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energy storage, membrane components, and signaling. 
Extracellular hydrolysis of dietary TG in circulating lipo-
proteins yields FFAs and  sn -2 MG, which are then taken up 
by cells ( 1, 2 ). MGs are also produced intracellularly from 
membrane phospholipids and the consecutive action of 
phospholipase C and diacylglycerol lipase, or from the hy-
drolysis of stored TG by adipose TG lipase (ATGL) and 
hormone sensitive lipase (HSL) ( 2–5 ). The ultimate fate 
of intracellular MGs is hydrolysis to FFAs and glycerol or 
reesterifi cation by acyltransferases into diacylglycerol and 
TG ( 6, 7 ). 

 MG lipase (MGL) is considered the rate-determining 
enzyme in MG catabolism. MGL accounts for roughly 85% 
of MG hydrolysis in the brain, with the remainder being 
catalyzed by the enzymes ABHD6 and ABHD12 ( 8, 9 ). 
MGL is expressed in many other tissues as well, including 
brain, liver, skeletal muscle, adipose, and intestine ( 10–
13 ). Within cells, MGL localizes to both the cytosolic and 
membrane fractions and hydrolyzes  sn -1 and  sn -2 MGs of 
varying acyl chain lengths and degrees of unsaturation, 
with almost no activity toward other lipids, such as TG and 
lyso-phospholipids ( 10, 14–18 ). 

 MGL is involved in energy balance through two important 
functions. First, in its well-established role of mobilizing 
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which was secondary to hyperphagia and decreased energy 
expenditure ( 13 ). The increased body weight and fat mass, 
as well as the hyperphagia, of iMGL mice were perhaps un-
expected, given the known orexigenic effects of central CB 
receptor activation, yet in line with the reported absence of 
hyperphagia secondary to MGL deletion ( 35, 38 ). We sug-
gested, therefore, that gut 2-AG may possibly act as a satiety 
signal ( 13 ). 

 To further understand the role of MGL in energy ho-
meostasis in the present study, we examined the effects of 
12 weeks of semipurifi ed low-fat diet (LFD) and high-fat 
diet (HFD) feeding in MGL  � / �   mice. Overall, the results 
demonstrate systemic changes that led to a leaner pheno-
type in LFD-fed mice and an improved metabolic serum 
profi le in HFD-fed mice. Further, MGL  � / �   mice displayed 
a marked reduction in the rate of intestinal lipid secretion 
and a blunting of postprandial lipemia following an oral 
fat bolus. Therefore, it is possible that inhibiting MGL may 
be a useful strategy for the treatment of metabolic disor-
ders, including obesity and its comorbidities. 

 MATERIALS AND METHODS 

 Generation of MGL knockout mice   
 The   MGL  � / �   mouse strain was purchased from Lexicon Ge-

netics, Inc. (Woodlands, TX) and the colony was bred and 
housed at Ace Animals (SAGE Labs, Boyertown, PA). Briefl y, 
MGL  � / �   mice were generated from an OmniBank ES cell clone, 
OST113734 ( 39 ), containing a gene trap cassette insertion in the 
second intron of MGL (accession number NM_011844). Mice 
were originally derived on a 129/SvEv background and were 
backcrossed to C57BL/6 for 10 generations. Quantitative Taq-
Man RT-PCR was performed to detect mouse MGL mRNA in 
RNA samples extracted from MGL +/+ , MGL +/ �  , and MGL  � / �   
mice. Multiple mouse tissues were isolated, and mRNA was 
extracted using RNAqeous Micro kit (Ambion). cDNA reverse 
transcription was performed on the isolated mRNA, using a high-
capacity cDNA reverse transcription kit (Applied Biosystems, 
Foster City, CA). Purifi ed cDNA was quantifi ed with Quant-iT 
OliGreen ssDNA reagent (Invitrogen) to ensure equal loading of 
cDNA in each reaction. TaqMan gene expression oligonucle-
otides for MGL (Mm00449275_m1; made to order) were pur-
chased from Applied Biosystems. Quantitative PCR reactions 
were performed with an ABI Prism 7000 sequence detection sys-
tem (Applied Biosystems). 

 MGL activity assay 
 MGL +/+ , MGL +/ �  , and MGL  � / �   mouse brains were isolated 

from Lexicon mice. One gram of mouse brain was homogenized in 
10 ml of MGL buffer (20 mM piperazine-N,N′-bis(2-ethanesulfonic 
acid), 150 mM NaCl, and 0.001% Tween at pH 7.0) using a Polytron 
pestle homogenizer (speed 10.2, three times for 15 s) on ice  . Protein 
concentrations were determined using the Bradford assay (BioRad 
Laboratories, Hercules, CA), and samples were adjusted to 1 mg/ml. 
To a polypropylene block (1,000  � l size), fi nal concentrations 
of 1.65  � g/well brain homogenate, 4 nM [ 3 H]2-AG (American 
Radiolabeled Chemicals, St. Louis, MO), and 10  � M cold 2-AG 
(Sigma-Aldrich, St. Louis, MO) were added (fi nal volume 250  � l). 
The contents were shaken at 37°C for 90 s at 750 rpm, and then in-
cubated for 10 min at 37°C. In a separate tube, activated acid-washed 
charcoal was prepared to 25 mg/ml in TE buffer, pH 7.4 (10 mM 
Tris, 1 mM EDTA). This solution was further diluted to 8.125 mg/ml 

cellular lipid stores in adipose and other tissues, MGL 
makes glycerol and FFAs available for a variety of purposes, 
including  � -oxidation. Second, MGL has been recently 
shown to be a key regulator of levels of the endocannabi-
noid (EC), 2-arachidonoyl glycerol (2-AG) ( 19 ). 2-AG, along 
with arachidonoyl ethanolamide (AEA) (also known as 
anandamide), are the two most prominent endogenous li-
gands of the cannabinoid (CB) receptors CB1 and CB2 
( 20 ). While the EC system is involved in the regulation of 
many physiological systems throughout the body, the net 
metabolic effect of CB1 activation, acutely, is energy accu-
mulation ( 20 ). In the brain, this is mediated by hypotha-
lamic potentiation of orexigenic pathways that stimulate 
eating behaviors and which are reinforced by the mesolim-
bic dopamine reward system ( 21–24 ). Peripheral CB1 stim-
ulation also enhances fat uptake in adipose tissue, increases 
de novo lipogenesis in the liver, and decreases energy ex-
penditure in muscle ( 25–28 ). Notably, EC activity in the gut 
also appears to affect eating behaviors, as peripheral admin-
istration of CB1 agonists induce acute hyperphagia, an ef-
fect potentially mediated by CB1 receptors on vagal afferents 
that innervate the gastrointestinal tract ( 29, 30 ). 

