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Résumé 

Le cycle glycérolipides/acides gras libres (GL/FFA) est une voie métabolique clé qui relie le 

métabolisme du glucose et des acides gras et il est composé de deux processus métaboliques 

appelés lipogenèse et lipolyse. Le cycle GL/FFA, en particulier la lipolyse des triglycérides, 

génère diverses molécules de signalisation pour réguler la sécrétion d'insuline dans les cellules 

bêta pancréatiques et la thermogenèse non-frissonnante dans les adipocytes. Actuellement, les 

lipides provenant spécifiquement de la lipolyse impliqués dans ce processus sont mal connus. 

L’hydrolyse des triglycérides dans les cellules β est réalisée par les actions successives de la 

triglycéride lipase adipocytaire pour produire le diacylglycérol, ensuite par la lipase hormono-

sensible pour produire le monoacylglycérol (MAG) et enfin par la MAG lipase (MAGL) qui 

relâche du glycerol et des acides gras. Dans les cellules bêta, la MAGL classique est très peu 

exprimée et cette étude a démontré que l’hydrolyse de MAG dans les cellules β est 

principalement réalisée par l'α/β-Hydrolase Domain-6 (ABHD6) nouvellement identifiée. 

L’inhibition d’ABHD6 par son inhibiteur spécifique WWL70, conduit à une accumulation des 

1-MAG à longues chaines saturées à l'intérieur des cellules, accompagnée d’une augmentation 

de la sécrétion d'insuline stimulée par le glucose (GSIS). Baisser les niveaux de MAG en 

surexprimant ABHD6 dans la lignée cellulaire bêta INS832/13 réduit la GSIS, tandis qu’une 

augmentation des niveaux de MAG par le « knockdown » d’ABHD6 améliore la GSIS. 

L'exposition aiguë des monoacylglycérols exogènes stimule la sécrétion d'insuline de manière 

dose-dépendante et restaure la GSIS supprimée par un inhibiteur de lipases appelé orlistat. En 

outre, les souris avec une inactivation du gène ABHD6 dans tous les tissus (ABHD6-KO) et 

celles avec une inactivation du gène ABHD6 spécifiquement dans la cellule β présentent une 

GSIS stimulée, et leurs îlots montrent une augmentation de la production de monoacylglycérol 

et de la sécrétion d'insuline en réponse au glucose. L’inhibition d’ABHD6 chez les souris 

diabétiques (modèle induit par de faibles doses de streptozotocine) restaure la GSIS et 

améliore la tolérance au glucose. De plus, les résultats montrent que les MAGs non seulement 

améliorent la GSIS, mais potentialisent également la sécrétion d’insuline induite par les acides 

gras libres ainsi que la sécrétion d’insuline induite par divers agents et hormones, sans 

altération de l'oxydation et l'utilisation du glucose ainsi que l'oxydation des acides gras. Nous 

avons démontré que le MAG se lie à la protéine d’amorçage des vésicules appelée Munc13-1 
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et l’active, induisant ainsi l’exocytose de l'insuline. Sur la base de ces observations, nous 

proposons que le 1-MAG à chaines saturées agit comme facteur de couplage métabolique pour 

réguler la sécrétion d'insuline et que ABHD6 est un modulateur négatif de la sécrétion 

d'insuline. 

En plus de son rôle dans les cellules bêta, ABHD6 est également fortement exprimé dans les 

adipocytes et son niveau est augmenté avec l'obésité. Les souris dépourvues globalement 

d’ABHD6 et nourris avec une diète riche en gras (HFD) montrent une faible diminution de la 

prise alimentaire, une diminution du gain de poids corporel et de la glycémie à jeun et une 

amélioration de la tolérance au glucose et de la sensibilité à l'insuline et  ont une activité 

locomotrice accrue. En outre, les souris ABHD6-KO affichent une augmentation de la dépense 

énergétique et de la thermogenèse induite par le froid. En conformité avec ceci, ces souris 

présentent des niveaux élevés d’UCP1 dans les adipocytes blancs et bruns, indiquant le 

brunissement des adipocytes blancs. Le phénotype de brunissement est reproduit dans les 

souris soit en les traitant de manière chronique avec WWL70 (inhibiteur d’ABHD6) ou des 

oligonucléotides anti-sense ciblant l’ABHD6. Les tissus adipeux blanc et brun isolés de souris 

ABHD6-KO montrent des niveaux très élevés de 1-MAG, mais pas de 2-MAG. 

L'augmentation des niveaux de MAG soit par administration exogène in vitro de 1-MAG ou 

par inhibition ou délétion génétique d’ABHD6 provoque le brunissement des adipocytes 

blancs. Une autre évidence indique que les 1-MAGs sont capables de transactiver PPARα et 

PPARγ et que l'effet de brunissement induit par WWL70 ou le MAG exogène est aboli par les 

antagonistes de PPARα et PPARγ. L’administration in vivo de l’antagoniste de PPARα 

GW6471 à des souris ABHD6-KO inverse partiellement les effets causés par l’inactivation du 

gène ABHD6 sur le gain de poids corporel, et abolit l’augmentation de la thermogenèse, le 

brunissement du tissu adipeux blanc et l'oxydation des acides gras dans le tissu adipeux brun. 

L’ensemble de ces observations indique que ABHD6 régule non seulement l’homéostasie de 

l'insuline et du glucose, mais aussi l'homéostasie énergétique et la fonction des tissus adipeux. 

Ainsi, 1-MAG agit non seulement comme un facteur de couplage métabolique pour réguler la 

sécrétion d'insuline en activant Munc13-1 dans les cellules bêta, mais régule aussi le 

brunissement des adipocytes blancs et améliore la fonction de la graisse brune par l'activation 
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de PPARα et PPARγ. Ces résultats indiquent que ABHD6 est une cible prometteuse pour le 

développement de thérapies contre l'obésité, le diabète de type 2 et le syndrome métabolique. 

Mots-clés: Métabolisme énergétique, obésité, diabète de type 2, cycle glycérolipides/acides 

gras, AB-hydrolase domain 6, monoacylglycérol, cellule pancréatique beta, sécrétion 

d’insuline, résistance à l’insuline, brunissement des adipocytes, tissu adipeux brun   
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Abstract 

The glycerolipid/ free fatty acid (GL/FFA) cycle is a key metabolic pathway that links glucose 

and fatty acid metabolism and it consists of lipogenesis and lipolysis. GL/FFA cycling, 

especially in its lipolysis arm, generates various lipid signaling molecules to regulate insulin 

secretion in pancreatic ß-cells and non-shivering thermogenesis in adipocytes. Currently, the 

lipolysis-derived lipid signals involved in this process are uncertain.  

Triglyceride hydrolysis in mammalian cells is accomplished by the sequential actions of 

adipose triglyceride lipase to produce diacylglycerol, by hormone sensitive lipase to produce 

monoacylglycerol (MAG) and by MAG lipase (MAGL) that releases free fatty acid and 

glycerol. Our work shows that in pancreatic ß-cell, the classical MAGL is poorly expressed 

and that MAG hydrolysis is mainly conducted by the newly identified α/β-Hydrolase Domain-

6 (ABHD6). Inhibition of ABHD6 by its specific inhibitor WWL70, leads to long-chain 

saturated 1-MAG accumulation inside the cells, accompanied by enhanced glucose-stimulated 

insulin secretion (GSIS). Decreasing the MAG levels by overexpression of ABHD6 in the ß-

cell line INS832/13 reduces GSIS, while increasing MAG levels by ABHD6 knockdown 

enhances GSIS. Acute exposure of INS832/13 cells to various MAG species dose-dependently 

stimulates insulin secretion and restores GSIS suppressed by the pan-lipase inhibitor orlistat. 

Also, various biochemical and pharmacological experiments show that saturated 1-MAG 

levels species rather than unsaturated or 2-MAG species best correlate with insulin secretion. 

Furthermore, whole-body and β-cell-specific ABHD6-KO mice exhibit enhanced GSIS in vivo, 

and their isolated islets show elevated MAG production and GSIS. Inhibition of ABHD6 in 

low dose streptozotocin diabetic mice restores GSIS and improves glucose tolerance. Results 

further show that ABHD6-accessible MAGs not only enhance GSIS, but also potentiate fatty 

acid and non-fuel-induced insulin secretion without alteration in glucose oxidation and 

utilization as well as fatty acid oxidation. We have identified that MAG binds and activates the 

vesicle priming protein Munc13-1, thereby inducing insulin exocytosis. Based on all these 

observations, we propose that lipolysis-derived saturated 1-MAG acts as a metabolic coupling 

factor to regulate insulin secretion and ABHD6 is a negative modulator of insulin secretion. 

Besides its role in ß-cells, ABHD6 is also highly expressed in adipocytes and its level is 

increased with obesity. Mice globally lacking ABHD6 on high fat diet (HFD) show modestly 
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reduced food intake, decreased body weight gain, insulinemia and fasting glycemia and 

improved glucose tolerance and insulin sensitivity and enhanced locomotor activity. In 

addition, ABHD6-KO mice display increased energy expenditure and cold-induced 

thermogenesis. In accordance with this, these mice show elevated UCP1 level in white and 

brown adipocytes, indicating browning of white adipocytes. The browning phenotype is 

reproduced in the mice either chronically treated with the ABHD6 inhibitor WWL70 or an 

antisense oligonucleotides targeting ABHD6. White and brown adipose tissues isolated from 

whole body ABHD6 KO mice show greatly elevated levels of 1-MAG, but not 2-MAG. 

Increasing MAG levels by either exogenous administration of 1-MAG or ABHD6 inhibition 

or genetic deletion induces browning of white adipocytes in a cell-autonomous manner. 

Further evidence indicates that 1-MAGs can transactivate PPARα and PPARγ and the 

browning effect induced by WWL70 or exogenous MAG is abolished by PPARα and PPARγ 

antagonists. In vivo administration of the PPARα antagonist GW6471 to ABHD6 KO mice 

partially reversed the ABHD6-KO effects on body weight gain, and abolishes the enhanced 

thermogenesis, white adipose browning and fatty acid oxidation in brown adipose tissue. All 

these observations indicate that ABHD6 regulates not only insulin and glucose homeostasis 

but also energy homeostasis and adipose tissue function.  

Thus, ABHD6-accessible 1-MAG not only acts as a metabolic coupling factor to regulate fuel 

and non-fuel induced insulin secretion by activating Munc13-1 in beta cells, but also regulates 

glucose, insulin and energy homeostasis. The latter effects are mediated at least in part via 

browning of white adipocytes and enhanced brown fat function through the activation of 

PPARα and PPARγ. Collectively these findings suggest that ABHD6 is a promising target for 

developing therapeutics against obesity, type 2 diabetes and metabolic syndrome.  

Keywords: Energy metabolism, obesity, type 2 diabetes, glycerolipid/fatty acid cycling, AB-

hydrolase domain 6, monoacylglycerol, pancreatic ß-cell, insulin secretion, adipose browning, 

brown adipose tissue,  
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1. Introduction 

1.1 Energy metabolism, obesity and type 2 diabetes 

The survival of all species depends on energy homeostasis, a precise balance between energy 

intake and expenditure (Woods et al., 1998). Through evolution, human and animals have 

developed multiple and complex mechanisms to regulate energy homeostasis to regulate body 

weight (Ebbeling et al., 2012). In order to maintain normal body weight, energy intake needs 

to be equal to energy expenditure. Besides this, macronutrient oxidation also has to be 

balanced with macronutrient intake (Imbeault et al., 1997). Several decades ago, most people 

in the developed world needed to work hard physically to obtain sufficient food for 

consumption, and at that time, energy intake and energy expenditure were more well-balanced. 

However, in our modern society with rapidly developing technology, economic development 

and industrialization, there is a wide choice of highly caloric food at relatively low cost. Also 

more and more people prefer to choose meals rich in saturated fatty acids and starch but low in 

fiber, together with sugar-sweetened beverages (Mela, 2001). In conjunction with more 

sedentary lifestyle, energy from food intake has often considerably surpassed the daily energy 

expenditure. The surplus energy is predominantly stored in the form of triacylglycerol (TG) in 

the subcutaneous and visceral fat depots and other tissues, such as liver, and muscle thereby 

contributing to obesity among these people and this is particularly marked for individuals with 

low basal metabolic rate and physical activity (Alappat and Awad, 2010). 

As a result of imbalance between energy intake and energy expenditure, the incidence of 

obesity has increased greatly over the last decades and has become a major socio-economic 

burden all over the world, especially in developed countries. According to the American 

Diabetes Association, nearly one third of the total US (Halter et al., 2014) population is 

affected by obesity and a similar situation is observed in Canada. A report from the National 

Diabetes Surveillance System indicated that approximately 25% of all Canadian adults are 

obese as are 10% of the children (Anis et al., 2010).  

