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SUMMARY

Suppression of a/b-domain hydrolase-6 (ABHD6),
a monoacylglycerol (MAG) hydrolase, promotes
glucose-stimulated insulin secretion by pancreatic
b cells. We report here that high-fat-diet-fed
ABHD6-KO mice show modestly reduced food
intake, decreased body weight gain and glycemia,
improved glucose tolerance and insulin sensitivity,
and enhanced locomotor activity. ABHD6-KO mice
also show increased energy expenditure, cold-
induced thermogenesis, brown adipose UCP1
expression, fatty acid oxidation, and white adipose
browning. Adipose browning and cold-induced ther-
mogenesis are replicated by the ABHD6 inhibitor
WWL70 and by antisense oligonucleotides targeting
ABHD6. Our evidence suggests that one mechanism
bywhich the lipolysis derived 1-MAG signals intrinsic
and cell-autonomous adipose browning is via
PPARa and PPARg activation, and that ABHD6 regu-
lates adipose browning by controlling signal compe-
tent 1-MAG levels. Thus, ABHD6 regulates energy
homeostasis, brown adipose function, and white ad-
ipose browning and is a potential therapeutic target
for obesity and type 2 diabetes.
INTRODUCTION

The glycerolipid/free fatty acid cycle, which generates signaling

molecules within its lipolysis and lipogenesis segments, plays a

role in the regulation of fat storage and mobilization, insulin

secretion and action, non-shivering thermogenesis, and energy

homeostasis (Nielsen et al., 2014; Prentki and Madiraju, 2008;

Zechner et al., 2012). Lipolysis of triglycerides to diacylglycerol,

monoacylglycerol (MAG), and glycerol plus fatty acids is cata-

lyzed by the sequential action of adipose triglyceride lipase, hor-
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mone sensitive lipase, and MAG lipase (Prentki and Madiraju,

2008; Zechner et al., 2012). Although MAG lipase is thought to

be the major MAG hydrolyzing enzyme in many tissues, intracel-

lular breakdown of MAG can also be catalyzed by membrane

bound a/b-hydrolase domain 6 (ABHD6) (Blankman et al.,

2007). We recently showed ABHD6 as the major MAG hydrolase

in pancreatic b cells and that suppression of ABHD6 results in

elevated islet 1-MAG levels with enhanced glucose-stimulated

insulin secretion through the activation of exocytosis facilitating

protein Munc13-1 (Zhao et al., 2014). Whole-body deletion of

MAG lipase in mice enhances insulin sensitivity and glucose

tolerancewithout affecting bodyweight gain or food intake under

a high-fat diet (HFD) condition (Taschler et al., 2011). A recent

study showed that ABHD6 controls the levels of anti-inflamma-

tory bioactive lipid prostaglandin D2-glycerol ester and that

ABHD6 suppression by a pharmacological agent reduces

macrophage-mediated inflammation, which contributes to insu-

lin resistance in obesity (Alhouayek et al., 2013). However, the

biochemical basis of these beneficial actions and the role of

ABHD6 in fuel homeostasis are unknown.

Although obesity is a major contributor to type 2 diabetes

(T2D), the current pharmacological approaches for treating

obesity and diabetes target different pathways. Several studies

showed altered expression of a specific gene, either by knockout

or overexpression, to offer protection against diet-induced

obesity (DIO), but none of these genes were shown to control

both insulin secretion and sensitivity directly (Dirkx et al., 2014;

Koh et al., 2013; Liew et al., 2010; Liu et al., 2014; Sumara

et al., 2009). It is desirable to identify a metabolic step/pathway

that can influence both insulin secretion and action in conjunc-

tion with additional beneficial effects on energy homeostasis,

such that a single target can be addressed for diabetes and

obesity.

Increased energy expenditure via fat oxidation and non-shiv-

ering thermogenesis by classical brown adipose tissue (BAT)

and by the stimulation of beige adipocytes likely provides an

avenue to alleviate the effects of obesity and prevent T2D (Wu

et al., 2013). Several recent reports indicate that augmented

BAT function and browning of white adipose tissue (WAT)
s
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enhance glucose tolerance and insulin sensitivity and protect

from DIO and obesity-related diabetes (Cereijo et al., 2015; Pfei-

fer andHoffmann, 2015; Richard et al., 2010; Rosen andSpiegel-

man, 2014). Signaling via peroxisomal proliferator-activated

receptors (PPAR) is important for beige adipocyte formation

(Wu et al., 2012) and the stimulation of BAT (Rosen and Spiegel-

man, 2014). PPARa plays a role in maintaining brown adipocyte

phenotype and in WAT browning (Hondares et al., 2011b;

Roberts et al., 2014). Among the endogenous mediators of

BAT activation andWAT browning, besides catecholamines, trii-

dothyronine, FGF21, bone morphogenic proteins (Bartelt and

Heeren, 2014), and adenosine (Gnad et al., 2014), certain lipids

like prostaglandins and alkyl-ether lipids also play a role by

increasing PGC-1a levels or via PPARg activation (Bartelt and

Heeren, 2014). Recent studies suggest that certain lipolytic

products may activate PPARs (Badin et al., 2012; Haemmerle

et al., 2011; Mottillo et al., 2012) and thus may contribute to

adipose browning and BAT activation.

Our earlier study (Zhao et al., 2014) identified a signaling role

for MAG and ABHD6 in b cell insulin secretion and glucose

homeostasis, but the importance of MAG and ABHD6 in overall

energy homeostasis was not addressed. ABHD6 was shown to

be induced by high-fat diet in liver but not in BAT (Thomas et al.,

2013), indicating this protein to be nutritionally regulated at

least in liver. In order to understand the role of ABHD6 and

monoacylglycerol in energy homeostasis, we studied whole-

body ABHD6-KO mice and DIO mice treated with ABHD6-

directed antisense oligo (ASO) or an ABHD6 inhibitor. When

fed a HFD, ABHD6-KO mice show a unique phenotype that im-

plicates ABHD6 in obesity, metabolic syndrome, and diabetes.

ABHD6-KO mice display a modest reduction of appetite, are

protected from obesity, glucose intolerance, insulin resistance,

hyperinsulinemia, and hepatic steatosis, and also show

enhanced locomotor activity, BAT activity, and WAT browning.

The adipose browning effects could be recapitulated by treating

wild-type DIO mice with ABHD6 inhibitor or antisense oligonu-

cleotides (ASO) and appear to be, at least in part, intrinsic to
Figure 1. Improved Glucose Tolerance, Insulin Sensitivity, Reduced Fo

Glucose Uptake in ABHD6-KO Mice on High-Fat Diet

Male and female ABHD6-KO (homozygous), heterozygous (HZ), and wild-type (W

monitored. Oral glucose tolerance test (OGTT) was performed after 8 weeks, a

analyzed for glucose and insulin by ELISA. Insulin tolerance test (ITT) and hyperi

(A) Glycemia during OGTT on male WT, HZ, and KO mice (n = 9). Inset depicts a

(B) Insulinemia during OGTT in male mice. Inset, area under the curve.