 Studies of both in vivo pharmacological inhibition and 
genetic knockout of MGL have focused primarily on its 
role in the EC system. The potent MGL inhibitor, JZL184, 
causes 8-fold increases in brain 2-AG levels and cannabimi-
metic behavioral effects in mice, such as analgesia, hypolo-
comotion, catalepsy, and hypothermia, the so-called CB 
tetrad ( 8, 31 ). Interestingly, however, in contrast to acute 
2-AG elevation, prolonged 2-AG elevation following chronic 
administration of JZL184 results in desensitization of the 
central EC system, likely caused by tonic activation of CB1 
( 32–34 ). Studies in MGL  � / �   mice recapitulate the effect of 
chronically elevated 2-AG, demonstrated by CB1 agonist-
induced cross-tolerance and a lack of change in core body 
temperature, locomotion, or nociceptive sensitivity ( 19, 32 ). 
Some metabolic changes have been reported in MGL  � / �   
mice, including reduced lipolysis in adipocytes and improved 
insulin sensitivity after 12 weeks of very high-fat feeding 
( 35 ). However, MGL  � / �   mice have not been found to have 
increased body weight gain relative to WT mice, as might 
be expected from elevated 2-AG levels. In fact, one study 
of MGL  � / �   mice showed a reduction in body weight, 
whereas another showed no change, relative to WT mice 
( 19, 35 ). 

 In previous studies, we identifi ed MGL transcript and 
protein expression in rat and mouse small intestinal mu-
cosa; and subsequent studies in mice revealed that normally 
low levels of MGL expression and activity in adult mucosa 
could be increased through high-fat feeding, suggesting nu-
tritional regulation and a possible role for MGL in dietary 
lipid assimilation ( 36, 37 ). To further explore this potential 
role of intestinal MGL, we generated a transgenic mouse 
that overexpressed MGL specifi cally in the intestinal mu-
cosa (iMGL mice) ( 13 ). LC/MS analyses showed decreased 
mucosal levels of MG, notably 2-AG, as well as decreased 
levels of AEA. While the iMGL mice showed normal intestinal 
FA and MG metabolism, they developed a remarkably obese 
phenotype after only 3 weeks of 40% kcal HFD feeding, 
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cocktail (54.5:45:0.8 mg/kg, respectively) to induce deep anes-
thesia, followed by exsanguination by the aortic artery for collec-
tion of blood. Whole blood samples in EDTA-coated tubes were 
immediately centrifuged, and the plasma was collected and 
stored at  � 70°C. The small intestine from pylorus to cecum was 
excised and rinsed twice with saline, and the mucosal cells were 
collected by scraping with a glass slide. Liver, brain, and adipose 
depots (gonadal, inguinal, retroperitoneal, and intrascapular 
brown fat) were also collected. All tissues were weighed, snap-
frozen on dry ice-ethanol, and stored at  � 70°C. All animal proce-
dures were approved by the Rutgers University Animal Use 
Protocol Review Committee and conformed to the National Insti-
tutes of Health  Guide for the Care and Use of Laboratory Animals . 

 Body composition, activity, and indirect calorimetry 
 During the fi rst week and at week 10 of the feeding study, fat 

mass and lean body mass were analyzed in nonanesthetized mice 
by MRI, using an EchoMRI-100 (Echo Medical Systems, Houston 
TX). After the 10 week MRI measurement, mice were immediately 
acclimatized to individual Oxymax metabolic cages (Columbus 
Instruments, Columbus, OH) for 24 h prior to 24 h of data collec-
tion, during which they were given ad libitum access to water and 
their respective diets. Respiratory exchange ratio (RER) as VCO 2 /
VO 2  was used to determine substrate utilization, and energy expendi-
ture was calculated using: energy expenditure (kcal/kg/h) = (3.815 + 
1.232 × RER)(VO 2 )/(kilograms fat free mass  ) ( 40 ). Locomotor and 
rearing activities were measured as the number of horizontal or verti-
cal infrared beam breaks, respectively, over a 24 h period. 

 Tissue lipid extraction and analyses 
 Brain, liver, gonadal fat, and mucosa samples were homoge-

nized with 1× PBS (pH 7.4) on ice with a Dounce homogenizer 
and a Wheaton overhead stirrer at 5,000 rpm. Total tissue pro-
tein concentration was determined by the Bradford assay ( 41 ) 
and used to standardize the volume of homogenate to extract 
lipid, as described previously ( 42 ). The appropriate amounts of 
mononanoin (C9:0) and 10 Z -heptadecenoyl (C17:1) ethanol-
amide were added as internal standards   to each sample of brain 
(12 mg protein), liver (10 mg), intestinal mucosa (10 mg), and 

in 0.5 M HCl. To each well of the polypropylene block, 400  � l of 
activated acid-washed charcoal (Sigma-Aldrich) was added to a 
fi nal concentration of 5 mg/ml. The contents were shaken at 
37°C for 90 s at 750 rpm, incubated at room temperature for 30 min, 
and then centrifuged at 2,000  g  for 10 min at room temperature. 
The supernatants (40  � l) were carefully removed without dis-
turbing the charcoal and combined with Scint 20 fl uid (160  � l) 
(Perkin Elmer, Waltham, MA) into an Opti-96-well plate (Perkin 
Elmer), which was shaken for 1 min at 750 rpm and incubated 
for 1 h at room temperature. The plate was then read on a Top 
Count (Perkin Elmer) to measure the amount of [ 3 H]glycerol in 
the supernatant cocktail (cpm). The cpm were converted to 
millimoles per minute per milligram protein according to the 
following equation: protein (mmol/min/mg) = cpm × (dpm 
100%/cpm 30%) × [1 uCi/(2.2 × 10 6  dpm)] × mmol/16 uCi × 
1/10 min × 1/0.0016 mg  . 

 Feeding study, surgical procedures, and tissue collection 
 Age-matched 7-week-old WT mice and MGL  � / �   mice were im-

ported to the Rutgers University animal facility from Ace Animals 
(SAGE Labs). Several pairs of heterozygous breeding mice were 
also imported to generate mice for the real-time food intake, oral 
fat tolerance tests (OFTTs), and radiolabeled intestinal lipid me-
tabolism experiments. The same feeding study protocol was re-
peated for both male and female groups. All mice were fed 
Purina 5015 rodent chow (60% carbohydrate, 12% fat, and 28% 
protein by kilocalories) for a week before the start of the study. 
The animal facility was temperature controlled with a daily 12 h 
light/dark cycle and ad libitum access to food and water. At 8 
weeks of age, the mice were randomized to dietary group accord-
ing to body weight and housed in individual cages. For the 12 
week feeding period, one-half of the mice in each genotype was 
fed either a 10% kcal LFD (D12450B; Research Diets Inc., New 
Brunswick, NJ) or a 45% kcal HFD (D12451; Research Diets Inc.) 
(  Table 1  ).  Twice weekly food and body weight measurements 
were taken. Rodent diets were refreshed weekly and food intake 
was measured by pellet weight and then converted to total calo-
ries consumed. For necropsy, mice were fasted for 12 h prior and 
injected intraperitoneally with a ketamine-xylazine-acepromazine 