Obesity-associated systemic insulin resistance is generally thought to be a primary cause for 

many disorders, such as cardiovascular diseases, hypertension, and type 2 diabetes (T2D) 
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(Guo, 2014). The parallel rapid increase of individuals with obesity and T2D all over the 

world is striking and the term ‘diabesity’ has been created to emphasize the potential link 

between these two conditions (Astrup and Finer, 2000). Besides obesity-associated insulin 

resistance, insufficient insulin secretion resulting from beta cell dysfunction is another major 

cause of T2D and type 1 diabetes (T1D) (Eizirik and Darville, 2001; Kahn, 2003). According 

to the World Health Organization and the International Diabetes Federation, the number of 

diabetic patients has climbed from 100–135 million in 1994–1995 up to approximately 382 

million in 2013, and this number is expected to rise to 592 million by 2035 (Guariguata et al., 

2014). In Canada, approximately 1.9 million men and women have been diagnosed with 

diabetes in 2005-2006, which represents about 1 in 17 Canadians - 5.5% of all women and 6.2% 

of all men. According to recent statistics in 2013, more than 9 million Canadians live with 

undiagnosed or diagnosed diabetes or pre-diabetes (Baillot et al., 2014).  

1.1.1 Glucose and lipid metabolism in obesity and type 2 diabetes 

Impaired metabolism of glucose and lipid is observed in humans with obesity and T2D 

(Fujioka et al., 1987). Glucose metabolism in mammalian cells requires specific transporter to 

transport glucose inside the cells. The translocation of the glucose transporter 4 (GLUT4) from 

cytoplasm to plasma membrane is regulated by the insulin signaling pathway. However, 

insulin resistance in subjects with obesity or T2D curtails the translocation of GLUT4 to the 

plasma membrane and thus glucose metabolism inside the cells, in particular in skeletal 

muscle,  is impaired, leading to hyperglycemia, a hallmark of T2D (Mackenzie and Elliott, 

2014). The main pathway for glucose utilization is its oxidation through glycolysis and Krebs 

cycle to produce energy. In the case of obesity or T2D, nutrient oversupply leads to excess 

ROS production in the mitochondria or increases ER work load, and eventually causes 

oxidative and ER stress, which in turn have detrimental effects on cellular function. Also, if 

the TCA cycle is saturated with intermediates, some of the glucose carbons enter other 

metabolic pathways, which will generate metabolites that become toxic when in excess, such 

as lysophospatidate (LPA), 1,2 diacylglycerol (DAG) and ceramides, which further affect cell 

function (Nolan and Prentki, 2008; Poitout and Robertson, 2002).  

Lipid metabolism is also altered in subjects with obesity and T2D. Many cells predominately 

use glucose rather than lipids as energy source when they coexist in abundance (Hue and 
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Taegtmeyer, 2009). In subjects with obesity and T2D, glucose supply is always present, and 

fatty acid oxidation is under strong inhibition, and thus most of the lipid precursors enter 

esterification pathway producing triglycerides (TG) and additional complex lipids, for storage 

in the adipocytes, which further contributes to obesity (Zechner et al., 2012). Once the 

limitation for fat storage in the adipocytes is reached, the newly synthesized fat is ectopically 

accumulated in  muscle tissues and liver, and further contributes to insulin resistance and 

increased circulating glucose levels (Shulman, 2014).  

1.1.2 Glycerolipid/ free fatty acid (GL/FFA) cycling  

GL/FFA cycling, previously named as triacylglycerol/ free fatty acid cycling (TG/FFA 

cycling), was first described in 1965. With the rapidly increasing knowledge of the 

mechanisms of obesity and diabetes and the implication of altered lipogenesis and lipolysis in 

these diseases, it is gradually becoming evident that this cycling is located at the center of 

metabolic networks, tightly linking glucose and FFA metabolism, with important roles in 

regulating many signaling molecules controlling numerous biological processes (Prentki and 

Madiraju, 2008, 2012). 

1.1.2.1 Enzymology and metabolites 

GL/FFA cycling is active under both fed and fasting states and occurs in almost every cell, 

tissue, organ and organism. The biological process of this cycle involves the esterification of 

FFA onto a glycerol backbone to synthesize glycerolipids followed by their hydrolysis with 

the release of the FFA that can be re-esterified to reenter the cycle (Prentki and Madiraju, 

2008). Lipogenesis and lipolysis, two essential parts of GL/FFA cycling, were generally 

regarded as two separate independent processes. In the Prentki`s laboratory, we found that 

these two processes are closely linked to each other: thus some TG, once synthesized during 

lipogenesis, goes through lipolysis to generate glycerol and FFA. 
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incorporated into phospholipids (PL) (Vance and Tasseva, 2013). Following lipogenesis, the 

synthesized metabolites, such as TG, DAG and phospholipids (PL), could go through lipolysis 

process. The full lipolysis process involves the complete breakdown of TG into glycerol and 

FFA (Prentki et al., 2013b; Zechner et al., 2012). In this process, TG is first degraded to DAG 

by the enzyme adipocytes triacylglycerol lipase (ATGL) (Smirnova et al., 2006), and then 

DAG is hydrolyzed to monoacylglycerol (MAG), catalyzed by hormone sensitive lipase (HSL) 

(Vaughan et al., 1964) and DAG lipase (DAGL) (Bisogno et al., 2003), and finally MAG is 

hydrolyzed to glycerol and FFA using the enzyme monoacylglycerol lipase (MAGL) 

(Fredrikson et al., 1986) and α/β-Hydrolase Domain-6 (ABHD6) (Blankman et al., 2007a; 

Zhao et al., 2014). 

It is now well-accepted that the GL/FFA cycle is under stringent control via separate enzymes 

for forward and backward reactions. The rate-limiting step in this cycle lies in the initial step 

using glycerol-3-phosphate and fatty acid-CoA to produce LPA (Pages et al., 2001). So the 

enzyme glycerol-3-phosphate acyltransferase (GPAT) involved in this step is of special 

importance. Currently, four isoforms of GPAT have been cloned and identified, viz., GPAT1 

to GPAT4. GPAT1 and GPAT2 are mainly localized in the mitochondria, while GPAT3 and 4 

are in the endoplasmic reticulum (ER) (Wendel et al., 2009). Mitochondrial GPAT1 has been 

characterized more thoroughly than the other isoforms and shown to represent more than 50% 

of total enzymatic activity (Wendel et al., 2013). GPAT1 deficient mice display markedly 

lower hepatic TG and DAG concentration, and are protected from hepatic steatosis (Xu et al., 

2006) and hepatic insulin resistance possibly because of a lower DAG-mediated PKC 

activation (Neschen et al., 2005). Further study using metabolomics analysis shows that 

several metabolites, including palmitate, 1-mono-16:0-acyl-glycerol, 1,2-di-16:0-acyl-glycerol 

are decreased, and other metabolites involved in carbohydrate metabolism are increased in the 

GPAT1 KO mice (Li et al., 2010), which may provide important clues to explain high insulin 

sensitivity in these mice. Besides GPAT1, mice deficient in GPAT4 have also been generated 

(Nagle et al., 2008), and these mice show 49% lower total GPAT activity and exhibit a 25% 

reduction in body weight and resistance to both diet-induced and genetically induced obesity 

with increased thermogenesis (Vergnes et al., 2006).  
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The second enzyme involved in this cycle is 1-acyl-sn-glycerol-3-phosphate acyltransferase 

(AGPAT), also named as lysophophatidic acid acyltransferase (LPAAT), catalyzing the 

reaction from LPA to PA. Several isoforms of LPAAT have been identified, and only 

AGPAT1 and AGPAT2 show high activity (Agarwal et al., 2011). Mice deficient in AGPAT2 

develop severe lipodystrophy affecting both white and brown adipose tissues, displaying 

extreme insulin resistance, diabetes, and hepatic steatosis associated with high expression of 

lipogenic genes and high rates of de novo fatty acid biosynthesis (Cortes et al., 2009).  

PA phosphatase (PAP) is responsible for converting PA to DAG. In mammals, two types of 

PAP (PAP1 and PAP2) have been recognized (Takeuchi and Reue, 2009). PAP-1 is found 

mainly in the ER and believed to be involved in the synthesis of TG and PL. PAP-2 is located 

near the plasma membrane and may be producing DAG from PA released from membrane. 

The next important enzyme involved in acylating DAG to TG is diacylglycerol acyltransferase 

(DGAT), with important roles in regulating energy storage and metabolism (Smith et al., 

2000). Two types of DGAT (DGAT1 and DGAT2) exist in the mammals. DGAT1 has been 

reported to be highly expressed in skeletal muscle, intestine as well as other tissues, whereas 

DGAT2 is mostly expressed in the adipocytes and liver. Overexpression of DGAT1 in rat 

islets has been shown to increase palmitate incorporation into TG resulting in a modest 

accumulation in TG content and decreased glucose-stimulated insulin secretion, which may be 

due to “glucolipotoxicity” (Poitout and Robertson, 2002). DGAT-1 knockout mice were 

shown to have increased insulin sensitivity and enhanced glucose tolerance, and protected 

from diet induced obesity (Harris et al., 2011); DGAT2 also plays a fundamental role in 

mammalian triglyceride synthesis and is required for survival based on the fact that DGAT2-

deficient mice are lipopenic and die soon after birth, apparently from profound reductions in 

substrates for energy metabolism and from impaired permeability barrier function in the skin 

(Yen et al., 2008). Also in both KO mice, DGAT1 was unable to compensate for the absence 

of DGAT2, supporting the hypothesis that the two enzymes play fundamentally distinct roles 

in mammalian triglyceride metabolism.  

The process of lipolysis is also highly dependent on several enzymes, depending on different 

reactions. TG hydrolysis is conducted by adipose TG lipase (ATGL), (previously named 

desnutrin and patatin-like domain containing phospholipase A2, PNPLA2) (Smirnova et al., 
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2006), which is the rate-limiting step of lipolysis. It is now known that ATGL when stimulated 

by CGI58, hydrolyses TG at sn-1 position (Mayer et al., 2015), releasing 2,3-DAG, which is 

not known as a signaling molecule as 1,2-DAG. On the other hand, ATGL when not 

associated with CGI58, prefers to hydrolyze TG at the sn-2 position, producing 1,3-DAG 

(Eichmann et al., 2012).  

The product of TG hydrolysis is either 2,3 DAG or 1,3 DAG, and both of these are hydrolyzed 

by hormone sensitive lipase (HSL) to generate either 2- or 1-MAG. However, the membrane-

bound sn-1 DAG lipase hydrolyzes 1,2-DAG that primarily arises from phospholipase C 

action on the membrane phospholipids. HSL displays a broad specificity for its substrates in 

vitro, including TG, DAG, MAG and cholesterol esters (CE). However, under in vivo 

conditions and inside the cells HSL preferentially hydrolyzes DAG to MAG, than TG to DAG 

and far better than MAG to glycerol (Fredrikson et al., 1981). The activity of HSL is markedly 

activated by protein kinase A and cAMP raising agents. sn-1 DAG lipases show high activity 

in brain and pancreatic beta cells compared to other tissues. This enzyme shows remarkable 

specificity to sn1,2-DAG containing arachidonic acid (AA) at position 2 and releases 2-

arachidonoylglycerol (2-AG), an endocannabinoid, which is an important signaling molecule 

for activating CB-1 and CB-2 receptors (Hoover et al., 2008).  

Hydrolysis of MAG is mainly conducted by the classical MAGL in many tissues. Besides the 

classical MAGL, other enzymes that can hydrolyze MAG have been identified recently and 

these include α/β- Hydrolase domain 6 (ABHD6) and ABHD12. MAGL is highly expressed in 

adipose tissue, liver and brain and responsible for most of the MAG hydrolysis activity in 

these tissues. MAGL is mainly a cytosolic enzyme. ABHD6 and ABHD12 are shown to 

hydrolyze MAG in brain, and both of the enzymes account for 15% of total MAG hydrolysis 

activity. ABHD6 and ABHD12 are located in the plasma membrane, with the catalytic site of 

ABHD6 facing the cytosolic side of the membrane, and the catalytic site of ABHD12 facing 

the exterior of the cell. (Blankman et al., 2007a). ABHD6 is shown to be widely expressed in 

many tissues, including pancreatic islets, liver, adipose tissue and brain, while the tissue 

distribution of ABHD12 is not very clear. Besides their MAG hydrolyzing activity, ABHD6 

and ABHD12 are also shown to hydrolyze other substrates with lower efficiency. Recently, 

ABHD6 is shown to hydrolyze lysophospholipids such as lysophosphatidylcholine (Thomas et 
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al., 2013) and also bis(monoacylglycero)phosphate (Pribasnig et al., 2015), even though the 

physiological relevance of these activities in vivo is not known. Similarly, ABHD12 is also 

shown to be the major brain lysophosphatidylserine (lyso-PS) lipase. Genetic deficiency of 

ABHD12 in humans leads to a neurodegenerative disease called polyneuropathy, hearing loss, 

ataxia, retinitis pigmentosa and cataract (PHARC) (Blankman et al., 2013). 