(C) Glycemia during ITT on male mice (n = 6). Inset depicts area above the curve

(D) Glycemia during OGTT on female mice (n = 8). Inset depicts area under the c

(E) Corresponding plasma insulin levels for female mice.

(F) Blood glucose levels during ITT on female mice (n = 8). Inset depicts area abo

(G) Blood glucose levels during HIEC on male WT (n = 8), HZ (n = 9), and KO (n =

(H) Glucose infusion rate (GIR) during HIEC on male mice.

(I) Body weight gain of male WT, HZ, and KO mice (n = 9).

(J) Cumulative food intake of male mice over 7 weeks.

(K) Body weight gain in female mice (n = 9).

(L) Cumulative food intake in female mice over 7 weeks.

(M–P) Glucose uptake in muscle and fat tissue. Soleus muscle and visceral fat fro

measuring glucose uptake with [3H]-2-deoxy-glucose (2DG), in the absence or pre

uptake in visceral fat of male mice. (N) Glucose uptake in soleus muscle of male

soleus muscle of female mice.

*p < 0.05 versus WT. *p < 0.05; **p < 0.01 versus WT. See also Table S1 and Fig

2874 Cell Reports 14, 2872–2888, March 29, 2016 ª2016 The Author
adipose tissue involving accumulation of 1-MAG causing

PPARa and PPARg activation.

RESULTS

ABHD6-KO Mice on a High-Fat Diet Show Reduced
Weight Gain and Improved Glucose Tolerance and
Insulin Sensitivity
Bothmale and femaleABHD6-KOmice fed 60%HFD for 8weeks

showed improved glucose tolerance but much lower insulinemia

during OGTT and also enhanced insulin sensitivity during insulin

tolerance test (ITT) (Figures 1A–1F). Heterozygous mice showed

an intermediate response, more notably for insulinemia. The low

insulinemia response in KO mice during OGTT (Figures 1B and

1E) was suggestive of enhanced insulin sensitivity, which was

confirmed by ITT (Figures 1C and 1F) and also by hyperinsuline-

mic-euglycemic clamp (Figures 1G and 1H). Glucose infusion

rate (index of insulin sensitivity) in HFD-fed male KO mice was

higher as compared to WT mice, with heterozygous mice

showing intermediate effect (Figure 1H). During HFD feeding,

both male and female ABHD6-KO mice showed less body

weight gain (Figures 1I and 1K) and reduced cumulative food

intake (Figures 1J and 1L). The decrease in body weight gain

was more pronounced in female KO mice (�30% at week 8) as

compared to male KO mice (�12% at week 8), whereas the

reduction in cumulative food intake (�7% at weeks 6–8) in

both sexes was modest, compared to WT mice.

We previously showed that male ABHD6-KO mice on pure

C57Bl6/N genetic background when placed on chow diet

show normal body weight gain and food intake over a 3- to 24-

week period and unaltered insulin sensitivity in 26-week-old

male ABHD6-KO mice (Zhao et al., 2014). We also found that

6-week-old ABHD6-KO male mice on chow diet showed no dif-

ferences in their glucose tolerance compared to wild-type (WT)

mice during oral glucose tolerance test (OGTT), despite

increased insulin secretion (data not shown) and unaltered insu-

lin sensitivity as revealed by insulin tolerance test (ITT). Unlike
od Intake, and Body Weight Gain, and Elevated Muscle and Adipose

T) mice were maintained on HFD, and food intake and body weight gain were

fter a 6-hr food deprivation. Tail blood was collected at indicated times and

nsulinemic euglycemic clamp (HIEC) were performed after 10 weeks on HFD.

rea under the curve (AUC) for glycemia.

(AAC).

urve.

ve the curve for insulinemia.

10) mice.

m ABHD6-KO and WT mice fed HFD for 12 weeks were removed and used for

sence of insulin (100 nM), as detailed in Experimental Procedures. (M) Glucose

mice. (O) Glucose uptake in visceral fat of female mice. (P) Glucose uptake in

ure S1.

s
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male KO mice, female ABHD6-KO mice on chow diet showed

slightly reduced body weight gain over 3–24 weeks of age and

cumulative food intake over 5–16 weeks of age and displayed

better glucose tolerance than WT mice but with reduced insulin

secretion during OGTT, indicating that female KOmice are more

insulin sensitive, which was confirmed by ITT (data not shown).

Overall, female ABHD6-KO mice show a more pronounced

phenotype than the males on chow diet.

Ex vivo analysis indicated that visceral fat and soleus muscle

from ABHD6-KO mice show enhanced glucose uptake under

basal and insulin-stimulated conditions and that insulin action

per se is not enhanced (Figures 1M–1P). These effects were

more pronounced in female mice (Figures 1O and 1P). Thus,

ABHD6 deficiency is associated with enhanced insulin indepen-

dent glucose uptake by muscle and adipose tissues that likely

contributes to improved glucose disposal in the KO mice.

Reduced Fat Mass and Liver Steatosis in
ABHD6-KO Mice
Echo-MRI of ABHD6-KO mice revealed no difference in lean

mass (Figures S1A and S1E). Fat mass (Figures S1B and S1F)

was markedly decreased in female KO mice and modestly in

males. Liver weight showed significant reduction in the KO

mice as compared to WT mice in both males (Figure S1C) and

females (Figure S1G), and this may be related to decreased fat

content, as noticed in liver histology, showing more fat accumu-

lation in the WT than KO mice (Figure S1I). In fact, liver TG con-

tent was decreased in both female andmale KOmice on HFD, as

compared to WT mice (Figures S1J and S1K). There was no

change in visceral fat weight in male KO mice (Figure S1D) while

in female KO mice this was reduced by �40% (Figure S1H) and

was visually evident (Figure S1L).

Blood Chemistry and Additional Parameters of
ABHD6-KO Mice
ABHD6-KO mice on HFD showed reduced glycemia and insuli-

nemia. On normal diet, neither glycemia nor insulinemia was

different between KO andWTmice (Table S1). There were no dif-

ferences in plasma glycerol, triglyceride, free fatty acids, or free

and total cholesterol levels in chow or HFD-fed KO versus WT

mice (Table S1). Rectal temperature of female KO mice was

slightly (not significant) higher than WT mice, suggestive of

elevated energy expenditure (see below). The growth character-

istics of ABHD6-KO mice were not altered as indicated by their

body and tail length in comparison to WT mice. Fur appearance

was also not different (Figure S1L). We measured various adipo-
Figure 2. Increased Energy Expenditure and Locomotor Activity in Hig

Male and female ABHD6-KO, HZ, and WT (n = 10) mice were fed HFD for 6 week

room temperature for 3 days. After acclimatization for the first 2 days, volume of O

and, based on these parameters, respiration exchange ratio (RER) and energy exp

also made with HFD-fed male ABHD6-KO andWTmice under thermoneutral (30�

third day.