 TABLE 1. Diet composition      

Diet

LFD: D1450B HFD: D12451

Grams (%) Kilocalories (%) Grams (%) Kilocalories (%)

Protein 19.2 20 24 20
Carbohydrate 67.3 70 41 35
Fat 4.3 10 24 45
Total 100 100
Kilocalories per gram 3.85 4.73
Ingredient
 Casein, 80 mesh 200 800 200 800
 L-cystine 3 12 3 12
 Corn starch 315 1,260 72.8 291
 Maltodextrin 10 35 140 100 400
 Sucrose 350 1,400 172.8 691
 Cellulose, BW200 50 0 50 0
 Soybean oil 25 225 25 225
 Lard 20 180 177.5 1,598
 Mineral mix S10026 10 0 10 0
 Dicalcium phosphate 13 0 13 0
 Calcium carbonate 5.5 0 5.5 0
 Potassium citrate, 1 water 16.5 0 16.5 0
 Vitamin mix V10001 10 40 10 40
 Choline bitartrate 2 0 2 0
 FD   and C yellow dye #5 0.05 0 0 0
 FD and C red dye #40 0 0 0.05 0
Total 1,055.05 4,057 858.15 4,057
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defi ned as the sum total of feeding bouts that occurred within a 
5 min period of each other. 

 OFTT and fat absorption localization study 
 After 12 weeks of 10% LFD or 45% HFD feeding, mice were 

fasted for 16 h prior to the OFTT. At time = 0 ( t  0 ), the mice were 
given a 500 mg/kg body weight ip injection of tyloxapol (Triton 
WR-1339) to block peripheral lipoprotein clearance. Thirty min-
utes following tyloxapol injection, 300  � l of olive oil was given by 
orogastric gavage. Blood samples were collected from the tail at 
time = 0 ( t  0 ), 60, 120, 180, and 240 min, and TG levels were as-
sessed in 15  � l of whole blood by Cardiochek lipid analyzer (Poly-
mer Technology Systems Inc., Zionsville, IN). 

 Fat absorption localization experiments were performed to ana-
lyze the anatomical distribution of lipid absorption along the length 
of the small intestine. Mice were fed a 10% LFD for a period of 12 
weeks. Following a 4.5 h fast, mice were gavaged with 8  � Ci of  3 H-
labeled TG in 200  � l olive oil. The mice were then anesthetized 1.5 h 
after the gavage and the small intestine was excised, rinsed with 
0.85% NaCl, and then cut into 2 cm sections. The intestinal sections 
were digested overnight in 500  � l of 1 M NaOH at 60°C. The next 
day 300  � l of 1 N HCl was added to quench, and the radioactivity of 
each section was measured in a scintillation counter. 

 RNA extraction and real-time PCR analysis 
 Total mRNA was extracted from tissues following the 12 week 

feeding study using a modifi ed method from Chomczynski and 
Sacchi ( 45 ) and analyzed as previously described ( 46 ). In brief, 
frozen tissues were homogenized in 4 M guanidinium thiocya-
nate with an Ultra-Turrax IKA-Werke (Wilmington, DE). Total 
RNA was isolated by phenol extraction, followed by precipita-
tion and washing with ethanol. The RNA was further purifi ed by 
removal of genomic DNA by DNase digest and RNeasy cleanup 
kit (Qiagen, Valencia, CA). The integrity of the RNA was as-
sessed by gel electrophoresis and visualization of the 18S and 
23S rRNA subunits. Reverse transcription was performed on 
2  � g of RNA using a high-capacity cDNA kit (Promega, Madison, 
WI). Primer sequences shown in   Table 2   were obtained from 

gonadal fat (1 mg) homogenate. Lipid extractions were then per-
formed using the Folch procedure ( 43 ), and samples were dried 
down under nitrogen gas and reconstituted in chloroform. 

 Tissue MG and acylethanolamide levels were determined by LC/
MS. To be compatible with the reverse-phase LC system, an aliquot 
of 100  � l of each lipid extract in chloroform was transferred into 
a 350  � l glass insert on a 96-well plate. Solvent was removed under 
nitrogen gas, and the residue was reconstituted with 100  � l of 
tetrahydrofuran-isopropyl alcohol (20:80). The fi nal solution 
(10  � l) was injected onto an Agilent 1100 series LC/MS/MS system 
(Agilent Technologies, Palo Alto, CA) and a Waters Quattro Pre-
mier triple quadrupole mass spectrometer (Waters, Milford, MA). 
Separation of the analytes was performed on a Zorbax Eclipse XDB-
C8 column (2.1 × 50 mm) eluted gradiently with 50–90% mobile 
phase B within 5 min, held at 90% B for 3 min, and returned to 30% 
B in 0.1 min. Mobile phase A was 5 mM ammonium formate and 
0.1% formic acid in water and mobile phase B was 5 mM ammo-
nium formate and 0.1% formic acid in acetonitrile-water (95:5). 
The fl ow rate was set at 0.3 ml/min. The mass spectrometer was 
operated in the positive ion mode, and multiple reaction monitor-
ing was used for quantifi cation. The mass transitions for detection of 
acylethanolamides were protonated molecular ion > protonated 
ethanolamine ( m/z  62.0) at a collision energy of 15 eV. The mass 
transitions for MG were protonated molecular ion > acylidyneoxo-
nium at a collision energy   of 20 eV. Quantifi cation of each analyte 
was achieved based on the relative peak area ratio of the analyte to 
the internal standard calibrated with the corresponding response 
factor. MassLynx software version 4.0 was used for system control 
and data processing. 