1.1.2.2 Role in cellular signaling and fuel detoxification 

As indicated above, GL/FFA cycling consists of multiple steps, catalyzed by separate enzymes 

in its lipogenic and lipolytic arms. Such a complex enzyme system offers several “regulating 

points” to better and more conveniently control this cycling, in order to meet the diverse needs 

of signaling metabolite supply for biological functions. Disturbance of this cycle leads to a 

wide range of pathophysiological conditions, including obesity, T2D, hypertension, 

cardiovascular disease and cancer (Prentki and Madiraju, 2008, 2012). 

The GL/FFA cycle is able to generate signaling molecules regulating numerous biological 

functions. These roles could be grouped into three categories: established roles, emerging or 

likely roles and candidate roles (Figure 2). The established role refers to thermogenesis. In 

mammals, maintenance of body temperature is at least in part, if not largely dependent on 

lipolysis, an essential part of GL/FFA cycling. FFA released from lipolysis can activate 

mitochondrial uncoupling proteins (UCPs), which dissociate the respiration from ATP 

production to dissipate the respiratory energy as heat. Different rodent models, which show 

some defects in lipolysis, such as ob/ob mice, ATGL-KO mice and Zucker fatty rats, show 

intolerance to cold exposure, and the main reason for this may be due to their inability to 

increase lipolysis to generate sufficient heat to maintain normal body temperature 

(Triandafillou and Himms-Hagen, 1983). 
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molecules) this cycle releases energy in the form of heat. Thus, several steps in this cycling 

involve ATP usage, such as conversion of FFA into fatty acid-CoA and LPA and PA synthesis 

by acylglycerol kinase enzymes. The released heat is necessary to maintain normal body 

temperature. 

Another emerging role of GL/FFA cycling is to regulate gene expression. Some intermediates 

generated in the cycling, such as DAG, could directly or indirectly activate hypoxia inducible 

factor 1alpha (HIF-1α), a transcription factor that regulates the expression of various 

glycolytic enzymes, vascular endothelial growth factor (VEGF) and cell survival. Recently, 

protein lysine acetylation has emerged as a key posttranslational modification in cell function 

regulation (Zhao et al., 2010), and some studies showed that lysine acetylation is a prevalent 

modification of enzymes that participate in intermediary metabolism according to cellular 

nutrition conditions. GL/FFA cycle is a highly active metabolic pathway, which continuously 

uses NADH and regenerates NAD, which is a substrate for the protein deacetylation enzymes, 

sirtuins, which regulate a wide range of cellular functions including gene expressions (Haigis 

and Guarente, 2006). Thus it is also possible that GL/FFA cycle controls gene expression by 

regulating redox state, sirtuin activity and protein lysine deacetylation. Also, because of the 

ability of GL/FFA cycle to activate sirtuins, which are well known for their involvement in 

promoting longevity, the possibility that GL/FFA cycle indirectly contributes to longevity 

exists (Park et al., 2013b). 

GL/FFA cycle may also be implicated in the regulation of cell survival and proliferation 

through the distribution of metabolites into tissues and avoiding their toxic build up. High 

circulating levels of FFA in combination with elevated glucose levels (glucolipotoxicity) is 

toxic to non-adipose cells, such as beta cells, as these metabolites can disturb many cellular 

processes, in particular mitochondrial function and energy homeostasis (van Raalte and 

Diamant, 2011). Several reports have shown that TG accumulation in non-adipose cells could 

be regarded as a defensive mechanism against acute FFA toxicity (Cheon and Cho, 2014). TG 

build-up, together with highly active GL/FFA cycle could protect the cells as long as the cells 

retain the ability to hydrolyze TG to maintain normal amount of TG. The role of the GL/FFA 

cycle in the regulation of insulin secretion will be discussed in the next chapter in details. 

 



 

 

 

28

1.1.2.3 Regulation of MAG levels in mammalian cells 

The levels of MAG inside the cells are generally regulated by the synthesizing enzymes and 

degrading enzymes. MAG is mainly produced from lipolysis process through hydrolysis of 

DAG by HSL and DAGL. Overexpression of ATGL, the rate-limiting step in lipolysis was 

shown to increase the release of glycerol and FFA (Pulinilkunnil et al., 2013) and probably 

leads to elevated MAG in cells. Deletion of ATGL in mice leads to large amounts of TG 

accumulation, reduced glycerol and FFA release (Huijsman et al., 2009) and probably results 

in lowered MAG levels.  

For MAG metabolizing enzymes, three different enzymes, including MAGL, ABHD6 and 

acyl CoA: monoacylglycerol acyltransferase (MGAT), have been identified. MAGL is 

considered as the main MAG hydrolyzing enzyme. MAGL is highly expressed in various 

tissues, including different fat depots, liver and brain (Taschler et al., 2011). Deletion of 

MAGL in mice leads to MAG accumulation in liver, adipose and brain, and protects mice 

from high fat diet (HFD)-induced insulin resistance as it reduces circulating FFA levels in the 

plasma. Even in the adipocytes isolated from MAGL KO mice, some MAG hydrolysis activity 

is still detectable, indicating that other enzyme(s) can hydrolyze MAG to a significant extent 

(Taschler et al., 2011). In 2007, another two enzymes ABHD6 and ABHD12 were identified 

using activity based protein profiling methods in  brain tissue (Blankman et al., 2007a), and 

these two enzymes were shown to contribute to 15% of the total MAG lipase activity in the 

brain, while classical MAGL is responsible for the remaining 85%. Recent studies have shown 

that ABHD6 is highly expressed in several tumor cell lines, such as the breast cancer cell line 

MCF7, but the significance of this high expression is not clear (Li et al., 2009; Max et al., 

2009). Another report demonstrated that inhibition of ABHD6 in brain produced the 

cannabinoid effect via accumulation of 2-AG, indicating the important roles of ABHD6 in 

regulating cell function (Marrs et al., 2010; Tchantchou and Zhang, 2013). However, the 

relative importance of ABHD6 in other tissues, including beta cells, adipose and liver, is not 

yet determined.  

MGAT is another enzyme that uses MAG as substrate to synthesize DAG (Shi and Cheng, 

2009). This enzyme is mainly expressed in the intestine and responsible for uptake of MAG 

released from nutrient digestion. Mice deficient in MGAT2 are protected from diet induced 
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obesity and metabolic disorders with increased thermogenesis. Consistent with this result, 

intestine-specific deletion of MGAT2 in mice reproduces the effect of global deletion (Nelson 

et al., 2014). Surprisingly, expression of MGAT1 in the liver is very low, however, deletion of 

this enzyme specifically in liver produces strong beneficial effects in glucose homeostasis 

(Hall et al., 2014). However, in all these KO mice models, MAG levels inside the cells were 

not measured and thus we cannot attribute the beneficial effects to MAG accumulation. 

1.2 Pathogenesis of type 2 diabetes 

1.2.1 The various forms of type 2 diabetes  

In simple terms, T2D can be defined as the pathological situation where the amount of 

secreted insulin is insufficient to match the increasing needs of tissues with high degree of 

insulin resistance, resulting in hyperglycemia, the hallmark of diabetes (Prentki and Nolan, 

2006). However, T2D is a complex metabolic disorder with a multitude of mechanisms for its 

causes, including both genetic (Morris et al., 2012; Sladek et al., 2007) and environmental 

factors (Figure 3). Depending on body mass index (BMI) of the subjects with freshly 

diagnosed T2D, T2D can be classified into two major groups: lean T2D and obese T2D (Perry 

et al., 2012). Lean T2D is usually found in elderly and in poor and developing countries. The 

onset of this lean T2D in some individuals is due to insufficient adipocyte development 

because of poor nutrition during childhood. The typical mouse model of lean T2D is low-dose 

streptozotocin-induced diabetes with normal fasting insulinemia, whereas in type 1 diabetes 

there are very low to non-detectable levels of insulin in the plasma. Obese T2D is the major 

form and represent most of the cases of T2D. The causes of obese T2D are complex, but we 

should put some emphasis on the environmental factors, as genetic modifications cannot occur 

in a short time frame and the genetic factors alone do not explain the pandemic of obese T2D. 
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T2D accounts for approximately 90 to 95 percent of all cases of diabetes and nearly 3 million 

Canadians suffered from T2D in 2010. Incidence of T2D is strongly associated with obesity, 

older age, family history of diabetes, previous history of gestational diabetes, physical 

inactivity and ethnicity (Stumvoll et al., 2005). There has been an alarming increase in 

childhood obesity associated with T2D (Lloyd et al., 2012). However, nationally 

representative data on prevalence of T2D in youth are not available. 

The symptoms of T2D develop gradually with time. T2D is virtually considered as a chronic 

syndrome rather than an acute disease, such as anemia and hypothyroidism. Despite the lack 

of overt symptoms for T2D, unless the hyperglycemia is well controlled through 

pharmacological, nutritional or physical intervention, the function of several tissues and 

organs, such as kidney, nerves and eyes is gradually compromised (1998; Amos et al., 1997). 

Thus untreated or poorly-treated T2D can become a serious health and social problem as a 

result of secondary complications (Renard, 2009), greatly reducing the quality of life and even 

life span. With huge efforts made in elucidating the mechanisms of the onset and progression 

of T2D, some crucial factors, such as obesity-driven insulin resistance, adipose, liver and beta 

cell dysfunction, greatly contribute to the pathogenesis of T2D.  

The global obesity epidemic significantly contributes to the rapid increase in T2D. Insulin 

resistance directly links obesity with T2D. However, obesity-induced insulin resistance is not 

the only cause for T2D and may even be protective for tissues such as the heart and skeletal 

muscle (Nolan et al., 2015). Hyperglycemia appears only when beta cells are unable to secrete 

sufficient insulin to compensate for the insulin resistance in peripheral tissues. Thus, obesity-

induced insulin resistance and beta cell dysfunction are two major risk factors for the onset of 

T2D (Prentki and Nolan, 2006; Reaven, 1997). We will further discuss these two factors in 

more detail in the following chapters. 

1.2.2 Obesity-induced insulin resistance 

How does obesity cause insulin resistance? The question cannot be answered in a simple way. 

With huge efforts made in the past decades, major advance in our understanding of the 

relationship between obesity and insulin resistance has been greatly improved. Large number 

of metabolites and hormones, and inflammatory, neural and cell-intrinsic pathways are shown 
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to be affected by obesity. It is possible that some of these factors act either independently or 

synergistically to induce insulin resistance. Better understanding of the mechanism regarding 

obesity leading to insulin resistance may offer more efficient and powerful approaches to 

prevent or treat obesity-associated insulin resistance and its associated metabolic disorders. 

1.2.2.1 Elevated free fatty acids in obesity and insulin resistance 

FFA levels in the plasma of obese individuals are increased, and positively correlate to the 

degree of insulin resistance (Capurso and Capurso, 2012). Increased FFA is mainly generated 

from lipolysis in the adipocytes. In general, in the fasting state, insulin levels are decreased 

with elevated glucagon levels, and the increased glucagon will lead to the elevated activity of 

the lipase enzymes, in particular HSL, and lipolysis in the adipocytes. FFA generated in the 

lipolysis is taken up by other tissues, such as liver and muscle, where they go through fatty 

acid oxidation and provide energy. However, in obesity, the regulation of lipolysis enzymes in 

adipose tissues is disrupted, as insulin cannot suppress lipolysis, resulting in elevated lipolysis 

generated FFA in the plasma (Arner and Langin, 2014).  

FFA may exert its effect on insulin signaling pathway mainly via intracellular metabolism in 

other tissues. Elevated FFA levels are associated with increased DAG, ceramide or acetyl-

CoA. 1,2-DAG is a well-known second messenger, and through binding to C1-domain, it 

activates PKC, causing its translocation from cytoplasm to plasma membrane. Activated PKC 

phosphorylates insulin receptor and inhibits insulin signaling pathway (Yu et al., 2002). 