(A) Volume O2.

(B) Volume CO2 (expressed as liters/kg body weight/hr).

(C) RER.

(D) Energy expenditure (expressed as kcal/kg metabolic mass/hr).

(E) Locomotor activity (arbitrary units). Metabolic mass was calculated as lean m

*p < 0.05; ***p < 0.001 versus WT. See also Figure S2.
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kines, cytokines, and hormones in plasma by ‘‘protein array’’ in

HFD mice (Figures S1M and S1N) and only six of them showed

significant changes (Figure S1M). Fibroblast growth factors

(FGF21 and FGF), which are implicated in protection from

obesity-mediated complications (Kharitonenkov and Adams,

2014; Owen et al., 2014), were elevated in the plasma of KO

mice, whereas proteins related to insulin resistance including

ICAM-1, IGFBP-1, and resistin were decreased. RAGE, indica-

tive of inflammation, was also reduced.

Elevated Respiration, Energy Expenditure, and
Locomotor Activity in ABHD6-KO Mice
ABHD6-KO mice were acclimatized for 48 hr in metabolic cages

either at room temperature or at 30�C (thermoneutral condi-

tions), and measurements were made on the subsequent 24-hr

period (third day). Respiratory measurements indicated elevated

VO2 during light and dark phases (data not shown) and during the

last 24-hr period (Figure 2A) both in male and female mice, at

both room temperature and 30�C. VCO2 and respiratory ex-

change ratio (RER) were not affected (Figures 2B and 2C). En-

ergy expenditure as a function of metabolic mass (lean mass +

0.2 3 fat mass) was higher in both female and male ABHD6-

KO mice, in both the dark and light phases, last 24 hr, and at

both temperatures (Figures S2A and 2D).

ABHD6-KO mice show increased locomotor activity over a

24-hr time period (Figure 2E) and during dark phase, and this in-

crease was more marked in females (Figure S2B). In order to

determine whether increased locomotor activity is due to

changes in anxiety, mice were tested in the elevated-plus

maze and open-field tests. Further, we used the Porsolt forced

swim test to verify whether ABHD6-KO affects depressive-like

behavior, a secondary effect sometimes associated with appe-

tite suppression. No differences were observed between WT

and KO mice for any of these parameters (Figures S2C–S2E),

suggesting that the enhanced locomotor activity of KO mice is

due to voluntary exercise.

Enhanced BAT Function and WAT ‘‘Browning’’ in
ABHD6-KO Mice
As ABHD6-KO mice on HFD show enhanced energy expendi-

ture, we examined whether BAT function is elevated in these

mice and whether white adipose undergoes ‘‘browning.’’ We

measured in female ABHD6-KOmice thermogenic gene expres-

sion in BAT and genes associated with adipose browning in

visceral and inguinal WAT. UCP1, PGC1a, PRDM16, PPARa,

and CD36mRNA levels (Figures 3A–3E) were elevated in visceral
h-Fat-Diet-Fed ABHD6-KO Mice

s, and at the end of feeding period the mice were placed in metabolic cages at

2, CO2 as well as locomotor activity measurements were made on the third day,

enditure (EE) were calculated. In parallel, metabolic cage measurements were

C) conditions (n = 7). Results shown were calculated for the 24-hr period on the

ass + 0.2 3 fat mass for each mouse.

s



Figure 3. Increased Expression of UCP1 and Other Adipose Browning-Related Genes, Cold-Induced Thermogenesis, and Brown Adipose

Fatty Acid Oxidation in HFD-Fed ABHD6-KO Mice

(A–E) Female ABHD6-KO (n = 7) andWT (n = 7)mice fedHFD for 10weekswere sacrificed, and visceral, inguinal, and brown fat tissueswere removed for analysis.

Total RNA was extracted, and the expression of various browning marker genes was assessed by RT-PCR. All gene expressions are normalized to 18S RNA

expression.

(legend continued on next page)
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and inguinal WAT and in BAT from female KO mice. Expression

of other browning-related genes (TBX1, CD137, TMEM26,

Cox8b, Cox7a1, CIDEA) (data not shown) showed moderate or

no change. Expression of PPARa, which controls UCP1 tran-

scription (Xue et al., 2005), was elevated in WAT and BAT (Fig-

ure 3D), but no significant changes were seen in PPARb or

PPARg (data not shown). PPARa target genes CD36 (Figure 3E)

and CPT-1 (data not shown) showed increased expression in the

KO mice. Histology revealed smaller adipocytes in the visceral

and inguinal adipose tissues and smaller adipocytes with much

less lipid deposits in the BAT of the ABHD6-KOmice (Figure 3F).

UCP1 protein staining was higher in visceral, inguinal, and brown

adipose tissues of KO mice (Figure 3G). UCP1 protein levels,

quantified from western blots, increased in KO mouse WAT

and BAT (Figures S3A–S3C). Cold (4�C)-induced thermogenesis

for 3 hr revealed higher ability of the KO mice to maintain their

body temperature (Figure 3H), and UCP1 protein levels in these

cold-exposed WT and ABHD6-KO mice also showed significant

increase (Figures S3D and S3E). Similar gene expression

changes were noticed in WAT and BAT from ABHD6-KO mice

after 3-day acclimatization at 30�C, except that PPARg induction

was more apparent (Figures S4A–S4H). The elevated UCP1 pro-

tein levels seen in both WAT and BAT of ABHD6-KO mice at

room temperature conditions were also found to be increased

under thermoneutral conditions (Figures S4B and S4C). BAT

from KO mice showed nearly 2-fold increase in b-oxidation (Fig-

ure 3I). Thus, there is increased thermogenic program and func-

tion in BAT and induction of browning-related genes in visceral

and subcutaneous adipose tissues of the ABHD6-KO mice.

Pharmacological Inhibition or ASO Knockdown of
ABHD6 Triggers Adipose Browning
Administration of ABHD6 inhibitor WWL70 or ABHD6-ASO was

shown to protect mice from DIO (Thomas et al., 2013). In order

to examine whether pharmacological inhibition of ABHD6 in-

duces adipose browning as seen in ABHD6-KO mice, C57Bl6N

mice on HFD (45% calories from fat; 8 weeks) were treated daily

with WWL70. Administration of WWL70 elevated UCP1 (Fig-

ure 4A) and induced other browning-related genes (Figures

4B–4D) in the visceral adipose. Expression of Cidea and

Cox7a1 showed marginal increase, whereas UCP2, PPARa,

and PPARg were unaltered in WWL70-treated mice (data not

shown).