 Real-time food intake measurements 
 Real-time monitoring of food intake was measured using Bio-

DAQ instrumentation (Research Diets, Inc.) ( 44 ). After 12 weeks 
of 10% LFD feeding, WT and MGL  � / �   mice were acclimated to 
BioDAQ cages for 5 days, followed by 7 days of continuous data 
collection. Food pellets were the same as during the feeding 
study and were refreshed daily for each cage to ensure no loss 
from spillage. Individual feeding bouts were determined by 
changes in food hopper weight greater than 0.02 g. Meals were 

 TABLE 2. Primer sequences used for RT-PCR analyses     

Gene Function Primer Sequence

 � -actin Housekeeping Forward 5 ′ -GGCTGTATTCCCCTCCATCG-3 ′ 
Reverse 5 ′ -CCAGTTGGTAACAATGCCATGT-3 ′ 

MGAT2 TG synthesis Forward 5 ′ -TGGGAGCGCAGGTTACAGA-3 ′ 
Reverse 5 ′ -CAGGATGGCATACAGGACAGA-3 ′ 

GPAT3 TG synthesis Forward 5 ′ -TATCCAAAGAGATGAGTCACCCA-3 ′ 
Reverse 5 ′ -CACAATGGCTTCCAACCCCTT-3 ′ 

GPAT1 TG synthesis Forward 5 ′ -CTGCTTGCCTACCTGAAGACC-3 ′ 
Reverse 5 ′ -GATACGGCGGTATAGGTGCTT-3 ′ 

DGAT1 TG synthesis Forward 5 ′ -TCCGTCCAGGGTGGTAGTG-3 ′ 
Reverse 5 ′ -TGAACAAAGAATCTTGCAGACGA-3 ′ 

DGAT2 TG synthesis Forward 5 ′ -TTCCTGGCATAAGGCCCTATT-3 ′ 
Reverse 5 ′ - AGTCTATGGTGTCTCGGTTGAC-3 ′ 

MGL MG hydrolysis Forward 5 ′ - CAGAGAGGCCCACCTACTTTT-3 ′ 
Reverse 5 ′ - ATGCGCCCCAAGGTCATATTT-3 ′ 

ACC1 Lipogenesis Forward 5 ′ -AGGTGGTGATAGCCGGTATGT-3 ′ 
Reverse 5 ′ -TGGGTAATCCATAGAGCCCAG-3 ′ 

FAS Lipogenesis Forward 5 ′ -ATGGGCGGAATGGTCTCTTTC-3 ′ 
Reverse 5 ′ -TGGGGACCTTGTCTTCATCAT-3 ′ 

FAAH Acylethanolamide hydrolysis Forward 5 ′ -GAGGCTCCCCTCTGGGTTTA-3 ′ 
Reverse 5 ′ -GCCAGGCTATCCACATCCC-3 ′ 

CB1 CB receptor Forward 5 ′ - GGGCACCTTCACGGTTCTG-3 ′ 
Reverse 5 ′ - GTGGAAGTCAACAAAGCTGTAGA-3 ′ 

NPY Orexigenic neuropeptide Forward 5 ′ -ATGCTAGGTAACAAGCGAATGG-3 ′ 
Reverse 5 ′ -TGTCGCAGAGCGGAGTAGTAT-3 ′ 

AgRP Orexigenic neuropeptide Forward 5 ′ -ATGCTGACTGCAATGTTGCTG-3 ′ 
Reverse 5 ′ -CAGACTTAGACCTGGGAACTCT-3 ′ 
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 RESULTS 

 Genetic knockout of MGL in mice 
 While mice generated from this Lexicon MGL deletion 

construct have been utilized in previous studies ( 32, 48 ), we 
fi rst assessed the absence of MGL gene expression in our 
MGL-null strain to confi rm its resultant loss of function. MGL 
mRNA was absent in all tissues collected from the knockout 
mice. Brain transcript levels of MGL were signifi cantly re-
duced in heterozygous MGL +/ �   mice and undetectable in 
MGL  � / �   mice (  Fig. 1A  ).  The activity of MGL was determined 
in whole brain homogenates and demonstrated that catabo-
lism of 2-AG was reduced by 30% in MGL +/ �   mice and by 
83% in MGL  � / �   mice compared with WT counterparts ( Fig. 
1B ). These results confi rm the absence of MGL expression 
and its effect on MG hydrolytic activity in the brain. 

 Tissue MG and acylethanolamide levels in MGL  � / �   mice 
 The effects of MGL genetic deletion on MG and acyletha-

nolamide species in various tissues were examined by LC/
MS. For these and all subsequent analyses, results were gen-
erally similar for male and female test groups. Thus, there 
were profound increases of MG species in the brain, liver, 
and epididymal fat of both LFD- and HFD-fed MGL  � / �   
mice (  Fig. 2A–C  ).  Notably, whole brain 2-AG levels were in-
creased 92- to 131-fold in MGL  � / �   mice compared with WT 
levels ( Fig. 2A ). In contrast to those observed in brain, liver, 
and adipose tissue, there were only modest elevations in sev-
eral MG species in intestinal mucosa ( Fig. 2D ). Acylethanol-
amide levels, including AEA, were not substantially altered 
in adipose tissue or intestinal mucosa (  Fig. 3C, D  ).  However, 
some brain and liver acylethanolamides were increased, 
particularly in the HFD-fed MGL  � / �   mice ( Fig. 3A, B ). 

 Alterations in body mass and composition 
with MGL deletion 

 There were no differences in body weight for either 
group of mice at the beginning of the experiment. Over 
12 weeks of feeding, however, lower body weights in both 

Sigma-Aldrich.  The effi ciency (100 ± 5%) of each PCR primer 
set was fi rst assessed by standard curve. Real-time PCR was per-
formed in triplicate using the ddCT method on an ABI 7300 
PCR instrument (Applied Biosystems). Each reaction contained 
80 ng of cDNA, 250 nM of each forward and reverse primer, 
and 12.5  � l of POWER SYBR Green Master Mix (Applied Bio-
systems) in a total volume of 25  � l.  � -Actin was used as the en-
dogenous control for each standard, and the relative quantitation 
of each gene was determined with respect to the average of the 
WT LFD-fed mice. 

 Plasma analyses 
 Plasma samples were obtained during the necropsy as described 

above. TG, cholesterol, NEFA, and adiponectin levels were mea-
sured by colorimetric assay (WAKO Diagnostics, Richmond, VA). 
All other plasma peptide analytes were determined by immuno-
assay using a MAGPIX instrument (Luminex Corp., Austin, TX) 
and a Milliplex multiplex panel for mouse metabolic hormones 
(Millipore, Billerica, MA). 

 Glucose tolerance test and insulin resistance 
 After 11 weeks of LFD or HFD feeding, the mice were fasted 

for 6 h prior to the oral glucose tolerance test (OGTT) and then 
given a bolus of 2 g/kg body weight D-(+)-glucose solution by 
oral gavage. Blood glucose was measured using a glucometer at 
time = 0, 30, 60, and 120 min after collecting blood from tail 
nicks (Accuchek, Roche Diagnostics). Homeostatic model assess-
ment of insulin resistance (HOMA-IR) ( 47 ) was calculated using 
HOMA-IR = fasted glucose (mg/dl) × fasted insulin (mU/l)/405. 

 Statistical analyses 
 A total of 50 mice (six to seven females per group and six 

males per group) were used in this study. Females and males 
were compared both independently and together using the WT 
LFD group averages to normalize data for each sex. All group 
data are shown as average ± SEM. Statistical comparisons were 
determined between genotypes on the same diet using a two-
sided Student’s  t -test. One-way ANOVA with Tukey’s post hoc 
comparison, repeat measures ANOVA, and linear regression 
were performed using JMP 10 statistical software (SAS Institute 
Inc.). Differences were considered signifi cant for  P  < 0.05. Area 
under the curve (AUC) for the OGTT was calculated using the 
trapezoid rule. 