Deletion of PKCζ in liver protects the mice from obesity-induced insulin resistance, indicating 

DAG-PKC pathway contributes to FFA-induced insulin resistance in liver and muscle 

(Matsumoto et al., 2003; Perry et al., 2014; Samuel and Shulman, 2012). Besides DAG, 

ceramides also increase with prolonged FFA treatment, and their roles in insulin resistance are 

well-established (Holland et al., 2007). It has been shown that plasma ceramides are elevated 

in obese subjects with T2D and correlate with the severity of insulin resistance (Haus et al., 

2009; Kanety et al., 1996). Inhibition of ceramide synthesis ameliorates glucocorticoid-, 

saturated fat- and obesity-induced insulin resistance via different mechanisms: first, ceramides 

possibly phosphorylate IRS-1 on inhibitory serine/ threonine residues through activation of 

extracellular signal-regulated kinase 2, JNK and P38 (Kanety et al., 1996); second, ceramides 

may directly block PI3K under unstimulated states; however, this observation is still under 
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debate (Hla and Kolesnick, 2014; Turpin et al., 2014); third, ceramides can directly inhibit Akt 

by activating protein phosphatase 2A or by activating PKCζ, which inhibits Akt translocation 

to the plasma membrane (Powell et al., 2004; Teruel et al., 2001).  

1.2.2.2 Adipocytes secreted adipokines and insulin resistance 

Adipose tissue participates in regulating energy homeostasis via secretion of adipokines, such 

as leptin and adiponectin (Rosen and Spiegelman, 2014). In response to excess energy intake, 

adipose tissue expansion, by the formation of new adipocytes or enlarging the existing 

adipocytes, is necessary to avoid the lipotoxic effects. With adipocyte remodeling, the 

adipokine secretion is also changed accordingly.  

Among the adipokines, the functions of leptin and adiponectin are best understood (Meier and 

Gressner, 2004). Leptin is a hormone that directly regulates energy homeostasis by regulating 

energy intake and modulating energy expenditure, and its secretion is positively correlated to 

obesity (Moran and Phillip, 2003). The discovery of leptin was once regarded as a cure for 

obesity; however, leptin resistance in the brain makes it impossible to treat human obesity in 

the context of excess food intake (Caro et al., 1996). Adiponectin was identified in 1995 and 

1996 by two different groups, and is specifically expressed in different adipose depots, such as 

visceral fat and brown fat (Matsuzawa, 2005). Further studies indicated that circulating 

adipinectin level is decreased with obesity, and restoring its levels curtails insulin resistance in 

different animal models (Yamauchi and Kadowaki, 2013). In line with this, mice deficient in 

adiponectin are glucose intolerant and show severe insulin resistance, associated with 

increased circulating FFA levels (Maeda et al., 2002). Various mechanisms are proposed to 

explain the beneficial effects of adiponectin in energy homeostasis. It has been demonstrated 

that adiponectin can increase FFA oxidation and reduce hepatic glucose output (Xu et al., 

2003; Yamauchi et al., 2002), while in the muscle, it activates the energy sensor AMPK to 

increase glucose uptake and usage as well as fatty acid oxidation (Yoon et al., 2006).   

1.2.2.3 Obesity-associated inflammation and insulin resistance 

Chronic inflammation builds a crucial link between obesity and insulin resistance (Dandona et 

al., 2004). It is well accepted that the circulating inflammation markers, such as TNF alpha, 

IL-6 and C-reactive protein, are elevated in obese individuals, and these markers are predictive 
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of future development of T2D (Mugabo et al., 2010; Mugabo et al., 2011). Activation of 

inflammation pathway is directly associated with systemic insulin resistance in different 

tissues, such as liver (Gauthier et al., 2011). In white adipose tissue, obesity increased 

macrophage infiltration, which leads to local inflammation. Inhibition of macrophage 

infiltration in the adipose ameliorates obesity-induced insulin resistance (Apovian et al., 2008).  

With respect to the mechanisms related to inflammation and insulin resistance, several 

signaling proteins, such as JUN N-terminal kinase 1(JNK1) (Hirosumi et al., 2002), IKKβ 

(Arkan et al., 2005), and SOCS proteins (Ueki et al., 2005; Ueki et al., 2004) have been 

implicated in this process. Many inflammation markers, such as TNF activate JNK1 

(Nguyen et al., 2005). In obese animal models, such as ob/ob mouse, or diet-induced obese 

mouse, JNK1 activity in different tissues positively correlates with inflammation markers and 

insulin resistance (Han et al., 2013). Suppression of JNK activity in liver improves obesity-

induced insulin resistance and energy homeostasis, emphasizing the importance of this 

pathway in the liver (Seki et al., 2012). Further studies have shown that JNK-1 directly acts 

through insulin signaling pathway via serine phosphorylation of IRS-1 (Lee et al., 2003); 

IKKβ has been shown to be a mediator of TNFα-induced insulin resistance. Transgenic mice 

with constitutive expression of IKKβ in liver show activation of NFĸB, and systemic insulin 

resistance. In line with this, inhibition of IKKβ by high dose of aspirin (Yuan et al., 2001) 

(Yin et al., 1998) improves insulin resistance in obese individuals with T2D. Furthermore, 

IKKβ directly phosphorylates IRS-1 on serine residues (Zhang et al., 2008). Besides JNK1 and 

IKKβ, SOCS proteins (SOCS1, SOSC3 and SOCS6) have also been shown to be implicated in 

inflammation-induced insulin resistance. SOCS3 protein levels are increased with obesity. 

Inhibition of SOCS3 protein activity increases insulin sensitivity, while overexpression of 

SOCS1 and SOCS3 in liver decreases insulin sensitivity. Furthermore, SOCS proteins work 

through insulin signaling pathway by phosphorylation of IRS-1 on serine residues.  

1.2.2.4 Neural mechanisms links to obesity-induced insulin resistance 

The central nervous system (CNS) receives various signals from peripheral tissues, such as 

insulin from beta cells and leptin from adipocytes, and signals from local nutrient metabolism, 

such as oleate and ketone bodies, and integrates all this information, and sends signals to 
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control food intake and metabolism in peripheral tissues to balance energy intake, storage and 

expenditure.  

The central role of leptin and insulin in the regulation of energy metabolism in peripheral 

tissues is well-accepted (Balthasar et al., 2004; Plum et al., 2006). Lipodystrophic and leptin-

deficient mice show high degree of insulin resistance, and this can be reversed by central 

administration of leptin. Also, deletion of insulin receptors in the hypothalamus leads to 

insulin resistance and elevated glucose output in liver and impaired energy homeostasis. 

Multiple evidences show that the central effect of insulin and leptin depends on signal 

transducer and activator of transcription (STAT) 3 (Bates et al., 2003). It has been shown that 

STAT3 accounts for essential effects of leptin in energy homeostasis and deletion of STAT3 

in mice mirrors the mice with deletion of leptin receptors (Takeda et al., 1997).   

In addition to leptin and insulin, local brain FFA and its metabolism have also proven to be 

implicated in regulation of energy homeostasis. With obesity, increased circulating levels of 

FFA in the brain lead to hepatic insulin resistance, which is recaptured by central infusion of 

high amounts of oleate (Obici et al., 2002). Also, central administration of a carnitine 

palmitoyltransferase-1 (CPT-1) inhibitor, which reduces fatty acid oxidation, ameliorates liver 

insulin resistance (Kim et al., 2004). The beneficial effects of CPT1 inhibitor are partially 

mediated by activation of vagal efferent fibers connecting between the brain and liver.  

Disturbed circadian rhythm is one of the risk factors in insulin resistance and T2D 

(Perciaccante et al., 2006). It is well-documented that the CLOCK transcription factor is one 

of the essential components of the circadian clock within hypothalamic neurons. Deletion of 

Clock in mice leads to a disturbed feeding behavior, and increased susceptibility to diet-

induced obesity with hyperleptinemia, hyperlipidemia, hepatic steatosis, hyperglycemia, and 

hypoinsulinemia, indicating that circadian rhythm works via central mechanism to regulate 

energy homeostasis (Rudic et al., 2004).  

1.2.3 Beta cell dysfunction and its underlying mechanisms 

The main role of the beta cell is to secrete insulin in response to different signals in order to 

maintain glycemia in a narrow range. In the context of insulin resistance, beta cells need to 

secrete higher amounts of insulin to compensate increased needs of tissues. Hyperglycemia 
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conditions (Harmon et al., 1999). After chronic high glucose exposure, several commonly 

used beta cell lines, such as HIT-T15 and INS-1 as well as rodent and human islets show 

reduced glucose-stimulated insulin secretion (GSIS) and also reduced insulin content (Boyd 

and Moss, 1993; Olson et al., 1993). In line with this, insulin promoter activity and pancreas-

duodenum homobox-1 (PDX-1) and MafA binding activity to the insulin promoter are also 

decreased (Sharma et al., 1995; Ye et al., 2006). Similar results have been obtained in rat islets 

cultured ex vivo for up to six weeks (Jacqueminet et al., 2000). 

The proposed mechanism with regard to glucotoxicity is closely related to the remodeling of 

glucose metabolism in the beta cell (Robertson et al., 2003). Instead of glucose being 

metabolized via glycolysis and Krebs’ cycle, additional pathways are activated that include 

glyceraldehyde autoxidation, lipogenesis with DAG formation and PKC activation, sorbitol 

metabolism leading to the accumulation of reactive oxygen species (ROS) (Poitout and 

Robertson, 2002). Due to poor defense mechanisms against ROS available in the beta cells 

(low levels of superoxide dismutases and virtually no expression of catalase or glutathione 

peroxidase), ROS produced from altered glucose metabolism pathways eventually leads to 

beta cell dysfunction. In support of this hypothesis, beta cells with overexpression of 

glutathione peroxidase preserve intra-nuclear MafA binding activity and beta cell function, 

and thus slow down the progression of diabetes in db/db mice (Harmon et al., 2009).  

Due to the role of increased oxidative stress in causing glucotoxicity, some antioxidants may 

be beneficial in protecting beta cell from this insult. This hypothesis has been supported in 

studies using the anti-oxidants N-acetylcysteine and aminoguanidine. In the Zucker Diabetic 

Fatty (ZDF) rats, treatment with these antioxidants has been shown to decrease markers of 

oxidative stress and improve glucose tolerance (Briaud et al., 1999). In db/db mice, treatment 

with N-acetylcysteine enhanced insulin secretion, ameliorated glycemia, reduced apoptosis 

and increased beta cell mass (Kaneto et al., 1999). 

1.2.3.2 Lipotoxicity 

The concept of lipotoxicity is derived from the phenomenon that T2D is commonly associated 

with elevated levels of TG and FFA in the plasma. Similar to glucotoxicity, lipotoxocity refers 

to chronically elevated levels of FFA eventually causing beta cell dysfunction (Gremlich et al., 
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1997). Different fatty acid species have distinct effects in inducing beta cell apoptosis. 

Saturated fatty acids, such as palmitate and stearate have strong effect in inducing cell 

apoptosis. By contrast, monounsaturated fatty acids, such as oleate and palmitoleate, have 

been shown to protect beta-cells from apoptosis (Cnop et al., 2001) (El-Assaad et al., 2003). 

Of special interest, mixture of equimolar saturated and monounsaturated fatty acid is also not 

toxic to cells. And this protective effect may be due to the strong ability of unsaturated fatty 

acid in inducing TG synthesis. But this conclusion has been under debate, as other results 

indicate the protective effect lies in the fatty acid structure rather than the metabolism of FFA 

(Diakogiannaki et al., 2008). Even though the concept of lipotoxicity has been proposed for 

many years, it is still short of strong experimental support. We and others reported that FFA 

can induce beta cell dysfunction only in combination with elevated levels of glucose. In the 

presence of low glucose, high FFA (at reasonable concentrations) does not change both in 

vitro and in vivo the total insulin content of the ß-cell and only slightly affects GSIS. So from 

this standpoint, the concept of glucolipotoxicity (Prentki et al., 1998), combined chronic effect 

of both high glucose and FFA, is more appropriate to explain the toxic effect of FFA in beta 

cells and therefore gained more focus in recent research. 

1.2.3.3 Glucolipotoxicity  

Glucolipotoxicity is a combination of glucotoxicity and lipotoxicity, but importantly 

incorporates the concept of synergy of the toxicity of these fuels when present in excess 

simultaneously. This concept has been initially advanced by our lab together with Dr B 

Corkey and has been widely accepted. Glucolipotoxicity indicates the synergistic chronic 

effect of glucose and fatty acid in inducing beta cell dysfunction, and therefore 

glucolipotoxicity shows some similar features as glucotoxicity, such as decreased glucose-

stimulated insulin secretion and decreased total insulin content of beta cells. Glucolipotoxicity 

also induces beta cell dysfunction in a unique fashion. When INS832/13 cells, derived from rat 

beta cells, are incubated in different conditions with high glucose (20mM glucose, no FFA), or 

high FFA (0.4mM palmitate, 5mM glucose), or high glucose (20mM) plus high FFA (0.4mM), 

high FFA alone has no effect in comparison to high glucose, indicating that high FFA per se 

have no significant toxic effect. Of special importance, the combination of high glucose and 

high FFA showed highest apoptosis, compared to the group with low glucose (El-Assaad et al., 
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2003; El-Assaad et al., 2010). Further study indicated that this strong apoptosis inducing effect 

was closely related to lipid esterification processes, TG accumulation and ceramide deposition 

as well as activation of caspase-3 pathway in the cells (El-Assaad et al., 2010). Similar results 

were also reported in dispersed rat and human islets (Buteau et al., 2004). Some in vivo results 

also favor the concept of glucolipotoxicity. A 72 h infusion of glucose and intravenous fat 

emulsion in 6- month-old rats leads to insulin resistance and reduced insulin secretion in vivo. 