ABHD6-ASO-treated mice on 45% HFD showed markedly

reduced ABHD6 expression in visceral adipose in association

with induction of UCP1, PRDM16, PPARa, and PPARg (Figures

4E–4I). Expression of Cox7a1, Elovl3, TBX1, and TMEM26

were also elevated in the ABHD6-ASO-treated mice, whereas

Cidea expression did not change (Figures 4J–4N). Similar to

ABHD6-KO mice, ASO-treated mice maintained their body tem-

perature in cold better than controls and the area above the

curve indicated significantly lower decline in body temperature
(F and G) Histological (H&E staining) and immunochemical (for UCP1 expression

(H) Another batch of HFD-fed ABHD6-KO and WT mice were placed in cold room

rectal temperature.

(I) Fatty acid oxidation using [1-14C]-palmitate measured in brown adipose tissue

*p < 0.05; **p < 0.01 versus WT. See also Figures S3 and S4.
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in the ABHD6-ASO-treated mice (Figure 4O). Thus, in vivo inhibi-

tion or knockdown of ABHD6 causes WAT browning as seen in

the KO mice.

ASO Knockdown of ABHD6 in Differentiated 3T3-L1
Cells Induces Browning-Related Gene Expression
We further examined whether the adipose browning-inducing ef-

fects of ABHD6-ASO are cell autonomous using 3T3-L1 preadi-

pocytes after differentiation. Treatment of fully differentiated

3T3-L1 cells with ABHD6-ASO for 24 hr led to decreased

mRNA levels of ABHD6 and elevated expression of UCP1,

PGC1a, PRDM16, PPARa, and TMEM26 (Figures 4P–4V). These

results are consistent with the view that ABHD6 ASO knockdown

effects on browning are cell autonomous.

ABHD6 Inhibition and 1-MAG Cause Adipose Browning
via PPARa and PPARg in a Cell-Autonomous Manner
To gain insight into the mechanism by which ABHD6 inhibition

causes WAT browning, we first verified whether 1-MAG hydro-

lase activity is lowered in the adipose tissues of ABHD6-KO

mice, which also contain the classical MAG lipase (Taschler

et al., 2011). Total 1-MAG hydrolase activity in extracts of

visceral and brown adipose tissues from the KO mice was

markedly decreased (Figure 5A) indicating that ABHD6 contribu-

tion to MAG hydrolysis in these adipose tissues is significant.

MAG hydrolase activity in inguinal adipose was not altered (Fig-

ure 5A). The decreased MAG hydrolase activity in WAT and BAT

was reflected in elevated 1-MAG species in these adipose tis-

sues (Figures 5B and 5C). Changes in 2-MAG levels weremodest

(data not shown), similar to our earlier report in ABHD6-KO

mouse islets (Zhao et al., 2014). Normalization of MAG levels

as a function of total tissue protein yielded similar pattern (data

not shown).

We examined whether the effects of ABHD6 suppression

are cell autonomous and intrinsic to adipocyte and whether

1-MAG acts as a signal for browning. Incubation of differentiated

3T3-L1 mouse adipocytes with WWL70, 1-oleoylglycerol, or

1-palmitoylglycerol increased expression of the browning

marker UCP1 and PPARa (Figure S5A). Similar changes were

noticed with WWL70 and 1-oleoylglycerol in differentiated hu-

man primary preadipocytes (Figure 5D). Addition of the PPARa

antagonist GW6471 completely abrogated the WWL70 and

1-oleoylglycerol-induced increases in UCP1 and PPARa expres-

sion (Figure 5D), suggesting that the browning changes seen in

WAT by ABHD6 suppression are mediated by1-MAG in a cell-

autonomous manner, at least in part via activation of PPARa.

WWL70 and 1-oleoylglycerol-stimulated respiration in 3T3-L1

adipocytes (Figures S5B–S5E) and human preadipocytes (Fig-

ures S5F–S5H), likely because of increased UCP1-mediated un-

coupled O2 consumption (Figures 5E, S5E, and S5F). Similar to

UCP1 expression, this increased O2 consumption was curtailed

by GW6471 (Figures 5E, S5B, and S5E).
) examination on the adipose tissues.

(4�C) for 3 hr, and cold-induced thermogenesis was evaluated by measuring

from mice fed a HFD.

s



Figure 4. Suppression of ABHD6 by WWL70 or Antisense-Oligonucleotide Increases Expression of Browning-Related Genes in White

Adipose Tissue, Differentiated 3T3-L1 Cells, and Cold-Induced Thermogenesis in HFD-Fed Mice

Wild-type C57Bl6N mice fed high-fat diet for 8 weeks were treated with WWL-70 (10 mg/kg/day, i.p.) or vehicle (n = 9 for each group) or ABHD6-ASO

(25 mg/kg/2 weeks) or control ASO (n = 9 for each group), during the feeding period. Cold-induced thermogenesis was assessed in ABHD6-ASO-treated mice at

the end of the 8-week period. After the feeding period, mice were sacrificed, and visceral fat was removed and processed for measuring the expression of UCP1

(legend continued on next page)
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Transactivation experiments revealed that 1-oleoylglycerol

and 1-palmitoylglycerol could activate PPARa-driven luciferase

gene expression, similar to PPARa agonist WY14643 (Figure 5F).

There was also significant transactivation of PPARg, but not

PPARb, by 1-MAG (Figure 5F). We verified the binding ability

and affinity of 1-MAG to PPARa and PPARg using PPAR-GAL4

binding assay, where the ligand binding domain of PPAR is fused

with GAL4 DNA binding domain and the expression of a reporter

gene is followed. Results showed that while the synthetic ligands

WY14643 and rosiglitazone showed high affinity to bind and acti-

vate PPARa and PPARg as expected (Figures S6A and S6D),

both 1-OG and 1-PG were also able to bind and activate these

PPARswith an EC50 of 10–19 mM,which is within their physiolog-

ical range of intracellular concentrations (Figures S6B, S6C, S6E,

and S6F). Finally, preadipocytes from ABHD6-KO mice ex-

pressed high levels of UCP1 and PPARa after differentiation as

compared to WT preadipocytes, an effect that was abrogated

by PPARa antagonist GW6471 (Figure 5G).

We further examined the contribution of PPARg to 1-MAG-

mediated browning. PPARg antagonist T0070907 led to sup-

pression of WWL70 or 1-oleoylglycerol-mediated increase in

the expression of UCP1 and other browning-related genes in hu-

man differentiated preadipocytes (Figure 5H). Overall, the data

support the view that 1-MAG mediates the adipocyte browning

induced by ABHD6 suppression in a cell-autonomous manner,

probably involving PPARa and PPARg activation.