  Fig. 1.  Absence of MGL expression and function in MGL  � / �   mice A: Quantitative PCR of MGL transcript in brain. B: MGL activity deter-
mined by [ 3 H]2-AG hydrolysis to 2-AG and glycerol in whole brain homogenates. Data are expressed as average ± SEM (n = 4–6). * P  < 0.01, 
** P  < 0.001 compared MGL +/+  (WT).   
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intake as assessed by pellet weighing (  Fig. 6A, B  ).  A separate 
cohort of male mice was placed into food monitoring cages 
after being fed the 10% LFD for 12 weeks. Interestingly, us-
ing this more sensitive method, it was found that the 
MGL  � / �   mice consumed more LFD than their WT counter-
parts during the week of real-time monitoring ( Fig. 6C ). In 
particular, the number of meals and the total food intake 
were increased specifi cally during the light phase ( Fig. 6D, E ). 
No changes in total dietary lipid absorption, as determined 
by fecal fat content, were observed ( Fig. 6F ). 

 Mice were placed in metabolic chambers for indirect 
calorimetry and activity measurements during the fi rst and 
last weeks of the 12 week feeding period. Ambulatory activ-
ity was monitored by beam breaks over the 24 h collection 
period. The MGL  � / �   mice displayed a trend toward in-
creased locomotion, however results did not reach statisti-
cal signifi cance (  Fig. 7A, B, E  ).  During the fi rst week of 
HFD feeding, the MGL  � / �   mice had lower energy expen-
diture over the 24 h data collection period (data not 
shown), but there was no difference between any of the 
dietary groups at the end of the study ( Fig. 7C, D, F ). RER 
values at baseline and after 10 weeks of LFD feeding in 
MGL  � / �   mice were lower over a 24 h period, indicating 

LFD- and HFD-fed MGL  � / �   mice compared with their WT 
counterparts were observed (  Fig. 4  ).  Using univariate re-
peated-measures ANOVA, a signifi cant effect of MGL dele-
tion on total body weight for the female LFD-fed group was 
found ( Fig. 4B ). Linear regression analyses showed that body 
weight gain over time was also signifi cantly blunted in the 
male MGL  � / �   LFD-fed mice ( P  < 0.001), with a similar trend 
for the HFD-fed mice ( P  = 0.06) ( Fig. 4A, B ). When results for 
both males and females on either diet were normalized to WT 
LFD controls, the effects of the MGL deletion were highly 
signifi cant ( P  < 0.001). Interestingly, the MGL  � / �   mice were 
found to be leaner at both baseline and after 12 weeks of LFD 
feeding, with 33 and 30% less body fat than WT mice, respec-
tively (  Fig. 5A  ).  These fi ndings were supported by lower go-
nadal and retroperitoneal fat pad weights in the same mice 
( Fig. 5C, D ). A trend toward decreased fat mass was also seen 
in HFD-fed mice, particularly the females; however, the results 
did not reach statistical signifi cance ( Fig. 5A, C, D ). 

 Food intake, lipid absorption, and energy utilization in 
MGL  � / �   mice 

 During the 12 week dietary intervention, no apparent 
changes were found in cumulative or average daily food 

  Fig. 2.  Tissue content of MG species as determined by LC/MS analysis in brain (A), liver (B), gonadal fat (C), and small intestine mucosa 
(D). Data are expressed as average ± SEM (n = 6). * P  < 0.05 compared with control group of the same diet.   
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we performed a 2 h OGTT in week 11 of the feeding study. 
Moderate improvements in glycemic control were observed, 
with trends for lower blood glucose levels for both LFD- 
and HFD-fed MGL  � / �   groups (  Fig. 9A–C  ).  Lower HOMA-IR 
values for the HFD-fed MGL  � / �   mice compared with WT 
further suggest that insulin sensitivity was maintained de-
spite the HFD feeding ( Fig. 9D ). 

 Circulating lipids and peptides 
 Reduced serum TG and glycerol levels were found in a 

previous study of very HFD-fed MGL  � / �   mice ( 35 ). In the 
present study, trends for reduced plasma TG, cholesterol, 
and NEFA levels were found in both dietary groups of 
male MGL  � / �   mice. Indeed, when normalized to include 
both sexes, the HFD-fed MGL  � / �   mice had signifi cantly 
lower TG, cholesterol, and NEFA levels ( P  < 0.05 or below, 
  Fig. 10A–C  ).  

 Plasma analyses using a multiplex ELISA assay showed 
a signifi cantly improved metabolic profi le of HFD-fed 
MGL  � / �   mice compared with WT mice. Peptides involved 
in glucose disposal, such as insulin and C-peptide, were 
signifi cantly lower, as was the adipocyte-derived hormone, 
resistin (  Table 3  ).  

increased fat oxidation, but there were no differences in 
the HFD-fed mice ( Fig. 7G, H ). 

 Blunted intestinal TG secretion in MGL  � / �   mice 
 We assessed intestinal lipid absorption by OFTT in 

male mice fed the 10 and 45% HFD for 12 weeks. After 
mice were given an injection with the LPL inhibitor, 
tyloxapol, and administered an orogastric bolus of olive 
oil, both groups of MGL  � / �   mice had markedly lower 
( P  < 0.01) levels of TG in circulation (  Fig. 8A, B  ).  To fur-
ther investigate whether the localization of intestinal 
lipid uptake was altered, as has been shown in MGAT2-
defi cient mice ( 6 ), we measured the uptake of an oral fat 
bolus of  3 H-labeled TG in intestinal sections. No signifi -
cant differences in the localization of the radiolabeled 
TG were found in the MGL  � / �   mice, nor was overall 
uptake affected ( Fig. 8C, D ). 

 Glycemic control in MGL  � / �   mice 
 Blockade of EC system signaling via CB1 receptor 

knockout or chemical inhibition results in improved glu-
cose tolerance in diet-induced obese mice   ( 49, 50 ). To as-
sess whether glucose disposal is altered in MGL  � / �   mice, 

  Fig. 3.  Tissue content of acylethanolamide (EA) species as determined by LC/MS analysis in brain (A), liver (B), gonadal fat (C), and 
small intestine mucosa (D). Data are expressed as average ± SEM (n = 6). * P  < 0.05 compared with control group of the same diet.   



1160 Journal of Lipid Research Volume 56, 2015

effect when fat is limited, and is in keeping with the lack of 
effect in MGL-null mice fed an extreme 74% kcal HFD 
( 35 ), as well as the lower body weights reported for animals 
fed a chow diet ( 19 ). MGL  � / �   mice fed both LFD and HFD 
also showed lower levels of serum lipids and an overall trend 
for lower levels of the circulating metabolic peptides, insu-
lin, C-peptide, leptin, and resistin. It is likely that these re-
ductions are secondary to the decreased fat mass, which is 
positively correlated with serum lipids and peptides involved 
in energy homeostasis signaling ( 52 ). There was little evi-
dence for either central or peripheral EC activation by the 
increased tissue levels of 2-AG, consistent with desensitiza-
tion caused by chronic EC elevation ( 19, 32, 35 ). 