This was associated with diminished glucose-stimulated second-phase insulin secretion and 

proinsulin biosynthesis and lower insulin content as well as reduced expression of typical beta 

cell genes in isolated islets (Fontes et al., 2010). The mechanisms related to glucolipotoxicity 

are associated with glucose and FFA metabolism. As proposed by our lab, glucose is the main 

determinant of fatty acid partitioning inside the beta cells. When glucose concentration is in 

the low to normal range, fatty acids are transported into mitochondria through CPT-1, for beta 

oxidation without causing any toxic effect. When glucose and fatty acids are both elevated, 

glucose is converted to citrate through TCA cycle and then leads to the synthesis of malonyl-

CoA, which inhibits CPT-1 activity. Inhibition of fatty acid oxidation, at the CPT-1 step 

causes fatty acid partitioning from beta oxidation to esterification (Prentki et al., 2002). High 

glucose also leads to enhanced lipolysis (Hu et al., 2005), and if the rates of esterification and 

lipolysis are the same, there is little toxic effect even in the presence of high glucose and high 

fatty acid. But if these rates of esterification and lipolysis are not balanced, many lipid 

derivatives may accumulate and induce beta cell dysfunction (Poitout et al., 2010; Prentki and 

Madiraju, 2012). 

1.2.3.4 ER STRESS  

The main function of pancreatic beta cell is insulin synthesis and secretion according to the 

body’s demand. Beta cell needs to produce huge amounts of insulin in face of hyperglycemia. 

This large amount underscores the special “insulin factory” characteristic of beta cells with a 

highly developed ER, which is the major site responsible for posttranslational modification, 

folding and assembly of newly synthesized secretory proteins, and a cellular calcium store. ER 

is also an organelle that controls cell survival. A myriad of pathological and physiological 

factors, such as impaired protein transport from the ER to the Golgi, and calcium depletion 

from the ER lumen, can compromise the function of the ER, termed as ER stress (Laybutt et 
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al., 2007). Beta cells have to employ certain cytoprotective mechanisms to mitigate ER stress, 

referred to as the unfolded protein response (UPR), also named as ER stress signaling, which 

is elicited by ER stress (Eizirik and Cnop, 2010). The UPR can reduce ER stress and maintain 

ER function to produce and process proper amounts of proteins. In the event that the UPR 

cannot maintain ER homeostasis, cells activate at least three apoptosis pathways to induce cell 

apoptosis (Janikiewicz et al., 2015): the transcriptional induction of the genes for CHOP 

(C/EBP homologous protein)/ GADD153 pathway, the c-JUN NH2-terminal kinase (JNK) 

pathway and the ER-localized cysteine protease caspase-12 pathway. Multiple studies have 

implicated ER stress in beta cell apoptosis and this may be responsible for the reduction of 

beta cell mass in individuals with T2D. 

Three ER membrane-associated proteins, inositol requiring protein 1 (IRE1), PKR-like kinase 

(PERK), and activating transcription factor 6 (ATF6), have been identified as master 

regulators in ER stress signaling and shown to regulate glucose homeostasis. Pancreatic beta 

cells deficient in PERK are more susceptible to ER stress-induced apoptosis. And PERK-

deficient mice develop severe hyperglycemia soon after birth due to defects in islet 

proliferation and increased apoptosis. However, our understanding of the UPR in beta-cells is 

incomplete. The complexity of UPR pathways as well as its master regulators has not been 

completely investigated. We need to identify the cross talk between UPR pathway and other 

signaling pathways, such as mTOR, which have been shown to decrease ER stress, and also to 

focus on identifying endogenous molecules and chemical compounds that could modulate ER 

stress and protecting beta cells from metabolic stress-induced apoptosis. 

1.2.3.5 Inflammation 

In response to inflammation resulting from injuries or infection, the immune system plays a 

key role in restoring the normal function. Excess energy intake also leads to inflammation in 

different tissues, including pancreatic islets. Generally speaking, inflammation induced by 

circulating cytokines, such as interleukin-1β (IL-1β), tissue necrosis factor 1α and interferon-γ, 

plays a major role in inducing beta cell apoptosis seen in type 1 diabetes, and now it is also 

observed in T2D (Donath, 2013). In response to chronic high glucose exposure, human islets 

will secrete high amount of IL-1β, and in combination high glucose and IL-1β synergize in 

causing beta cell dysfunction (Boni-Schnetzler et al., 2008; Fei et al., 2008). The synergistic 
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effect of high glucose and IL-1β in inducing beta cell dysfunction is also observed in isolated 

rat islets cultured ex-vivo. Most recently, it has been observed in a clinical trial that blocking 

of IL-1β receptor by specific antagonist greatly improved beta cell function and ameliorated 

the hyperglycemia in patients with T2D, indicating the possible roles of IL-1β-induced 

inflammation in progression of T2D. However, large-scale clinical studies in human T2D are 

needed to further confirm these findings. Studies using different animal models indicate that 

the potential mechanisms related to inflammation of islet tissue involve hypoxia, cell death 

and the JNK-NFĸB pathway.  

1.2.3.6 Additional mechanisms 

Autophagy is characterized by the process that intracellular long-lived proteins or damaged 

organelles are recycled to maintain cellular homeostasis (Levine and Klionsky, 2004). And it 

is regarded as a defense mechanism to protect beta cells from ER stress and oxidative stress 

(Jung et al., 2008). It has been reported that in different rodent models, such as ob/ob, db/db 

and Akita mice, the number of autophagosomes and autophagolysosomes is increased in beta 

cells. In islets isolated from human subjects with T2D, autophagy-related cell death is 

observed (Hartley et al., 2009). However, currently, beta cell dysfunction cannot be directly 

ascribed to increased autophagy activity. To do so, we need to show that inhibition of 

autophagy in these conditions could protect the beta cells from different insults.  

Recently, microRNA, a small non-coding RNA, found in different tissues has shown to play 

important role in multiple cellular processes, including beta cell function. Some reports have 

indicated that miRNA-24 is highly expressed in pancreatic beta cells and its level is elevated 

in the mice fed with HFD. Overexpression of this miRNA was shown to inhibit insulin 

secretion and beta cell proliferation via targeting with maturity onset diabetes of youth 

(MODY) genes (Guay and Regazzi, 2013; Zhu et al., 2013). Also, modifications in the levels 

of miR-34a, miR-146a, miR-199a-3p, miR-203, miR-210 and miR-383 primarily occur in 

diabetic mice with obesity and result in increased beta cell apoptosis (Nesca et al., 2013). 

Interestingly, miR-375 regulates the proliferation of islet cells and insulin secretion, 

contributing to the reduced beta-cell mass and function in the progeny of mothers fed a low 

protein diet that show hyperglycemia even at adult age (Dumortier et al., 2014). 
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Recent studies have documented the intestinal microbiota as an emerging factor that 

contributes to beta cell dysfunction. Microbiota-mediated inflammation may directly target 

beta cells and impair beta cell function (Vaarala et al., 2008). Also, it has been reported that 

change in circulating incretin levels, such as GLP-1 and GIP due to altered intestinal 

microbiota, may also play a role in beta cell dysfunction. The incretins have been shown to 

largely contribute to insulin secretion after meals, and in patients with T2D, the effect of 

incretins is greatly reduced. However, the exact mechanism by which intestinal microbes alter 

these processes is currently unknown (Michaliszyn et al., 2014).  

1.3 Insulin secretion  

As discussed above, the main role for the beta cell is to monitor circulating nutrient level and 

control blood glucose in a narrow range by secreting appropriate amounts of insulin. Insulin 

secretion is a complex and well-controlled process and we will discuss this in more detail. 

1.3.1 Insulin exocytosis 

The process of insulin release out of the granule is referred as insulin exocytosis. Insulin 

vesicle exocytosis is a complex process involving many steps, including vesicle movement via 

actin network, docking to plasma membrane, priming, and finally fusion with the plasma 

membrane and each step requires delicate regulation so that appropriate amount of insulin is 

released in response to various stimuli (Takahashi et al., 2002). In order to easily explain the 

dynamics of vesicle exocytosis, the vesicles can be divided into three different groups 

depending on their release competence following various stimulations: the readily releasable 

pool of granules (RRP), the morphologically docked pool (MDP) and the reserve pool 

(Bratanova-Tochkova et al., 2002). As its name implies, RRP is the pool of granules that are 

already docked to the plasma membrane and primed and available to be released after 

stimulation. MDP means that the granules have already docked on the plasma membrane and 

some of the granules are already primed and others not. With regard to the reserve pools, they 

are larger and more complex than RRP and need to be transported from the actin network to 

the plasma membrane and then are released after priming. The classification of granule pools 

may not be accurate; as some reports indicate that some newly formed insulin granules are 

immediately released as RRP. However, the mechanism is currently under investigation. 
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Capacitance studies show that in mouse beta cells, the total number of granules is estimated as 

13,000 per beta cell, of which 0.3-0.7% belong to the RRP group, 1-7% to the MDP, and the 

rest are comprised in the reserve pool. That is, the total number of RRP granules ranges from 

40 to 100, while the total number of granules in the MDP and reserve pools is approximately 

1,000 and 11,600, respectively (Bratanova-Tochkova et al., 2002). In response to 

physiological stimulations, beta cells only release a small portion of insulin granules with 

approximately less than 10% of total insulin granules.  

Insulin secretion is a biphasic process with a rapid first phase and a long sustained second 

phase (Straub and Sharp, 2002). When beta cells receive signals from different stimulations, 

insulin is released from the granules and generally the peak reaches within 5min. It has been 

proposed that RRP is the main contributor for the first phase insulin secretion. Some reports 

have indicated that in the patients with T2D there is defective first phase secretion (O'Rahilly 

et al., 1988). After first phase, insulin is released at a much lower rate and involves 

translocation of granules from reserve pools to the readily releasable pool or transformation of 

morphologically docked granules to release competency before exocytosis. Depending on 

different species, there is considerable variation in the second phase insulin secretion. In the 

mouse islets, the second phase insulin secretion is small and even negligible, while in the islets 

from rats and humans, there is an evident and efficient second phase insulin secretion 

contributing to more than 50% of total insulin released during 1hr.  

Several hypotheses have been proposed to explain the process of insulin vesicle exocytosis. Of 

all the hypothesis, the one that is wildly accepted is the soluble N-ethylmaleimide-sensitive 

factor (NSF) attachment protein receptor (SNARE) hypothesis (Rorsman et al., 2000), which 

proposes the formation of complex between the proteins located in the plasma membrane, 

syntaxin and synaptosomal-associated protein 25 (SNAP-25) and the protein from the vesicle-

associated membrane protein 2 (VAMP-2)/synaptobrevin-2 (Lang and Jahn, 2008). At least 5 

protein super-families have been identified to be involved in this process, such as SNAREs, 

Sec1/Munc18 (SM) proteins, synaptotagmins, Rab proteins and endocytotic proteins. Different 

proteins participate at different steps and play crucial roles. Loss of the fusion between the 

membrane protein and vesicle completely blocked vesicle exocytosis. Knocking down the 

protein “Munc18-1” decreased the first and second phase of insulin secretion (Oh et al., 2012; 
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Tareste et al., 2008). Rab plays a critical role in the formation, trafficking, and tethering of 

vesicles to the target compartment in endocrine and nonendocrine cells. Rab27a deficient mice 

showed decreased number of docked granules and insulin secretion (Kasai et al., 2005). 

Besides these core proteins, the remodeling of F-actin also plays important roles in insulin 

exocytosis. F-actin negatively regulates exocytosis via binding and blocking Syntaxin 4 

accessibility (Jewell et al., 2008). But further studies indicated that metabolic amplification 

pathway increases both phases of insulin secretion and is independent on actin microfilaments. 

