-induced obesity,5%:51 which we
also noted despite maintaining mice on a 60% lard-based HFD. However, both CD36KO and
WT mice decreased body weight and fat mass after VSG, suggesting this was not a limiting
factor.

A significant postsurgical reduction in hepatic triglyceride levels was noted in VSG-treated
CD36KO mice despite both surgical groups having nearly identical total body weight at the
time of tissue collection, which is suggestive of long-acting weight-independent effects of
VSG on CD36KO mice. Similar to PPARaKO mice, a dissociation existed between
circulating and hepatic triglyceride levels, but in either case VSG is able to normalize lipid
levels. While the role of OEA remains unclear, this suggests that VSG is able to correct
impaired plasma or hepatic lipid metabolism induced by deficient PPARa- and CD36-
mediated signaling, respectively. Previous studies show that OEA-mediated suppression of
food intake depends on the presence of CD36.13 Interestingly, we found no significant
differences between WT and CD36KO mice with respect to fat intake during the
macronutrient preference test. This is surprising as previous work has found that CD36KO
mice have reduced fatty acid preference using a lick test with increasing concentrations of
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fatty acids.>? It is unclear whether different protocols (lick test vs. macronutrient preference)
or different types of fat may have influenced our results. Interestingly, we found that VSG
did not alter carbohydrate preference in CD36KO as it does in WT mice.

In conclusion, key molecular targets in OEA synthesis (CD36) or signaling (PPARa and
GPR119) are not necessary for the metabolic improvements after VSG. Although 1
limitation of these mouse models is that each involves a congenital deletion, which can
introduce developmental and/or compensatory physiological changes. Notably, we found
that VSG was able to correct the increase in plasma and hepatic triglycerides in the
PPARaKO and CD36KO mice, respectively. However, these data also dissociate the VSG-
induced shift in macronutrient preference from weight loss. In the search for more effective
and less invasive obesity therapies to help reverse the global acceleration of obesity and
metabolic disease OEA is a promising candidate, however, our data indicate that it is not an
underlying mechanism of the effectiveness of VSG.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
OEA levels and receptor expression in rodent intestine after VSG. Duodenal OEA was

increased in WT high-fat diet fed A, rats and B, mice after VSG compared with sham-
surgery control mice after ad /ib feeding. No such increase was seen within the jejunum of
mice and rats or the ileum of rats. C, WT mouse duodenal mRNA expression of OEA
receptor targets showed an upregulation of GPR119 and CD36 after VSG compared with
sham surgery counterparts. No change in WT PPARa mRNA expression was seen after
VSG. (Student ftest; *P< 0.05; **P< 0.01; ***P< 0.001).

Ann Surg. Author manuscript; available in PMC 2020 August 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Hutch et al.

130

Body Mass (% baseline)

>

1

A

Body Mass (% baseline)

(9]

-
-
o

1

©
o
1

Page 15

~®= WT Sham =@ PPAR«KO Sham
-®- WTVSG ~®- PPARaKO VSG

A Fat Mass (g)

74

| 7

~
o

30

109

©
o
1

0 1 2 3 4 5 6 7 8 9 10 11

B Sham VSG Sham VSG
< WT PPARa KO
Postoperative weeks
=®= WT Sham GPR119KO Sham 8-
-®- WT VSG GPR119KO VSG
a a
4-  — L

7

A Fat Mass (g)
o
1

~
o

Ll Ll Ll Ll Ll Ll Ll Ll Ll Ll Ll -8 1 Ll Ll Ll

0 1 2 3 4 5 6 7 8 9 10 D Sham VSG Sham VS G
Postoperative weeks wT GPR119KO
FIGURE 2.

Ablation of PPARa and GPR119 receptors did not impact body weight loss after VSG. A,
Body mass, expressed as percent of baseline, after VSG decreased throughout the 11
postoperative weeks in WT and to a greater extent in PPARaKO mice compared with
respective sham controls (22 < 0.05, main effect of surgery; PP < 0.05, main effect of
genotype). B, The change in fat mass from presurgical to 11 weeks after surgery was
reduced in VSG groups of both WT and PPARaKO mice compared with respective sham
controls (3£ < 0.001, main effect of surgery). C, VSG led to decreased body mass, expressed
as percent of baseline, in GPR119KO and WT mice compared with respective sham controls
throughout 10 weeks postoperatively (22 < 0.0001, time x surgery interaction). D, A similar
decrease in fat mass after VSG was seen in GPR119KO and WT mice compared with
respective sham controls from presurgical to 9 weeks after surgery (22 < 0.001, main effect
of surgery).
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Glucose regulation through PPARa and GPR119 signaling after VSG. A, Ad /ib fed glucose
levels were decreased after VSG in the WT group but no change was seen after VSG in
PPARaKO mice. PPARaKO mice had overall lowered ad /ib fed glucose levels compared
with WT sham mice (*£ < 0.05 compared with all other groups). B, Regardless of surgical
intervention, PPARaKO mice had lower fasted glucose levels at baseline, 60-, and 120-min
time points compared with WT mice after an oral glucose (2 g/kg) challenge (+~< 0.05,
time x genotype interaction). VSG improved glucose tolerance in both genotypes at the 30-
and 45-minutes time points (*~ < 0.05, time x surgery interaction). C, Both WT and
GPR119KO mice decreased ad /ib fed glucose levels after VSG compared with sham-
operated controls (2P < 0.05, main effect of surgery). D, After an oral glucose load, VSG
improved glucose tolerance at the 15- and 30-minute time points in both WT and
GPR119KO mice (*P< 0.05, time x surgery interaction). E, After a mixed meal gavage
(EnsurePlus with 25% glucose; 200 uL), total plasma GLP-1 increased in both WT and
GPR119KO groups after VSG compared with respective sham controls (232 < 0.001, main
effect of surgery).
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FIGURE 4.
Lipid responses in PPARaKO and GPR119KO mice after VSG. A, Plasma triglyceride