 The reduced body fat and body weight in the MGL  � / �   
mice does not appear to be secondary to a reduction in 
food intake or an alteration in energy expenditure, nor 
have changes in thermogenesis been reported in other 
studies ( 19 ). We did observe a trend toward increased lo-
comotor activity in the MGL  � / �   mice, and future studies 
using longer-term calorimetry may reveal subtle changes 
in energy expenditure that were not manifested in the 
present 24 h measurements. It is also worth noting that 
loss of MG hydrolysis may affect fat stores in other ways. 
First, desensitization of the EC system may result in func-
tional antagonism, producing effects on fat mass similar to 
those seen when CB1 is targeted pharmacologically or by 
genetic deletion ( 50, 53 ). This would include the inability 
to activate CB1 pathways, which would normally inhibit in-
tracellular lipolysis in adipose tissue and FA oxidation in 
muscle and other tissues ( 54 ). Second, the metabolism of 
excess 2-AG by cyclooxygenase-2 produces prostaglandin 
glycerol esters ( 55 ). It has been proposed that these resul-
tant prostanoids inhibit adipogenesis ( 56 ). Thus, an abun-
dance of 2-AG-derived prostaglandin metabolites may be 
limiting the formation of new adipocytes and thereby caus-
ing the diminished fat mass seen in the MGL  � / �   mice fed 

 Gene expression in brain, liver, and small intestinal 
mucosa 

 The effects of MG deletion and the consequent elevated 
levels of intracellular MG on the expression of genes en-
coding for lipid metabolic enzymes and CB receptors were 
determined. Brain CB1 receptor expression in MGL  � / �   
mice has been reported to be downregulated ( 32 ) or un-
changed ( 19 ); in the present study, no signifi cant differ-
ences in brain CB1 mRNA abundance were observed 
(  Fig. 11A  ).  Expression of the hypothalamic orexigenic 
peptides, NPY and AgRP, was also unchanged in the brain 
( Fig. 11A ). Additionally, while EC activation has been 
found to stimulate hepatic de novo lipogenesis via SREBP1c 
( 26 ), no differences in the expression of its downstream 
targets, FAS and ACC1, were observed here ( Fig. 11A ). 
There were also no changes in hepatic mRNA levels of 
GPAT1 and GPAT2, proteins which participate in the 
glycerol-3-phosphate pathway that accounts for the major-
ity of liver and adipocyte TG synthesis ( Fig. 11B ). 

 Because the majority of intestinal MG derived from di-
etary sources is used for TG biosynthesis ( 51 ), the expres-
sion of lipid metabolic enzymes involved in these processes 
was measured. Increases in MGAT2, DGAT2, and particu-
larly DGAT1, were observed in both dietary groups of 
MGL  � / �   mice compared with WT mice ( Fig. 11C ). Con-
versely, intestinal transcript levels of GPAT1 and GPAT3 
were lower in MGL  � / �   mice ( Fig. 11C ). 

 DISCUSSION 

 The present studies demonstrate that MGL deletion re-
sults in lower body weight gain and lower body fat content. 
The leaner LFD-fed mice also had increased fat oxidation 
that was not apparent in the HFD-fed mice. This is possibly 
because reductions in lipolysis have a more pronounced 

  Fig. 4.  Body weights during 12 weeks of LFD or HFD feeding in male (A) and female (B) mice. Data are expressed as average ± SEM 
(n = 6).   
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  Fig. 5.  Body composition and tissue weights in MGL  � / �   mice. A: Fat mass percentage for male and female 
mice at the beginning (baseline) and after 10 weeks of diet. B: Lean body mass at the beginning (baseline) 
and end of study. Gonadal (C) and retroperitoneal (perirenal) (D) fat pad weights at necropsy. Data are 
expressed as average ± SEM (n = 6). * P  < 0.05 compared with control group of the same diet.   
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mice ( 19, 32, 35 ). In brain, the high 2-AG levels are likely 
refl ective of the large 83% reduction in MG hydrolysis 
that was observed. The remainder of activity may be as-
cribed to ABHD6 and ABHD12, which had previously 
been thought to contribute 15% of total brain MG ca-
tabolism ( 9 ), and is very similar to the residual activity 

lower fat diets. On the other hand, hypertrophy of existing 
adipocytes by HFD feeding may mask differences in the fat 
mass of MGL  � / �   mice, as found here and with very high-
fat feeding ( 35 ). 

 The large increases in MG levels in brain, adipose, and 
liver was expected, based on other studies of MGL  � / �   

  Fig. 6.  Cumulative and circadian food intake for male mice. Cumulative food intake (A) and average daily food intake (B) during 12 
weeks of LFD and HFD feeding. Real time measurement of food intake of LFD after 12 weeks LFD feeding expressed as weekly cumulative 
food intake (C), food intake per light cycle (D), and number of meals per light cycle (E). F: Fecal fat percentage measured at week 8 of 
feeding. Data are expressed as average ± SEM (n = 5–6). * P  < 0.05, ** P  < 0.01 compared with control group of the same diet.   
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  Fig. 7.  Indirect calorimetry and spontaneous activity for male mice at endpoint (10 weeks of feeding). Ambulatory activity as measured 
by total consecutive beam breaks for LFD-fed (A) and HFD-fed (B) mice. Energy expenditure expressed per kilogram lean body mass for 
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 In the intestinal mucosa, a far more modest effect of 
MGL deletion on tissue MG levels was observed ( Fig. 2D ), 
which may be attributed to a number of factors. First, in-
testinal MGL expression is low compared with other tis-
sues, such as adipose tissue ( 13 ), wherein the lipolytic 
release of TG pools is a more prominent function. Per-
haps more importantly, the resynthesis of TG, using di-
etary MG and FFA as substrates, is the dominant pathway 
in the small intestine ( 51 ) and serves the vital role of rap-
idly delivering dietary lipids to the rest of the body. Thus, 
the 12 h fast prior to necropsy in the animals is likely suf-
fi cient time for any excess MG to be reesterifi ed, packaged 
into chylomicrons, and traffi cked into the circulation. Ad-
ditionally, the observed increase in intestinal MGAT and 
DGAT enzyme expression ( Fig. 11C ) may be a transcriptional 

observed here. It is possible that ABHD6 and ABHD12 
may be regulating MG content in certain tissues and cell 
types. However, mRNA levels of both enzymes were 
previously found to be unchanged in the brain, liver, 
and adipose tissue of MGL  � / �   mice ( 35 ), indicating a lack 
of compensatory upregulation. The present results pro-
vide further support that MGL is the dominant MG-
hydrolyzing enzyme in these major tissues. While other 
studies of MGL  � / �   mice reported no changes in brain 
AEA levels ( 19, 32 ), modest increases in AEA and other 
acylethanolamides in liver and brain for both diet groups 
were observed here. Nevertheless, brain fatty acid amide 
hydrolase (FAAH) activity in the MGL  � / �   mice was essen-
tially unchanged (data not shown) and therefore cannot 
account for the increased acylethanolamides  . 