It has been reported that SNARE complex assembly is regulated by Munc13-1, a synaptic 

protein that determines the priming of synaptic vesicles, a rate-limiting step in insulin granule 

release (Kwan et al., 2006a). Munc13-1 is highly expressed in mouse, rat and human islets and 

some reports show that the level of Munc13-1 is reduced in the islets isolated from rodent 

models of T2D as well as humans with T2D (Sheu et al., 2003). Overexpression of Munc13-1 

in INS832/13 cell line greatly elevated glucose-stimulated insulin secretion and this elevation 

is dependent on DAG production, as blocking of phospholipase C completely abolishes the 

effect of overexpression (Sheu et al., 2003). Munc13-1 knockout is embryonic lethal and mice 

with complete deficiency in Munc13-1 do not survive, as Munc13-1 is not only an important 

determinant in insulin secretion, but also plays important roles in neurotransmitter release 

(Augustin et al., 1999). Heterozygous Munc13-1 knockout mice display glucose intolerance 

with decreased insulin levels in the plasma, indicating that the cause of glucose intolerance is 

mainly due to a primary islet β-cell secretory defect. Also, the defect in insulin secretion in 

heterozygous Munc13-1 knockout mice could be partially rescued by phorbol ester 

potentiation, which was interpreted to support the view that Munc13-1 is a DAG receptor, as 

confirmed in neurotransmitter release in the brain. 

1.3.1.1 Triggering and amplification pathways in glucose induced insulin secretion 

The mechanism that underlies the biphasic nature of glucose-induced insulin secretion process 

is still poorly understood, but some well-established pathways have been implicated: the KATP 

dependent/ triggering pathway and the KATP -independent/amplification pathway (Rorsman 

and Renstrom, 2003). The KATP dependent/triggering pathway is well-established and gained 

strong experimental support. Once nutrient enters the cells, intracellular metabolism of these 

nutrients by different metabolic pathways produces ATP and elevates the ratio of ATP-to-
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ADP, and then closes ATP-sensitive K+ (KATP) channels, leading to membrane depolarization 

and opening of voltage-operated Ca2+ channels, which in turn causes Ca2+ influx. The rise in 

cytoplasmic free Ca2+ concentration ([Ca2+]i) activates the exocytotic machinery leading to 

insulin secretion.  

Compared to the KATP dependent/triggering pathway, the KATP-independent/amplification 

pathway is more complex and poorly understood. This hypothesis is based on the observation 

that insulin secretion is still enhanced under the conditions that beta-cell [Ca2+]i is maintained 

at a higher level with either a high concentration of sulfonylurea or a high concentration of K+ 

in the presence of diazoxide to open the K(ATP) channels, indicating that other mechanisms 

are responsible for elevated insulin secretion (Nolan et al., 2006d). This amplification pathway 

depends on the production of various metabolic coupling factors (MCF) (Prentki et al., 2013b). 

Several MCFs have been identified and are shown to implicate the amplification pathways. 

We will discuss this in the following chapter. 

1.3.2 Fuel and non-fuel induced insulin secretion 

It is well-accepted that in some cases, beta cells need some signal to switch from “quiescence 

state” to “release state” to control elevated glycemia, while in other cases, beta cells need to 

stop insulin secretion in order not to lead to hypoglycemia. Beta cells employ different sensors 

to sense fuels and non-fuels in the plasma in response to different situations. Some fuels, such 

as glucose, fatty acid and amino acids, and some non-fuels, including GLP-1, GIP, 

acetylcholine, somatostain and (nor)epinephrine are important regulators in insulin exocytosis 

(Figure 5). In the following part, we will discuss these regulators in more detail. 
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Roduit et al., 2004). In the presence of high glucose, which elevates malonyl-CoA in the cell, 

FFA metabolism is switched from beta oxidation to lipid esterification, resulting in the 

availability of LC-CoA and acylglycerol (DAG, lysophosphatidic acid, phosphatidic acid) 

intermediates for signaling purpose. Overexpression of malonyl-CoA decarboxylase (MCD) 

blocks the increase of malonyl-CoA levels, enhances fat oxidation and reduces FFA 

esterification and this is associated with reduced GSIS in the absence and presence of 

exogenous FFA (Prentki et al., 2002). The second arm is related to glycerolipid/ free fatty acid 

(GL/FFA) cycling, which will be discussed in detail in the next chapter. The third arm acts 

through FFA receptor GPR40. GPR40 is highly expressed in mouse, rat and human islets as 

well as in various beta cell lines. GPR40 is activated by medium to long chain FFA. 

Overexpression of GPR40 in pancreatic β-cells enhances glucose-stimulated insulin secretion 

and improves glucose tolerance in normal and diabetic mice (Nagasumi et al., 2009). In line 

with this, mice deficient in GPR40 specifically decreases FFA-amplified glucose-stimulated 

insulin secretion. It is estimated that 50% of FFA-amplified insulin secretion is contributed by 

GRP40 receptor and the remaining 50% is contributed by the other two arms (Kebede et al., 

2008; Latour et al., 2007). 

1.3.2.3 Amino acids 

Individual amino acids alone do not induce insulin secretion at their physiological 

concentrations. However, combination of several amino acids at high concentrations, such as 

L-alanine and glutamine and leucine (Fajans et al., 1967), shows strong effect in inducing 

insulin secretion. The mechanisms vary differently dependent on the type of amino acids. L-

Arginine, a cationically charged amino acid, can directly depolarize the plasma membrane and 

causes insulin secretion; but this effect is dependent on the presence of glucose. L-alanine has 

a more complex mechanism to stimulate insulin secretion. On one hand, L-alanine can be co-

transported with Na+, and thus can depolarize the plasma membrane; on the other hand, L-

alanine can be metabolized, to produce ATP, leading to KATP channel closure (Newsholme et 

al., 2010). Both pathways appear to promote Ca2+ influx and insulin secretion. Leucine is 

known to activate glutamate dehydrogenase and thus strongly potentiates the effect of L-

glutamine in inducing insulin secretion via anaplerotic input (discussed in more details below) 

into the Krebs cycle (Malaisse et al., 1982). 
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1.3.2.4 GLP-1 and GIP  

Glucose-dependent insulinotropic peptide (GIP) and glucagon-like peptide-1 (GLP-1) are two 

important gluco-incretins that play important roles in regulating glucose homeostasis via 

enhancing insulin secretion. The identification of GIP and GLP-1 followed the interesting 

observation of different insulin levels in response to oral gavage vs intraperitoneal injection of 

glucose. Oral gavage induces higher insulin levels than intraperitoneal injection, indicating 

that some gastrointestinal tract hormones or signals are contributing to this process. It is now 

estimated that GIP and GLP1 contribute to more than 50% of the total post-prandial insulin 

secretion (Vilsboll et al., 2003).  

GIP is produced from endocrine K-cells in the duodenum after ingestion of carbohydrate and 

fat, while GLP-1 is produced from enteroendocrine L- cells of the intestinal mucosa and both 

are released into the portal circulation in response to meal ingestion (Phillips and Prins, 2011). 

GLP-1 mediated enhancement of insulin secretion does not involve driving fuel and energy 

metabolism in primary rodent pancreatic beta-cells (Peyot et al., 2009a). Both GLP-1 and GIP 

play their roles in insulin secretion via binding to their specific cell surface receptors to 

generate signaling molecules, such as cAMP and Ca2+, which trigger insulin exocytosis. Mice 

deficient in GIP receptor show glucose intolerance with impaired initial insulin response after 

oral glucose load (Yabe and Seino, 2011). Consistent with this, ectopic GIP expression in β-

cells maintains insulin secretion in the absence of proglucagon-derived peptides, revealing a 

novel compensatory mechanism for sustaining incretin hormone action in islets (Fukami et al., 

2013). Similarly, mice deficient in GLP-1 receptor are also glucose intolerant with reduced 

insulin levels in plasma.  

The effect of GLP-1 receptor agonists in inducing insulin secretion is glucose-dependent. 

Without high glucose, GLP-1 shows very little or no effect on insulin secretion. It has been 

shown that intraportal GLP-1 stimulates insulin secretion predominantly through the 

hepatoportal-pancreatic vagal reflex pathways (Nishizawa et al., 2013). Besides this, GLP-1 

regulates insulin secretion possibly also via central action, as acute activation of central GLP-1 

receptors enhances hepatic insulin action and insulin secretion in HFD-fed insulin resistant 

mice. The combination of GIP and GLP-1 for therapeutics is not promising, as GIP is unable 
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to further amplify the insulinotropic and glucose-lowering effects of GLP-1 alone in type 2 

diabetics (Mentis et al., 2011). 

1.3.2.5 Acetylcholine 

Acetylcholine (Ach) is a major stimulatory neurotransmitter released from parasympathetic 

nerve endings reaching pancreatic islets in rodents. Ach is synthesized by choline 

acetyltransferase using acetyl-CoA and choline in the cytoplasm. Then ACh is transported 

from the cytoplasm into the vesicles by an antiporter (Lawal and Krantz, 2013). Several 

reports indicated that released Ach plays important role in stimulating insulin secretion, 

particularly during the “cephalic phase” of insulin secretion that occurs prior to food intake 

when one sees a meal. The effect of Ach in insulin secretion is dependent on binding to M3 

muscarinic receptors and activation of G protein-coupled phospholipase C to produce DAG 

and IP3, both of which can activate downstream targets, such as PKC, PKD, Munc13-1 and 

Ca2+ signaling to promote insulin secretion. Mice deficient in the M3 muscarinic receptor are 

hypophagic and lean (Yamada et al., 2001). Further studies indicated that the potentiation 

effect of Ach in insulin secretion is abolished in islets isolated from M3 muscarinic receptor 

KO mice (Duttaroy et al., 2004). 

Compared to mouse islets, human islets do not show high cholinergic innervation. It is mainly 

alpha cells of human islets that release Ach in response to kainate or a lowering in glucose 

concentration to offer paracrine cholinergic input to beta cells to regulate insulin secretion 

(Rodriguez-Diaz et al., 2011). 

1.3.2.6 Somatostatin 

Somatostatin, a hypothalamic growth-hormone-inhibiting factor, decreases insulin secretion in 

response to various stimulations, including L-arginine and isoproterenol in mouse, rat and 

human islets. The effect of somatostatin in insulin secretion in vivo is attributed to a direct 

paracrine effect on pancreatic beta cells and is not mediated via the CNS (Hauge-Evans et al., 

2015), and it can inhibit first and second phase of insulin secretion (Alberti et al., 1973). The 

function of somatostatin is mainly mediated by one of the G protein-coupled receptors- 

somatostatin receptor subtype 5 (SSRS5), the major receptor expressed in the pancreatic beta 

cells. Some recent reports indicate that SSRS5 functions as a negative regulator for PDX-1 
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expression and that somatostatin’s inhibitory effect on cell proliferation and insulin 

expression/secretion is mediated by SSRS5 via down-regulating PDX-1 expression. The effect 

of SSTR5 on PDX-1 is regulated both the transcriptional level and the post-translational level 

by increasing PDX-1 degradation (Zhou et al., 2014). Mice lacking of somatostatin receptor 

subtype show decreased blood glucose and plasma insulin and increased leptin and glucagon 

concentrations (Strowski et al., 2000). 

1.3.2.7 Galanin 

Galanin is a neuropeptide composed of 29 amino acids, and is highly expressed in the brain, 

spinal cord, and peripheral tissues. It has been noticed that patients with gestational diabetes 

mellitus (GDM) display high levels of plasma galanin (Fang et al., 2013). And further studies 

indicate that galanin is an effective biomarker for prediction of GDM. Besides the role in 

increasing insulin sensitivity in muscle and adipocytes, earlier studies in dogs clearly indicated 

that galanin strongly inhibits insulin secretion in pancreatic beta cells and induces 

hyperglycemia in dog (McDonald et al., 1985). Further studies have shown that galanin 

inhibits insulin secretion by direct interference with exocytosis through a pathway involving a 

pertussis toxin- sensitive, guanine-nucleotide-binding regulatory protein, negatively coupled to 

adenylate cyclase (Ullrich and Wollheim, 1989). Recent reports have revealed some new 

mechanisms regarding its regulatory effect in insulin secretion. It has been shown that 

galanin’s inhibitory effect on insulin release is partially mediated by Go2 G protein in 

pancreatic β cells (Tang et al., 2012). The inhibitory effect of galanin is lost in islets isolated 

from mice lacking Go2, but not other Gi/o proteins.  

1.3.2.8 (Nor) epinephrine 

Epinephrine (also called adrenaline) is a hormone and a neurotransmitter. Both epinephrine 

and norepinephrine are produced by adrenergic nerve terminals and play various roles in 

regulating glucose production in the liver and insulin secretion in the pancreatic beta cells 

(Sharara-Chami et al., 2012). Elevated levels of epinephrine by either endogenous release in 

response to stress or exogenous infusion are known to cause glucose intolerance, and the 

effect is mainly mediated by inhibitory effect in insulin secretion and enhanced glucose 

production in the liver. The effect of norepinephrine and epinephrine on insulin secretion is 



 

 

 

52

mediated by α2-adrenergic receptor and β1-adrenergic receptor. Ghrelin is a strong inhibitor of 

insulin secretion in rodents and healthy humans and norepinephrine stimulates ghrelin 

secretion through the β1-adrenergic receptor via increased cAMP and protein kinase A activity. 