Pair Feeding Does Not Prevent ABHD6-KO-Mediated
Protection from HFD-Induced Obesity, Glucose
Intolerance, and Insulin Resistance
Since ABHD6-KO mice on HFD exhibited slightly reduced food

intake, we verified whether this could explain the observed

effects on body weight gain, glucose tolerance, and insulin

sensitivity. After ABHD6-KO and WT mice were pair fed for

2 weeks, body weight gain was still lower in ABHD6-KO mice

(Figures 6A and 6B). Similarly, OGTT revealed improved glucose

tolerance and ITT showed better insulin sensitivity (Figures 6C–

6E) in the ABHD6-KO mice compared to the pair-fed WT mice.

The increased UCP1 protein content seen in WAT and BAT of

ad libitum HFD-fed ABHD6-KO mice was also noticeable in

pair-fed mice (Figures 6F–6I), suggesting that the beneficial

changes in glucose/insulin homeostasis seen in the KO mice

cannot be fully accounted for by changes in food intake.

PPARa Antagonism Counteracts Adipose Browning,
Thermogenic Program, andBeneficialMetabolic Effects
in ABHD6-KO Mice
Treatment of HFD-fed ABHD6-KO male mice with the PPARa

antagonist GW6471 slightly elevated their body weight gain (Fig-
and browning-related genes normalized to 18S RNA. In order to assess the effect

differentiation were treated with control- or ABHD6-ASO for 24 hr. Then, the cell

(A–D) Browning-related gene expression in visceral adipose from WWL70-treate

(E–N) Browning-related gene expression in visceral adipose from control-ASO an

PPARg; (J) Cidea; (K) Cox7a1; (L) ELOVL3; (M) TBX1; and (N) TMEM26.

(O) Cold-induced thermogenesis in ABHD6-ASO-treated and control mice and th

(P–V) Gene expression in 3T3-L1 cells treated with control- or ABHD6-ASO. (P)

TMEM26. *p < 0.05; **p < 0.01; ***p < 0.001, compared to corresponding contro
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ure 7A), without altering food intake (Figure 7B). Even though gly-

cemia during OGTT was not changed (Figure 7C), insulinemia

showed a tendency to increase (Figure 7D) revealing lower insu-

lin sensitivity, and this was confirmed in ITT (Figure 7E). PPARa

antagonism lowered oxygen consumption and VCO2 in the

ABHD6-KO mice, without change in RER (Figures S7A–S7C).

The elevated energy expenditure in KO mice, measured at

30�C, was reduced by GW6471 treatment (Figure 7F). This

decreased energy expenditure was associated with curtailed

expression of UCP1 (Figure 7G) and other browning-related

genes in BAT and WAT (Figures S7E–S7G), indicating that in

ABHD6-KO mice PPARa mediates adipose browning and ther-

mogenic reprogramming at least partially. Interestingly, the

increased locomotor activity seen in ABHD6-KO mice was also

curtailed by PPARa antagonism (Figure S7D). The elevated

b-oxidation in BAT of ABHD6-KO mice was also normalized to

WT levels by PPARa antagonist treatment (Figure S7H).

DISCUSSION

We previously demonstrated the regulatory role of ABHD6 and

1-saturated monoacylglycerol in insulin secretion by pancreatic

b cells and identified Munc13-1 as the intracellular receptor for

MAG-induced exocytosis (Zhao et al., 2014, 2015). The present

results indicate roles for ABHD6 in whole-body energy homeo-

stasis that are of interest for metabolic disorders. When fed

HFD the ABHD6 KO mice show (1) reduced body weight gain;

(2) protection from hepatic steatosis; (3) a modest lowering of

food intake; (4) improved glucose tolerance; (5) increased insulin

sensitivity and protection from hyperinsulinemia; (6) enhanced

insulin-independent glucose uptake in adipose and muscle;

(7) increased locomotor activity, females beingmore responsive;

(8) elevated energy expenditure; (9) augmented fatty acid oxida-

tion in BAT; (10) increased cold-induced thermogenesis;

(11) browning of WAT; and (12) increased plasma FGF21, which

antagonizes metabolic-syndrome-related defects and activates

BAT and beige adipocytes (Hondares et al., 2011a; Owen

et al., 2014). Heterozygous mice, partially deficient in ABHD6,

showed an intermediate phenotype between WT and KO mice

for many parameters, revealing a gene dosage effect. Also

several of these effects, in particular, adipose browning and

cold-induced thermogenesis, were replicated in vivo by the

ABHD6 inhibitor WWL70 and by ABHD6-ASO. Thus, the results

demonstrate that ABHD6 is a key player in the control of energy

homeostasis and in the regulation of BAT function and white

adipose browning. Recently, it has been observed that ASO

directed against ABHD6 causes elevated energy expenditure

and protects male mice against HFD-induced obesity, hepatic

steatosis, and systemic insulin resistance, but the underlying
of ABHD6 suppression by ASO in fully differentiated 3T3-L1 cells, the cells after

s were harvested for gene expression analysis by RT-PCR.

d and control mice. (A) UCP1, (B) PRDM16, (C) Tmem26, and (D) TBX1.

d ABHD6-ASO-treated mice: (E) ABHD6; (F) UCP1; (G) PRDM16; (H) PPARa; (I)

e area above the curve for temperature curves.

ABHD6; (Q) UCP1; (R) PGC1a; (S) PRDM16; (T) PPARa; (U) PPARg; and (V)

ls; n = 10 for each group.

s



Figure 5. Accumulation of 1-MAG in ABHD6-KO Mouse Adipose Tissues and PPARa and PPARg Dependence of Elevated Browning Gene

Expression by 1-MAG and WWL70 in Human Adipocytes or in ABHD6-KO Mouse Adipocytes

(A) MAG hydrolase activity in visceral, inguinal, and brown adipose tissues from ABHD6 WT and KO mice. Adipose tissues were employed for assaying MAG

hydrolysis activity using 1-S-arachidonoylglycerol. *p < 0.05 versus WT (n = 7, each).

(B and C) Visceral and brown adipose tissues were processed for MAG species analysis. (B) Increased levels of long-chain 1-MAG species in visceral adipose

isolated from HFD-fed female ABHD6-KO mice. *p < 0.05 versus WT mice (n = 7, each). (C) Increased levels of long-chain 1-MAG species in brown adipose

isolated from HFD-fed female ABHD6-KO mice (n = 7, each). *p < 0.05 versus WT.

(legend continued on next page)
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mechanism was not known (Thomas et al., 2013). The present

data provide that ABHD6-ASO induces WAT browning and

BAT activation, which contribute to the protective effect seen

in HFD mice. This comprehensive study of both males and

female mice on normal or high-fat diet considerably extends

our understanding of the role of ABHD6 and lipolysis-derived

1-MAG signaling in fuel homeostasis.