LFD-fed (C) and HFD-fed (D) mice. E: Ambulatory activity total over 24-h. F: Energy expenditure AUC over 24-h. G:) RER values over 
24 h period. H: Twenty-four hour average of RER values. Time graph data were binned into 2 h averages with light/dark cycle shown. Data 
are expressed as average ± SEM (n = 6). * P  < 0.05 compared with control group of the same diet.   

  Fig. 8.  Reduced appearance of TG from an oral fat bolus in the blood of male MGL  � / �   mice. Blood TG levels during OFTT after 12 
weeks of LFD (A) and HFD (B) feeding. C: Localization of intestinal lipid absorption 1.5 h after oral gavage with [ 3 H]TG and olive oil in 
mice fed LFD for 12 weeks. D: AUC of total small intestine lipid absorption from localization experiment. Data are expressed as average ± 
SEM (n = 7–8).  #  P  = 0.06, * P  < 0.05, ** P  < 0.001 compared with WT  .   
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While we and others did not observe any changes in he-
patic lipogenic gene expression that would be indicative 
of reduced TG synthesis and VLDL production, reduc-
tions in adipose lipolysis and VLDL production have 
been noted in a previous study of MGL-null mice ( 35 ). 
This suggests that smaller visceral fat depots and a smaller 
circulating FFA pool may limit hepatic reesterifi cation 
and secretion of TG, which may also contribute to the 
lower plasma lipids we observed in fasted mice. Interest-
ingly, the oral fat challenge results are similar to those in 
MGAT2- and DGAT1-defi cient mice, that, despite having 
quantitatively normal intestinal fat absorption overall, 
also have largely reduced TG appearance rates in OFTTs ( 6, 
59 ). Both knockout strains are also resistant to diet-induced 
obesity and have increased energy expenditure through up-
regulation of FA oxidation   ( 6, 7, 60 ). Given that intestine-
specifi c expression of MGAT2 ( 61 ) or DGAT1 ( 62 ) partially 
or completely abolishes the lean phenotype in their re-
spective global knockouts, it is possible that intestinal TG 
metabolism and secretion is a critical determinant of fat 
utilization and body composition. This in turn may un-
derlie the phenotype we observed in the MGL  � / �   mice. 

response to an overabundance of MG in the postprandial 
state and therefore compensate for excess MG in the 
MGL  � / �   mice by increasing its incorporation into TG. 
This is further supported by a concomitant decrease in 
GPAT expression ( Fig. 11C ), which becomes less necessary 
to generate glycerolipid precursors when MG is already 
present for TG synthesis. Indeed, previous studies have 
demonstrated the inhibition of the glycerol-3-phosphate 
pathway in intestinal mucosa by the addition of excess 
2-MG ( 57 ). By contrast, in other tissues such as liver, where 
most TG synthesis occurs through the glycerol-3-phosphate 
pathway ( 58 ), MGL deletion had no apparent effect on 
the expression of GPAT, and intracellular MG levels were 
many fold higher than those in the WT mice. 

 The striking reduction in the appearance of blood TG 
following oral fat challenge indicates that MGL defi -
ciency has a dramatic effect on intestinal lipid processing 
and/or secretion. For this particular experiment in 
which a large bolus of fat is administered orally, we attri-
bute most of this alteration in circulating TG to be due to 
intestinal changes. However, this does not entirely pre-
clude the contribution of the liver to systemic TG levels. 

  Fig. 9.  OGTT of male mice at endpoint (11 weeks of diet feeding). LFD-fed mice OGTT (A), HFD-fed mice OGTT (B), and AUC for 
OGTT (C). D: HOMA-IR values using fasted blood glucose and insulin. Data are expressed as average ± SEM (n = 6). ** P  < 0.01 compared 
with control group of the same diet.   
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  Fig. 10.  Plasma lipids in 12 h fasted mice after 12 
weeks of LFD or HFD feeding. TG (A); Total choles-
terol (B), and NEFA (C). Data from each male and 
female group were normalized to WT LFD and then 
both sexes combined. Data are expressed as average ± 
SEM (n = 11–12). * P  < 0.05, ** P  < 0.01 compared with 
control group of the same diet.   

Still, it is unknown whether the delayed entry of fat into 
the circulation of MGL  � / �   and MGAT2  � / �   mice proceeds 
through similar mechanisms. However, these two mouse 
lines share a common inability to process MG normally in 

the small intestine and other tissues. This raises the pos-
sibility that the pathways are indeed similar and further 
underscores the importance of intestinal MG metabolism 
in dietary lipid assimilation. 
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central EC signaling is an important regulator of eating 
behaviors ( 21–24 ). Thus, any loss of EC function as a re-
sult of MGL deletion may disrupt normal patterns of eat-
ing behavior. It will be necessary in future studies to use 
time-dependent inhibition of MGL to better understand 
this effect on circadian food intake pattern  . Acute admin-
istration of the MGL inhibitor JZL184 or 2-AG both stimu-
late short-term feeding behavior ( 38, 65 ), however, the effects 
of chronic MGL inhibition, and its associated 2-AG eleva-
tion, on food intake and energy balance have not been re-
ported. Intermittent elevation of 2-AG may be a potential 
method for avoiding EC desensitization. Interestingly, it 
has been shown that CB1-mediated analgesia is sustained 
by repeated low-dose administration of the irreversible 
MGL inhibitor, JZL184 ( 66 ). Additionally, use of other 
MGL inhibitors with different kinetics, such as reversible 
inhibitors that dissociate quickly, may also avoid the desen-
sitization of the EC system and provide a clearer picture of 
the temporal effects of short-term MGL inactivation. 