The effect of epinephrine in decreasing insulin secretion via its specific receptors is 

particularly important to prevent hypoglycemia during exercise when muscle contraction 

promotes glucose uptake by tissues, and when enhanced whole body glucose oxidation is 

required.  

1.3.3 Metabolic signals promoting insulin secretion 

Nutrient secretagogues, such as glucose and FFA, activate beta cell metabolism and elevate 

ATP production, which precedes the rise in Ca2+ and insulin secretion. The availability of 

substrates and their metabolism leads to the production of various metabolic coupling factors 

(MCF) to promote insulin release (Prentki et al., 2013b). The initial metabolism of fuels in the 

beta cells appears to be governed by a “push” (substrate availability) rather than a “pull” 

mechanism (Ca2+ influx driving mitochondrial metabolism), unlike other tissues (Peyot et al., 

2009a). This occurs possibly because of the specific characteristics of beta cells. In beta cells, 

glucose transport inside the cells is not a rate-limiting step, and rapid equalization of extra and 

intracellular is reached with glucose transporters. Also, glycolysis is governed by glucokinase 

with low affinity, around 8mM, for glucose.  
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specific inhibitors or downregulation leads to reduce GSIS, while overexpression of ACC 

reduces the level of MalCoA and thus GSIS in the presence of FFA.  

Some reports strongly support NADPH as a MCF for insulin secretion (MacDonald et al., 

2006; Pongratz et al., 2007). The ratio of NADPH/NADP is well-correlated with GSIS in 

mouse and rat islets as well as in different beta cell lines. Increasing NADPH level by 

exogenous administration enhances GSIS in patch-clamping studies, and decreasing NADPH 

by knockdown of malic enzyme reduces GSIS. Regarding the mechanism of NADPH action, 

two targets have been proposed: one is the redox protein glutaredoxin (GRX) and the other is 

voltage-dependent K+ channel. It has been suggested that NADPH and NADP+ control 

reduced and oxidized forms of GRX and GRX may directly regulate exocytosis via a 

posttranslational modification (change in the redox state of exocytotic proteins). Also, 

injection of GRX potentiates NADPH-induced insulin secretion. Overexpression of GRX1 

increases GSIS, and down-regulation of GRX1 reduces GSIS in rat islets (Reinbothe et al., 

2009). Kv channel is an important regulator of voltage-gated calcium channel. Inhibition of 

Kv channel results in Ca2+ influx and thus GSIS. It has been hypothesized that the NADPH 

could directly bind to β unit of Kv channel to regulate its channel activity. However, more 

experimental support needs to prove this hypothesis. 

The notion that glutamate acts as a MCF is supported by the observation that glutamate 

directly enhances insulin granule exocytosis in beta cell lines. Glutamate is produced during 

cataplerosis and anaplerosis via reductive amination or transamination. The glutamate level is 

well-correlated with GSIS, and reduction of glutamate level by overexpression of glutamate 

decarboxylase curtails GSIS (Straub and Sharp, 2002). Furthermore, human and mice deficient 

in glutamate dehydrogenase are associated with hyperinsulinemia (Stanley et al., 1998). 

However, the view that glutamate acts as a MCF has been challenged, and the evidence 

indicates that anaplerotic oxidative deamination of glutamate via GDH, producing 

alphaketoglutarate in the Krebs cycle, is implicated in this type of hypersulinemia (Palladino 

and Stanley, 2010). 

Besides ATP, GTP has been proposed to be a MCF. GTP level is increased with increasing 

glucose concentration (Kibbey et al., 2007). The production of GTP in the mitochondrion is 

catalyzed by GTP-specific isoform succinyl-CoA synthase (GTP-SCS). It has been shown that 



 

 

 

56

GTP could directly promote insulin secretion in a calcium-independent manner. Further 

studies show that the effect of GTP in insulin secretion may involve some small G proteins. 

Reduced level of GTP-SCS is associated with decreased insulin secretion, supporting the role 

of GTP as a MCF. 

1.3.3.2 Electron transport-derived signals 

Activation of TCA cycle is associated with transferring electrons to mitochondrial respiratory 

chain, leading to ATP generation. Many reports indicate that the mitochondrial electron 

transport chain plays important role in generating various MCFs, including ATP, ADP, AMP, 

cAMP, reactive oxygen species (ROS) and reduced cytochrome c, to promote insulin secretion, 

as inhibition of different complexes of electron transport chain (ETC) is associated with 

reduced GSIS (Prentki et al., 2013b). 

The role of different adenine nucleotides, including ATP, ADP and AMP in regulating K+
ATP 

channels is well-established (Ghosh et al., 1991; Loubatieres-Mariani et al., 1979). Increased 

ATP levels inhibit K+
ATP channels, while MgADP is responsible for opening the channels. At 

high glucose, reduced ADP level contributes to closure of K+
ATP channels. ATP is proposed to 

be required for priming of insulin granules, and may directly be implicated in the exocytosis 

machinery. Studies show correlation between elevated ATP levels and second phase insulin 

secretion in mouse islets. With increasing glucose levels, the ratio of AMP/ATP is lower, 

which may play an important role in reducing AMPK activity, a fuel sensor and a negative 

regulator of insulin secretion (Lamontagne et al., 2009). Furthermore, cAMP is also proposed 

to be a MCF in insulin secretion, as the level of cAMP is elevated with increasing glucose 

concentration possibly because its formation is limited by ATP acting as a substrate for some 

adenylate cyclase isoforms  (Prentki and Matschinsky, 1987), and oscillations of cAMP 

content in beta cells is well-correlated with insulin secretion (Yajima et al., 1999). cAMP in 

insulin secretion works through cAMP-dependent protein kinase A (PKA) and Epac2, which 

directly regulate insulin exocytosis.  

The role of ROS in beta cell function is dependent on its concentration and time of elevation. 

As discussed in the previous chapter, chronic ROS exposure results in beta cell dysfunction. In 

contrast, acute ROS may function as a MCF to promote insulin secretion (Leloup et al., 2009). 
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Multiple reports support this hypothesis. It has been noticed that glucose increases ROS levels 

in rodent islets and beta cell lines. Decreasing ROS levels by ROS scavengers reduces GSIS 

(Pi et al., 2007). Moreover, the increased insulin secretion by low micromolar of H2O2 is 

abolished by ROS scavengers, and overexpression of antioxidant enzymes superoxide 

dismutase in beta cells reduces GSIS (Alfadda and Sallam, 2012). However, some evidences 

are against this hypothesis, as mice lacking NADPH oxidase NOX2 show increased GSIS 

rather than reduction in insulin secretion (Li et al., 2012b). In addition, GSIS does not change 

in the islets with overexpression of H2O2 –inactivating catalase (Gurgul et al., 2004). Further 

work is needed to evaluate the role of ROS acting as MCF for insulin secretion. 

Reduced cytochrome C is emerging as an MCF (Jung et al., 2011). Some evidence supports 

this hypothesis, as change in the level of cytochrome C is associated with variation in GSIS. 

But more work is needed to further evaluate this view.  

1.3.3.3 Inositol lipids and polyphosphates 

Glucose metabolism leads to a rapid turnover in phosphatidylinositol 4,5-bisphosphate (PIP2), 

phosphatidylinositol 3,4,5- triphosphate (PIP3) and inositol 1,4,5- triphosphate (InsP3), and it 

seems that the role of PIP2, PIP3 and InsP3 in insulin secretion are different. Some reports 

indicate that there is no major change in GSIS with reduction in the level of PIP2. In contrast, 

increasing PIP2 levels is associated with increased insulin secretion (Berggren and Barker, 

2008). The enzyme G-protein-coupled PI3-kinase catalytic subunit (P110γ) is responsible for 

generation of PIP3 using its substrate PIP2. Islets isolated from mice lacking P110γ show 

decreased insulin secretion with complete loss of first-phase insulin secretion and a blunted 

second phase insulin secretion (MacDonald et al., 2004; Pigeau et al., 2009). The role of 

InsIP3 in insulin secretion promoted by glucose is related to Ca2+ mobilization from the ER 

(Prentki et al., 1984) and also as a precursor for generating other inositol polyphosphates, such 

as InsP5 and InsP6, both of which may also potentiate calcium induced secretion via unknown 

mechanisms (Barker et al., 2009).  

1.3.3.4 GL/FFA cycling and lipid signaling for insulin secretion 

The role of GL/FFA cycling in regulating insulin secretion is well-established. Glucose 

metabolism increases both lipogenesis and lipolysis, two essential parts of GL/FFA cycling 



 

(Prentki

importa

of PKC

Peiffer 

amplific

curtails 

specific

Peyot e

cycling 

Figure 9

Cell Me

Differen

may fun

of FFA 

inhibitio

i and Madi

ant for GSIS

Cε is associat

et al., 200

cation of FF

GSIS. Sim

c inhibitors 

et al., 2004; 

in insulin se

9 GL/FFA c

etab. 2013 A

nt lipid spec

nction as MC

and FA-CoA

on of fatty a

iraju, 2012)

. Increasing

ted with enh

07). Inhibiti

FA of GSIS

milarly, decr

or downreg

Tang et al., 

ecretion. 

cycling and 

ug 6; 18(2):

cies, includi

CF to promo

A in insulin 

acid oxidatio

. And it ha

g GL/FFA cy

hanced insul

ion of fatty

S. Also, blo

easing vario

gulation or g

2013). All 

lipid signal

:162-85. 

ing DAG, F

ote insulin se

secretion ha

on is accomp

as also bee

ycling by liv

in secretion 

y acid ester

ocking lipoly

ous lipase (

gene deletio

these report

ls in insulin 

FFA and FA

ecretion (Fig

ave been disc

panied by ele

en shown th

ver X recept

(Calkin and

rification by

ysis by the 

(ATGL and

on reduces G

ts strongly s

secretion. T

A-CoA, gene

gure 9) (Pren

cussed in the

evated glyce

hat both pa

tor activation

d Tontonoz, 

y triacsin-C

panlipase i

d HSL) activ

GSIS (Peyo

support the r

This figure i

erated via G

ntki et al., 20

e previous c

erolipid (GL

arts of GL/F

n or by dele

2012; Schm

C decreases 

nhibitor orl

vities by ei

ot et al., 200

role of GL/F

is adapted f

GL/FFA cyc

013b). The r

chapter. Nutr

L) formation 

  

58

FFA 

etion 

mitz-

the 

istat 

ither 

09c; 

FFA 

from 

cling 

roles 

rient 

and 



 

 

 

59

significant increases in the total mass of DAG, triacylglycerol (TG) and phosphatidic acid (PA) 

are shown to occur in glucose-stimulated beta cells and correlate with GSIS. Furthermore, 

increasing DAG levels by exogenous administration or the DAG analog PMA enhances GSIS 

(Zawalich and Rasmussen, 1990). However, some recent evidence in the stereospecificity of 

lipase questions the role of lipolysis-derived DAG in insulin secretion (Eichmann et al., 2012). 

It has been shown that hydrolysis of TG by ATGL generates 1,3-DAG or 2,3-DAG, other than 

1,2-DAG, a classical second messenger that activate PKC and Munc13-1. Thus, DAG 

generated from TG hydrolysis cannot activate PKC or Munc13-1. In addition, deletion of HSL, 

leading to the accumulation of 2,3-DAG inside the cells, decreases GSIS. All these evidence 

do not favor the hypothesis that lipolysis-derived DAG is a signaling molecule in regulating 

insulin secretion. Besides DAG, other lipolysis-derived lipid signals that may function as MCF 

must be considered, in particular MAG. This stems from the observation that HSL produces 

MAG and HSL deletion impairs GSIS.  

1.4 Adipocytes and energy metabolism 

Besides the regulation of insulin secretion, pathogenesis of diabetes also has its roots in 

obesity. Adipose tissue, which stores fat, plays an important role in secreying several 

hormones and adipokines that regulate metabolic homeostasis, which is often disturbed in 

obese individuals. Also, adipose tissue is the prime source of circulating fatty acids, which 

contribute to insulin resistance, a primary problem in type 2 diabetes. Thus it is important to 

understand the metabolic and physiological changes in adipose tissues in relation to the 

pathogenesis of diabetes and obesity. With increasing rate of obesity epidemic, advances in 

our understanding of adipose tissue function led to the appreciation that the adipocytes are not 

just a lipid storage place, but also important in their function as regulators of energy 

metabolism. In the past few years, significant advances have been made in the classification of 

adipocytes as well as in deducing the mechanisms of adipocyte differentiation and 

development (Rosen and Spiegelman, 2014). The new roles of adipocytes in a various 

pathological conditions and their communication with other tissues are increasingly elucidated, 

giving more clues to understand metabolic diseases and shedding light on new avenues for the 

prevention and cure of such diseases. In this chapter, we will discuss this in more detail. 