The mechanism whereby ABHD6 suppression exerts benefi-

ciarymetabolic effects is likelymultifactorial. The slight reduction

in food intake alone cannot quantitatively explain all metabolic

improvements. Thus, food intake was similarly reduced by

�8% in male and female mice, yet the phenotype in females

for glucose tolerance, body weight gain, fat mass, and insulin

sensitivity was more pronounced. In addition, the protective ef-

fects of ABHD6-KO persist in the context of pair feeding, indi-

cating that the lower food intake is not primarily responsible for

the improved metabolic outcomes observed in ABHD6-KO

mice. The underlying causes for the modestly lowered food

intake in the KO mice are not clear. Central ABHD6 involvement

is a possibility; however, a decrease in ABHD6 activity is ex-

pected to increase the endocannabinoid 2-arachidonoylglycerol

that in fact enhances appetite (Di Marzo and Matias, 2005),

which is not the case in the KO mice. Also, ABHD6 ASO, which

does not lower brain ABHD6 levels, caused similar metabolic ef-

fects (Thomas et al., 2013); central involvement cannot explain

the reduced appetite and metabolic effects in the KO mice.

Also, recently it has been shown that ABHD6 inhibition in vivo

by WWL70 had no effect on brain 2-AG levels (Alhouayek

et al., 2013), indicating that ABHD6 suppression mediates its ef-

fects largely independent of central involvement. At least part of

the beneficiary effects of ABHD6-KO on glycemia could be due

to the enhanced insulin-independent glucose uptake both in

skeletal muscle and adipose tissues, and this, in turn, could

contribute to decreased body demand for insulin and thus to

reduced hyperinsulinemia that drives obesity (Wiernsperger,

2005a, 2005b).

However, an important contributor to the beneficiary effect

of ABHD6 deletion is likely enhanced BAT function and also

WAT browning. Thus, energy expenditure was increased in

KO mice during the light phase when the animals did not

show any difference in locomotor activity. Furthermore, energy
(D) PPARa dependence of elevated browning gene (UCP1, PGC1a, PRDM16, and

differentiated human adipocytes were incubated overnight with either DMSO veh

absence of PPARa antagonist 1 mM GW6471, and the cells were collected for m

control (DMSO); #p < 0.05 versus GW6471.

(E) Stimulation of uncoupled oxygen consumption rate (OCR) in differentiated hum

antagonist GW6471 (n = 5). *p < 0.05 versus DMSO control; #p < 0.05 versus GW

(F) Transactivation of PPARa and PPARg by 1-MAG. PPAR transactivation assay

or PPARg, using dual luciferase PPRE reporter assay.WY14643, GW501516, and

and PPARg, respectively (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001 versus DMSO

(G) PPARa antagonist GW6471 suppresses the expression of browning-related g

from pre-adipocytes isolated from chow-diet-fed ABHD6-KO andWTmice. C, DM

versus KO-DMSO (n = 5).

(H) PPARg dependence of elevated browning gene (UCP1, PGC1a, PPARa, and P

adipocytes were treated as in (D) overnight with WWL70 or 1-oleoyglycerol in th

pocytes were harvested, and mRNA expression of browning-related genes was

*p < 0.05; **p < 0.01; ***p < 0.001 versus control (C); #p < 0.05; ###p < 0.001 versu

See also Figure S5.
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expenditure was elevated at 30�C thermoneutral conditions,

indicating that these effects are not because of room-tempera-

ture-mediated stimulation of BAT and also not due to any skin

or fur defects as pointed out recently (Nedergaard and Cannon,

2014). In addition, cold-induced thermogenesis was enhanced

in both ABHD6-KO and ABHD6-ASO-treated mice. It is also

important to point out that, while subcutaneous adipose was

considered to be the prime target of browning in other mouse

models, we find that predominant changes in browning-related

gene expression are noticeable in visceral WAT in ABHD6-KO

mice.

Little is known about the biochemical basis of WAT browning.

Several transcriptional regulators including PPARs and co-acti-

vators PRDM16 and PGC1a are known to be involved in the

conversion of WAT to brite adipose (Richard et al., 2010; Rosen

and Spiegelman, 2014). However, whether metabolic pathways

or signals play a role in this process is unknown. The results

support the view that 1-MAG signaling can drive intrinsic and

cell-autonomous adipose browning in part via PPARa and

PPARg activation and that ABHD6 regulates adipose browning

by controlling the signal competent 1-MAG levels. The evidence

is as follows: (1) various 1-MAG species are increased in

visceral adipose of ABHD6-KO mice; (2) 1-MAG, WWL70, and

ABHD6-ASO induce UCP1 and PPARa in differentiated 3T3L1

preadipocytes and human preadipocytes; (3) PPARa and

PPARg antagonists abrogate UCP1 induction by 1-MAG and

ABHD6 inhibition in adipocytes; (4) UCP1 expression is dramat-

ically induced during differentiation of preadipocytes from

ABHD6-KO WAT, and this is completely abolished by PPARa

antagonism; (5) 1-MAG can activate PPARa and PPARg directly

by binding to the ligand binding domain of these transcription

factors; (6) PPARa and PPARg target genes are induced in

ABHD6-KO WAT; (7) 1-MAG and WWL70 increase uncoupled

respiration in 3T3L1 preadipocytes and human adipocytes,

and this is blocked by a PPARa antagonist; (8) PPARa antago-

nist treatment of ABHD6-KO mice prevents the browning phe-

nomenon and associated metabolic changes; and (9) treatment

of mice with ABHD6-ASO or WWL70 induces WAT browning

similar to ABHD6-KO. However, considering that PPARs are

necessary for UCP1 expression per se, and that the PPARa

antagonist also decreased UCP1 expression in the WAT and
PPARa) expression by 1-oleoylglycerol or WWL70 in human adipocytes. Fully

icle (control, C), 10 mMWWL70 (W), or 100 mM 1-OG (OG), in the presence and

RNA analysis. Results were normalized to 18S RNA (n = 5). *p < 0.05 versus

an adipocytes by 1-OG and WWL70, and this increase is curtailed by PPARa

6471. For further details, see Figure S4E.

was done in 293T cells, transfected with plasmids expressing PPARa, PPARb,

pioglitazone were used as positive controls for the activation of PPARa, PPARb,

.

enes UCP1, PGC1a, PRDM16, and PPARa in adipocytes differentiated ex vivo

SO control; G, GW6471 treated. ***p < 0.001 versus WT-DMSO; ###p < 0.001

PARg) expression by 1-oleoylglycerol or WWL70 in human adipocytes. Human

e absence or presence of 1 mM PPARg antagonist T0070907. Then, the adi-

assessed by RT-PCR. Gene expressions were normalized to 18S RNA.

s corresponding WWL70 (W) or 1-OG (OG) without T0070907 treatment (n = 5).

s



Figure 6. Pair-Fed ABHD6-KO Mice on HFD

Also Show Reduced Body Weight, Improved

Glucose Tolerance, and Insulin Sensitivity

Male ABHD6-KO and WT mice (6 weeks old) were

pair fed HFD. Daily body weight gain was moni-

tored, and OGTT and ITT were performed at the

end of the feeding period. Then, the mice were

sacrificed, and visceral and brown fat tissues were

isolated for western blot analysis of UCP1.