 Taschler et al. ( 35 ) found that MGL deletion in mice 
mitigated HFD-induced insulin resistance. Whether this 
points to a pathogenic role of MGL in the liberation of 
FFA associated with infl ammation and obesity-related ill-
nesses remains to be seen. Certainly, the decreased levels 
of resistin shown in the present study provide further evi-
dence that MGL deletion confers some protection against 
the development of insulin resistance. In the murine 
model, resistin is an adipocyte-derived cytokine that has 
been suggested to be an important link between obesity 
and type 2 diabetes mellitus ( 67 ). Increasing the levels of 
circulating resistin in mice through transgenic overexpres-
sion ( 68 ) or recombinant treatment ( 69 ) causes insulin 
resistance, whereas genetic deletion preserves insulin sen-
sitivity in obese mice ( 70 ). Additionally, given the broad 
acyl chain substrate specifi city of MGL ( 15 ), the possibility 
that elevations of MG species other than 2-AG may be aid-
ing in glucose disposal through newly discovered pathways 
cannot be ruled out. Notably, 2-oleoylglycerol has recently 
been shown to bind GPR119 receptors in enteroendocrine 
and pancreatic  � -cells, stimulating the release of glucagon-
like peptide 1 and insulin, respectively ( 71, 72 ). 

 A potentially benefi cial consequence of MGL inhibition 
or gene deletion is the sequestering of arachidonic acid 
(AA) in the form of 2-AG. Brain AA levels were found to be 

 Although, as noted, relatively little has been reported 
about the effects of MGL gene deletion on body weight gain 
and associated metabolic processes, the results to date are 
somewhat confl icting. In a study by Chanda et al. ( 19 ), both 
male and female adult MGL  � / �   mice showed a 16.5% re-
duction in body weight, which persisted over time. This de-
creased body weight is similar to those seen in CB1  � / �   mice 
and in CB1 antagonist-treated mice ( 22 ). In contrast, Taschler 
et al. ( 35 ) did not observe changes in the weight or body 
composition of MGL  � / �   mice fed either an 11% (kilocalo-
ries) chow diet or a 74% (kilocalories) very HFD for 12 
weeks. Underlying reasons for this discrepancy between 
phenotype in the studies remain unclear. Both used gene 
targeting methods to generate the knockout mice, albeit 
with different targeting vectors, and both mouse lines have 
similar genetic backgrounds, C57Bl6 ( 35 ) and C57Bl6/
NTac ( 19 ). Differences in diet composition, and particu-
larly fat sources, between the studies could potentially con-
tribute to phenotypic differences; however, this information 
was not available. In the present study, controlled semipuri-
fi ed diets of defi ned composition were used, which differed 
in the percent of energy as fat. Moreover, the HFD was set 
at 45% of total calories to more closely refl ect physiological 
levels of fat intake. The reduced body mass gain that was 
found here in both male and female MGL  � / �   mice was con-
sistent with results from Chanda et al. ( 19 ). It is worth not-
ing that the degree of reduction in body mass was not as 
pronounced on the 45% fat diet as it was on the 10% fat 
diet. Together with the absence of an effect in Taschler 
et al. ( 35 ), at least on the 74% fat diet, this could refl ect 
desensitization of CB1 receptors by continuous marked 
elevations of 2-AG levels. 

 A detailed week-long analysis of LFD feeding behavior, 
performed immediately after the 12 weeks of LFD intake, 
revealed an apparent dysregulation in circadian food in-
take. The MGL-null mice ate relatively more during the 
light phase than WT mice, which contributed to an overall 
larger caloric intake. Alterations in food intake had not 
been found during the initial 12 weeks on the diet, how-
ever the crude pellet weight method would not likely be 
sensitive enough to discern small differences. A potential 
mechanism for the increased light phase feeding may be 
the natural diurnal variations in brain CB1 receptor ex-
pression ( 63 ) and 2-AG and AEA levels ( 64 ). Certainly, 

 TABLE 3. Plasma peptide levels in male mice as analyzed by multiplex immunoassay        

Analyte (pg/ml) WT LFD MGL  � / �   LFD WT HFD MGL  � / �   HFD

Insulin 333 ± 103 249 ± 21 724 ± 196 255 ± 56  a  
Glucagon 47 ± 5 69 ± 8  a  45 ± 9 43 ± 9
C-peptide 634 ± 166 298 ± 55 883 ± 164 382 ± 85  a  
PP 18 ± 3 38 ± 10 17 ± 4 23 ± 6
Leptin (ng/ml) 12 ± 2 4 ± 2  a  27 ± 4 18 ± 3
Adiponectin (ng/ml) 15 ± 1 14 ± 1 13 ± 1 15 ± 1
Resistin (ng/ml) 14 ± 2 10 ± 1  a  25 ± 3 14 ± 2  a  
GIP 161 ± 28 126 ± 40 145 ± 46 102 ± 16
PYY 105 ± 8 103 ± 9 112 ± 22 79 ± 13
MCP-1 87 ± 20 44 ± 12 103 ± 14 89 ± 22
TNF � 23 ± 7 19 ± 2 20 ± 5 32 ± 3
IL-6 48 ± 15 44 ± 15 85 ± 61 52 ± 20

Data are expressed as average ± SEM (n = 5–6).
  a P  < 0.05 compared with control group of the same diet.
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  Fig. 11.  Tissue gene expression measured by RT-PCR and 
analyzed by the ddCT method in brain (A), liver (B), and 
small intestine mucosa (C). All transcript levels are pre-
sented relative to the WT LFD group. Data are expressed as 
average ± SEM (n = 5–6). * P  < 0.05, ** P  < 0.001 compared 
with control group of the same diet.   
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signifi cantly reduced alongside elevations in 2-AG in 
MGL  � / �   mice ( 32 ), similar to those found in the present 
study. Because the majority of AA used in prostaglandin 
production is thought to be derived from 2-AG catabolism 
( 48 ), benefi cial effects on diseases from cancer to hepatic 
ischemia have been ascribed to MGL knockout or pharma-
cological inhibition ( 73–75 ). In fact, MGL inhibition ap-
pears to limit progression of neurodegenerative disorders, 
such as Parkinson’s and Alzheimer’s disease, both by decreas-
ing prostaglandin production and by the anti-infl ammatory 
effect of CB2 stimulation by 2-AG ( 48, 76 ). Considering 
the interrelationships between infl ammation and meta-
bolic function ( 77 ), it is therefore possible that alterations 
in these signaling pathways underlie the healthier pheno-
type observed here in the MGL  � / �   mice, including trends 
for reductions in cytokines such as MCP-1. 

 In summary, the present studies show that genetic dele-
tion of MGL in mice results in high tissue levels of MG. For 
the intestine, there was evidence of upregulation of the 
already predominant pathway of intestinal TG synthesis 
via MGAT and DGAT. MGL  � / �   mice on both LFD and 
HFD had reduced weight gain over the 12 weeks of feed-
ing, and when dietary fat was limited, MGL  � / �   mice were 
signifi cantly leaner and displayed increased fat oxidation. 
Serum lipid levels were decreased, as were many signal-
ing peptides involved in maintaining energy homeostasis. 
MGL  � / �   mice also had a greatly reduced rate of intestinal 
TG secretion. These results suggest that large reductions 
in MGL hydrolysis have the potential to affect whole body 
energy homeostasis, as well as to be protective against 
some of the deleterious downstream effects of HFD-induced 
obesity.  
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