levels in sham-operated PPARaKO mice were significantly higher than all other groups in
the fed state (fed: *P < 0.05), while under fasting conditions PPARaKO mice showed
increased triglyceride levels compared with WT mice regardless of surgery (fasted: PP <
0.01, main effect of genotype). B, Postprandial plasma cholesterol levels were elevated in
PPARaKO mice compared to WT mice but decreased after VSG in both genotypes (fed: P2
< 0.01, main effect of genotype; 2P < 0.0001, main effect of surgery). VSG decreased fasted
plasma cholesterol levels in both genotypes (fasted: 2P < 0.05, main effect of surgery). C,
Hepatic triglyceride (3£ < 0.001, main effect of surgery) and D, hepatic cholesterol (3P <
0.0001, main effect of surgery) levels were significantly decreased in both WT and
PPARaKO mice after VSG compared with respective sham controls. E, No statistical
change in plasma triglyceride levels was identified between genotypes or surgical groups in
either dietary condition within the GPR119KO cohort. F, Neither genotype nor surgery
impacted plasma cholesterol levels after fasting, however, VSG decreased fed levels of
plasma cholesterol in WT and GPR119KO mice (fed: 2P < 0.05, main effect of surgery). G,
Hepatic triglyceride levels in GPR119KO and WT mice decreased after VSG compared with
respective sham controls (32 < 0.001, main effect of surgery). H, Hepatic cholesterol levels
were statistically unchanged after VSG and between genotypes within the GPR119KO
cohort.
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Macronutrient preference test in PPARaKO and GPR119KO mice after VSG. A, Although
macronutrient preference for fat was unchanged after VSG in WT and PPARaKO mice, an
overall decrease in fat preference was observed in PPARaKO mice (PP< 0.01, main effect
of genotype). B, Similarly, carbohydrate preference was unchanged after VSG in WT and
PPARaKO mice, but an overall increase in carbohydrate preference was observed in
PPARaKO mice (°PP< 0.001, main effect of genotype). C, Average daily kilocalorie (kcal)
intake was increased in sham-operated WT mice compared with sham-operated PPARaKO
mice (*P< 0.05). D, Fat intake was decreased (2P < 0.05, main effect of surgery) and E,
carbohydrate intake was increased (3£ < 0.05, main effect of surgery) in both WT and
GPR119KO mice after VSG compared with respective sham surgery counterparts. F, No
differences in overall daily kilocalorie intake was detected between surgery or genotype in
the GPR119KO mouse cohort. Data are expressed as % macronutrient of total kcal intake
(mean + SEM) over a 5-day period of testing.
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FIGURE 6.
Body mass and glucose regulation after VSG in CD36KO mice. A, VSG decreased body

mass (% baseline) in both WT and CD36KO up to 12 weeks postoperatively (3£ < 0.01, time
x surgery interaction), and CD36KO mice had overall lower body mass compared with WT
mice (PP< 0.0001, time x genotype interaction). B, The change in fat mass between
preoperative levels and 8 weeks after surgery revealed both WT and CD36KO lost fat-
specific mass compared with respective sham controls (3£ < 0.01, main effect of surgery)
and that CD36KO mice had lower fat mass compared with WT mice (°2< 0.01, main effect
of genotype). C, CD36KO mice had decreased ad /ib fed glucose levels 2 weeks after
surgery compared with WT mice (°2< 0.05, main effect of genotype). D, VSG increased the
glucose response 15 minutes after an oral glucose load (2 g/kg) compared with sham-
operated mice (*P < 0.001, timexsurgery interaction), and improved glucose tolerance at the
30-minute time point (*P < 0.01, timexsurgery interaction).
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after feeding (fed: 2P < 0.001, main effect of surgery), and fasting (fasted: P < 0.0001, main
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cholesterol levels were unchanged between genotype or surgical groups. E, During a
macronutrient preference test, WT mice increased carbohydrate intake after VSG, while
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