(A) Body weight.

(B) Daily food intake of KO mice; the same amount

of food is given to pair-fed WT mice.

(C) Glycemia during OGTT. Inset depicts AUC.

(D) Insulinemia during OGTT. Inset depicts AUC.

(E) ITT. Results of ITT were calculated as per-

centage of basal (0 min) glycemia.

(F and G) UCP1 protein expression in WAT (F) and

UCP1 protein expression in BAT (G).

(H and I) Quantification of UCP1 protein expression

in western blots of WAT (F) and BAT (G).

*p < 0.05; **p < 0.01 versus WT.
BAT of WT mice, additional PPAR-independent mechanisms for

1-MAG-mediated adipose browning and BAT activation are

possible.

ABHD6 and 1-MAG also appear to play a role in BAT function,

which is important considering that the thermogenic contribution

of classical BAT is likely predominant, even under conditions of

‘‘WAT browning’’ (Shabalina et al., 2013). Thus, ABHD6-KO

mice showed elevated levels of various 1-MAG species in BAT,

whereas 2-MAG did not rise significantly. BAT of the KO mice

showed higher fat oxidation and induction of many of the BAT

marker genes including PRDM16, PPARa, CD36, PGC1a, and

CIDEA. Also, UCP1 level was markedly increased in BAT of the

KO mice in association with better cold tolerance despite being

leaner. Similar to WAT browning, 1-MAG appears to activate

BAT function at least in part through PPARa; however, other

mechanisms are possible. This inference is supported by the

counteracting effect of PPARa antagonist on UCP1 induction

in ABHD6-KO mice.
Cell Reports 14, 2872–2888
The phenotype of male and female

ABHD6-KO mice was qualitatively similar

even though it was quantitatively more

marked in females. The reason for this is

uncertain, but estrogens are well known

to be protective against metabolic syn-

drome and diabetes (Mauvais-Jarvis

et al., 2013; Zhu et al., 2014). Also, BAT

in female mice is more efficient in its mito-

chondrial organization (Nadal-Casellas

et al., 2013; Nookaew et al., 2013), which

may also contribute to their increased

responsiveness to ABHD6 deletion.

Mechanism underlying the elevated lo-

comotor function seen in the ABHD6-KO

mice is not clear. Since there is no associ-

ated stress or anxiety in the ABHD6-KO

mice, and, as the elevated locomotor ac-

tivity is seen mostly during dark phase,
when the rodents are more active, it can be inferred that

ABHD6 suppression promotes voluntary exercise. The effects

on locomotor function may also be dependent on PPAR activa-

tion, as these effects could be suppressed by PPARa antagonist.

Lipolytic products are important physiological activators of

both PPARa and PPARg (Badin et al., 2012; Haemmerle et al.,

2011; Mottillo et al., 2012). Several reports indicate the role of

PPARg in WAT browning and BAT function (Ohno et al., 2012;

Spiegelman, 2013). Indeed, we noticed that 1-MAG can also

activate PPARg in addition to PPARa, but not PPARb/d. Inas-

much as PPARg antagonist could lower the effectiveness of

WWL70 and 1-oleoylglycerol in inducing browning-related

gene expression in differentiated human preadipocytes, it ap-

pears that PPARg also plays a role in controlling ABHD6/1-

MAG-mediated adipose browning, besides other mechanisms.

The possibility that certain centrally mediated effects play a

role in the elevated locomotor activity and in adipose browning

and BAT activation cannot be eliminated entirely in the
, March 29, 2016 ª2016 The Authors 2883
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ABHD6-KO mice, even though the results from ABHD6-ASO-

treated mice do not support this mechanism as ASO does not

cross the blood-brain barrier and does not reduce ABHD6

expression in brain (Thomas et al., 2013).

Collectively, our results demonstrate that ABHD6 regulates

fuel homeostasis, WAT browning, and BAT function. The mech-

anism of adipose browning appears to involve 1-monoacylgly-

cerol acting as an intrinsic cell-autonomous signal that causes

it beneficial effects in part via PPARa and PPARg activation in

adipose tissues. ABHD6 inhibition may provide a therapeutic

approach for both lean and obese T2D. Thus, it was reported

earlier that ABHD6 inhibition in the low-dose streptozotocin

lean model of T2D restores normal glucose tolerance via

enhanced insulin secretion (Zhao et al., 2014). Here, we show

in obese mice with hyperglycemia and marked glucose intoler-

ance that ABHD6 deficiency reduces body weight gain and im-

proves glucose homeostasis and insulin action together with

mild reduction in appetite and enhanced locomotor activity. Tar-

geting ABHD6 offers a distinct way to develop both anti-obesity

and T2D drugs.

EXPERIMENTAL PROCEDURES

Generation and Maintenance of Whole-Body ABHD6-KO Mice

All procedures involving animal studies were approved by the Institutional

Committee for the Protection of Animals. Whole-body ABHD6-KO mice

were generated on pure C57Bl6N background (Zhao et al., 2014). The mice

were maintained individual cages on a standard chow diet (Harlan Teklad,

15% fat by energy) and 12-hr-dark/light cycle at 21�C with free access to

water.

Metabolic Studies on High-Fat-Diet-Fed Mice

Male and female wild-type (WT), homozygous ABHD6-KO (KO), and heterozy-

gous (HZ) mice (5 weeks) were placed on chow or high-fat diet (HFD; 60% fat

by energy) for 8 weeks (Peyot et al., 2010). Body weight and food intake were

monitored each week. At the end of feeding regimen, mice were placed in

metabolic cages, for 3 days and O2 consumption (VO2), CO2 production

(VCO2), respiratory exchange ratio (RER), locomotor activity, and energy

expenditure by indirect calorimetry were monitored. Energy expenditure was

expressed as a function of metabolic mass (lean mass + 0.2 3 fat mass) as

suggested previously (Even and Nadkarni, 2012). Two days after CLAMS

studies, lean and fat mass were determined by echo MRI. Then oral glucose

tolerance test (OGTT) was performed.

Hyperinsulinemic Euglycemic Clamp, OGTT, and ITT

Male and femaleWT, ABHD6-KO, andHZmice on chowdiet or HFDwere used

for OGTT and ITT (Zhao et al., 2014). Hyperinsulinemic euglycemic clamp

(HIEC) was done on male mice fed HFD, and OGTT was performed on male
Figure 7. Reversal of ABHD6-KO-Mediated Effects on Obesity, Gluco

Tissue UCP1 Expression by PPARa Antagonist

Female ABHD6-KO and WT mice were fed HFD for 8 weeks without or with PPAR

weight gain and food intake were monitored, and, at the end of feeding-period e

performed. Then, the mice were sacrificed, and adipose tissues were isolated fo

(A) Body weight.

(B) Food intake.

(C) Glycemia during OGTT. Inset depicts area under the curve (AUC).

(D) Insulinemia during OGTT. Inset depicts AUC.

(E) ITT. Glycemia with time is shown as percentage of basal 0 min value.

(F) Energy expenditure under thermoneutrality (30�C) conditions (expressed as k

(G) UCP1 expression in visceral, inguinal, and brown adipose tissues (n = 6, eac

*p < 0.05, **p < 0.01, ***p < 0.001 versus WT-Vehicle; #p < 0.05 versus KO-Vehi

Cell
and female mice (Zhao et al., 2014). Intraperitoneal insulin tolerance test

(IP-ITT) was performed under fed conditions. Insulin was administered intra-

peritoneally at a dose of 0.75 U/kg body weight (BW). Blood was collected

at different times, and glycemia was monitored.

Cold-Induced Thermogenesis

Female ABHD6-KO and WT mice, maintained on HFD for 12 weeks, were

placed in individual cages at 4�C. Rectal temperature was monitored prior to

cold exposure and at indicated times during cold exposure for 3 hr.

PPARa Antagonist Treatment of Mice

Female ABHD6-KO and WT mice, kept on HFD for 8 weeks, were given

PPARa antagonist GW6471 once every 2 days (1 mg/kg BW) or vehicle,

intraperitoneally. Mice were then placed in metabolic cages at thermoneutral

condition (30�C), and respiratory exchange ratio, energy expenditure, and lo-

comotor activity were recorded. Then, lean and fat mass of these mice were

measured followed by OGTT and ITT. Then, the mice were sacrificed, and

visceral, inguinal, and brown fat tissues were isolated for gene expression

analysis.

Behavior Tests

Tests for assessing anxiety (elevated plusmaze and open field) and depressive

behavior (forced swimming) were conducted on ABHD6-KO and WT mice

(Sharma and Fulton, 2013).

Treatment of High-Fat-Diet-Fed Mice with ABHD6 Inhibitor

Male mice (6–8 weeks old) were fed 45% fat diet for 8 weeks. Mice received

either WWL70 at 10 mg/kg BW/day intraperitoneally or vehicle (controls). After

8 weeks, mice were sacrificed, and visceral fat was processed for UCP1

immunohistochemistry and browning-related gene expression.

Treatment of High-Fat-Diet-Fed Mice with ABHD6 Antisense

Oligonucleotide

A 20-mer phosphorothioate antisense oligonucleotide (ASO) against ABHD6

was designed and supplied by ISIS Pharmaceuticals (Thomas et al., 2013).

Male mice (6–8 weeks old) were fed a 45% fat diet for 8 weeks. One group

of mice was injected with ABHD6-ASO biweekly (25 mg/kg BW), and another

group was given control ASO. After 8 weeks, cold-induced thermogenesis at

4�C was assessed and the mice were sacrificed, and visceral fat was pro-

cessed for measuring browning-related gene expression.

Glucose Uptake and Fatty Acid Oxidation

Glucose uptake was measured using 0.1 mM [3H]-2-deoxyglucose (5 mCi;

PerkinElmer) in visceral fat and soleus muscle (Attané et al., 2011), and palmi-

tate oxidation was measured with 1 mM 1-14C]-palmitate (PerkinElmer) in

inguinal fat, visceral fat, brown fat, and soleus muscle (Attané et al., 2012), iso-

lated from ABHD6-KO and WT mice on HFD for 14 weeks.

PPAR Transactivation Assay

293T Cells were transfected with plasmids expressing PPARa, PPARb or

PPARg, PPAR response element-directed luciferase expression plasmid
se Tolerance, Insulin Sensitivity, Energy Expenditure, and Adipose

a antagonist GW6471 treatment (1 mg/kg; once every 2 days, i.p.). Daily body

nergy expenditure, lean and fat mass were assessed, and OGTT and ITT were

r measuring browning-related gene expression.

cal/kg metabolic mass), during light and dark phases and complete 24 hr.

h group).

cle. See also Figure S5.
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(PPRE X3-TK-luc) and Renilla luciferase control plasmid. The transfected cells

were starved overnight in DMEM without FBS and incubated in FBS-free

DMEM with 10 mM WWL70, 100 mM 1-palmitoylglycerol, 100 mM 1-oleoylgly-

cerol, 50 mM WY14643, 100 nM GW501516, 50 mM pioglitazone, or dimethyl-

sulfoxide vehicle for another 24 hr. Then, the cells were lysed and processed

for luciferase assay. PPRE-directed luciferase expression was normalized

with Renilla luciferase activity (internal control).

Analysis of Monoacylglycerol Species

Analysis of MAG species was as done previously (Zhao et al., 2014). Briefly,

total lipids were extracted from visceral and brown fat from ABHD6 WT and

KO mice. The extracted lipids were dissolved in 50 ml chloroform, and 1-

and 2-MAGs were separated on thin layer chromatography plates.

Monoacylglycerol Hydrolysis Activity

Adipose tissues from HFD-fed ABHD6-KO and WT mice were quickly washed

and homogenized in Krebs-Ringer bicarbonate hepes. Total MAG hydrolysis

activity was measured in the tissue homogenates using 5 mM 1-S-arachido-

noylthioglycerol and ThioGlo-1 (Covalent Associates) as fluorescent probe

(Zhao et al., 2014).

Effect of PPARa and PPARg Antagonists, In Vitro, on the Expression

of Genes Related to Adipose Browning

Differentiated 3T3-L1 cells (Kohanski et al., 1986) and human primary adipo-

cytes (Ahfeldt et al., 2012) and preadipocytes from ABHD6-KO and WT mice

were prepared (Liu et al., 2010) as described before. The differentiated adi-

pocytes were treated with 10 mM WWL70, 100 mM 1-oleoylglycerol in the

absence or presence of 1 mM PPARa antagonist GW6471 (Wang et al.,

2013), or 1 mM PPARg antagonist T0070907 (Lee et al., 2002) for 24 hr,

and then the cells were used for mRNA analysis of genes related to adipose

browning.

Oxygen Consumption Rates in Adipocytes

Differentiated mouse 3T3-L1 cells and human adipocytes were treated over-

night in DMEM medium with DMSO, 100 mM 1-oleoylglycerol, or 10 mM

WWL70, without and with 1 mM GW6471. Next day, the incubation medium

was replaced with unbuffered DMEM-based medium (Seahorse Bioscience)

with 25 mM glucose with or without various inhibitors. Cells were incubated

for 1 hr, and then the oxygen consumption rate was measured using XF

analyzer (Seahorse Bioscience).

Statistical Analysis

Statistical analysis was performed using one-way ANOVAwith Dunnett’s post-

test for multiple comparisons or two-way ANOVA with Bonferroni’s post-test

for multiple comparisons using GraphPad Prism. For browning gene expres-

sion results, comparisons were made by unpaired two-tailed Student’s

t test. Values are expressed as means ± SEM.
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