1.4.1 The different types of adipocytes and their lineage 
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 1.4.1.1 White adipocytes 

Mature white adipocytes contain large lipid droplets and nucleus squeezed at the periphery. 

Generally speaking, in non-overweight healthy humans, white adipocytes make up 20% of 

total body weight in man, while up to 25% in women. Depending on its location, white fat can 

be further divided into visceral and subcutaneous fat. Visceral fat is generally regarded as “bad 

fat” because of its close relationship with metabolic disease, while subcutaneous fat has 

protective effect. However, this classification is oversimplified, as clear distinctions between 

visceral fat depots, such as perigonadal and retroperitoneal fat, have been observed. Also, the 

fat depots in humans cannot be easily correlated with those in mice, as the vast majority of 

visceral fat in human is found in the omentum, while it is barely detectable in mice. In contrast, 

epididymal fat in mice is generally regarded as representative of visceral fat, while in human, 

it does not exist.  

Visceral fat and subcutaneous fat behave differently, as they display different rates of 

lipogenesis and lipolysis as well as different adipokine secretion. There is still no clear 

explanation for these differences. Some evidence suggests that these difference are intrinsic, as 

transplanted visceral fat into subcutaneous region shows no effect on energy metabolism, 

whereas transplantation of subcutaneous fat into visceral depot clearly shows protective effect 

in reducing adiposity and improving glucose tolerance (Tchkonia et al., 2013; Tran and Kahn, 

2010).  

Regarding the developmental origins of white adipocytes, it is not completely understood 

(Figure 10). With new technologies developed, it has been shown that adipocytes originate 

from mesenchyme. The earliest observation, dated from 1965, showed that a cluster of blood 

vessels, named as “primitive organ”, identified in different species, such as mice and humans, 

become a fat pad in the later time point during development. This observation is strongly 

supported by lineage-tracing experiments. Besides the primitive organ, it seems that part of the 

adipocytes may originate from a subpopulation of endothelial cells as identified by a different 

lineage-tracing using the VE-cadherin promoter derived cre recombinase (Tran et al., 2012). 

However, this finding could not be repeated by another linage-tracing study (Berry and 

Rodeheffer, 2013). Also, since 1944, it has been suggested that some adipocytes develop from 

hematopoietic precursors. With help from sophisticated imaging and bone marrow transfer 
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techniques, one group was able to prove this hypothesis (Berry and Rodeheffer, 2013; Majka 

et al., 2010). It may be true that a small population of white adipocytes may originate from 

hematopoietic precursors, but this may not be the major pathway as later studies suggested.  

With nutrient oversupply, adipocytes need to dramatically alter their dimensions. This can be 

achieved by two different ways: one is to increase the cell volume (hypertrophy); the other is 

to increase cell number by proliferation and /or differentiation of preadipocytes (hyperplasia). 

Recent studies have shown that adipose hypertrophy and hyperplasia both exist in response to 

over-nutrition (Wang et al., 2013c). Some isotope labeling experiments suggest that 

adipocytes number is fixed during childhood, and it is hard to lose, as dramatic weight loss 

only reduces the cell volume rather than cell number (Eto et al., 2012). This statement does 

not mean that adipocytes never die, and it just indicates that the birth and death rates are well-

matched to keep the stable number.  

1.4.1.2 Brown adipocytes 

Compared to white adipocytes with a big lipid droplet, brown adipocytes contain many small 

lipid droplets and high density of mitochondria. Brown adipocytes are found in most of the 

mammals, to less extent in protoendothermic animals. Human newborns possess significant 

amount of brown adipose tissue to protect them from cold environments. Until recently the 

presence of brown adipose in adult humans and its relative contribution to overall energy 

metabolism were thought to be minimal or insignificant. With the new technology of PET 

scan with 18F-fluorodeoxyglucose (18FDG), human brown adipose tissue was identified in 

different regions of human body and was shown to effectively oxidize glucose and FFA under 

cold exposure (Sacks et al., 2009). This is encouraging, considering the main function of 

brown adipose is in dissipating stored chemical energy in the form of heat, especially in the 

face of energy oversupply in the modern society (Sidossis and Kajimura, 2015).  

The main function of brown adipose is in non-shivering thermogenesis, for which, the 

uncoupling protein 1 (UCP1), a specific protein highly expressed in brown adipocytes, is 

responsible. UCP1 is generally located and densely packaged in the mitochondria.  Once 

activated by long-chain fatty acids, UCP1 catalyzes proton leak across the inner mitochondrial 

membrane, resulting in uncoupling of mitochondria during glucose or FFA oxidation leading 
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to heat generation rather than ATP production. Many hypotheses have been proposed to 

explain how UCP1 works inside the cells. One recent study implied that UCP1 may function 

as a long-chain fatty acid /H+ synporter as UCP1 effectively operates as a H(+) carrier 

activated by long chain fatty acids (Fedorenko et al., 2012). 

Regarding the origin of classical brown adipocytes, it was initially hypothesized that they have 

the same origin as white adipocytes, as they both share so many similarities (Figure 10). 

However, this hypothesis has been proved to be incorrect. Multiple evidences show that brown 

adipocytes have a totally different origin compared to white adipocytes. Over the last few 

years, evidence has favored the notion that classical brown adipocytes and muscle cells share 

the same or similar precursor. This notion is proved with the identification of the transcription 

cofactor PRD1-BF-1-RIZ1 homologous domain-containing protein-16 (PRDM16), a dominant 

regulator of brown fat development. With deletion or down-regulation of PRDM16 in primary 

brown adipocytes, brown adipocytes are switched to skeletal muscle; in contrast, 

overexpression of PRDM16 in skeletal muscle, a phenotypic switch to classical brown 

adipocytes is seen (Cohen et al., 2014; Kajimura et al., 2009; Seale et al., 2008). Moreover, 

using lineage-tracing techniques with muscle-selective myogenic factor 5 (Myf5)-Cre, 

classical brown adipocytes and skeletal muscle were shown to be derived from the same 

precursors. These observations strongly support the hypothesis that classical brown adipocytes 

and skeletal muscle derived from the same or similar precursors, also explains why some 

myogenic genes exists in brown preadipocytes.  

Considering the role of classical brown adipose in energy metabolism, it may be an effective 

and potential therapeutic target to combat against obesity. Based on some calculations made in 

mice, it is estimated that 40-50g of brown fat could account for 20% of total energy 

expenditure (Cannon and Nedergaard, 2004).  However, this calculation cannot be applied to 

human beings at the thermoneutrality conditions in the modern society. Nevertheless, brown 

fat still accounts for a high portion of human energy expenditure, approximately from 2.7% to 

5% depending on the body size (van Marken Lichtenbelt and Schrauwen, 2011).  

Brown fat therapy is proven to be successful in rodents, as increasing brown fat mass greatly 

improves glucose homeostasis (Schrauwen et al., 2015). Transplantation of brown adipocytes 

to adult mice increases glucose tolerance on chow diet and protects the mice from diet-induced 
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obesity. These beneficial effects are dependent on circulating IL-6, as transplantation of brown 

adipocytes isolated from mice deficient in IL-6 lose the protection effect (Liu et al., 2013). 

Surprisingly, transplantation of embryonic brown fat adipocytes into streptozotocin (STZ)-

treated mice reversed STZ-induced type 1 diabetes (Gunawardana and Piston, 2012, 2015). 

This effect is independent of increased insulin secretion, and indeed depends on increased 

circulating adiponectin and lepin levels, as leptin has been shown to reverse STZ-induced 

diabetes in mice. However, the results of clinical trials in humans to increase brown fat mass 

are not promising, so far (Grundlingh et al., 2011). Some chemical agents, such as 

dinitrophenol, were shown some 40 years ago to have beneficial effects to induce weight loss; 

however, these agents are associated with major side effects, such as rash, cataracts, and 

hyperpyrexia and are not considered anymore. Other classical brown fat inducers, such as 

catecholamine and thyroid hormone, cannot be used in humans, as high doses of 

catecholamine and thyroid hormones lead to some side effects, such as increasing blood 

presssure. Beta3-adrenergic receptor-specific agonists increase brown fat mass and non-

shivering thermogenesis in rodents and was thought as a promising way to use in humans; 

however, selection of an agonist specifically targeting this receptor in human has proven 

difficult. As cold exposure is effective in increasing brown fat mass and activity, simple cold-

exposure could perhaps be enough to reach beneficial effect in humans. However, this is quite 

difficult to practice in real life. Based on these, we still have a long way to go to harness 

brown fat for the therapy of metabolic syndrome related disorders.  

1.4.1.3 Beige adipocytes 

Beige adipocytes are a distinct type of thermogenic adipocytes that share some similarities and 

distinctions to both white and brown adipocytes. Under normal conditions, they express 

extremely low levels of UCP1 and store excess energy in lipid droplets, similar to white 

adipocytes. However, under some physiological conditions, such as cold exposure or exercise, 

beige adipocytes express high amounts of UCP1 and greatly increase non-shivering 

thermogenesis, similar to classical brown adipocytes (Wu et al., 2012). Also, beige adipocytes 

show a unique gene signature compared to brown and white adipocytes, such as T-box 

transcription factor-1 (TBX-1), transmembrane protein 26 (Tmem26) and an inducible T-cell 

costimulatory receptor CD137, which form gene makers for selecting beige adipocytes (Wu et 
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al., 2012). Beige adipocytes are enriched in inguinal and retroperitoneal fat, and to a lesser 

extent in perigonadal fat. Recent studies show that the identified brown adipocytes in adult 

human are mainly composed of beige adipocytes, which provide a basis for studying the 

importance of this new cell type in treating metabolic disorders (Sharp et al., 2012).  

Beige adipocytes were only identified in recent years, however, the existence of UCP1 

positive cell in white fat depots is known since decades but with poor characterization. Recent 

studies helped in understanding their function better by isolation and immortalization of beige 

preadipocytes cell lines, providing a ‘pure’ system to investigate the specific gene signatures 

as well as the specific roles in cell function (Wu et al., 2012).  

The precursors of beige adipocytes appear to be totally distinct from classical brown and white 

adipocytes (Figure 10). Lineage-tracing experiments indicate that beige adipocytes are not 

derived from Myf5 positive cells, which give rise to brown adipocytes.  At least two 

dominant hypotheses are proposed to explain the origin of beige adipocytes. One hypothesis 

states that the beige adipocytes originate from transdifferentiation of existing mature white 

adipocytes. This notion is supported by the observation showing no proliferation in the 

formation of beige adipocytes during cold exposure or β3 agonist treatment. The second 

hypothesis favors that beige adipocytes originate from specific precursors within white 

adipocytes depots. This hypothesis has gained more support by gene-lineage study. Thus, after 

cold exposure, new adipogenesis is required for forming beige adipocytes; these beige 

adipocytes, upon removing cold stress, switch to white adipocytes (Ye et al., 2013). This 

pattern could be repeated several times, suggesting one unique precursor plays an important 

role in this process. Further studies indicate that beige adipocytes could be induced only from 

a small portion of stromal vascular fraction, indicating the existence of different precursors 

from white adipocytes. With a ribosomal profiling approach, it has been shown that 

approximately 20% beige adipocytes are derived from smooth muscle-like precursors (Long et 

al., 2014). So far, it is still hard to make any conclusion with regard to the origin of beige 

adipocytes, due to the different technical issues raised from the specificity of antibodies used 

for sorting or staining, together with some leakage of different Cre mice used in lineage 

tracing studies. However, with development of new techniques, the origin of beige adipocytes 

should be solved rapidly.  
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Since both beige and brown adipocytes express UCP1, it is important to address whether these 

two types of adipocytes have similar functions. The simple answer to this question is still 

unknown. Some reports indicate that beige adipocytes have the same capacity as classical 

brown adipocytes to induce UCP1 expression, indicating they may play similar role in non-

shivering thermogenesis. Besides this, whether beige and classical brown adipocytes have 

some cell type specific roles is still unknown. It is likely that beige and brown adipocytes may 

have different secreting adipokines, which may directly affect whole body metabolism. It has 

been shown that classical brown adipocytes secrete an epidermal growth factor (EGF) family 

member extracellular ligand- neuregulin 4 (Nrg4), a brown adipocytes specific endocrine 

factor that shows therapeutic potential for the treatment of obesity-associated disorders, 

including T2D and nonalcoholic fatty liver disease (NAFLD) (Wang et al., 2014).  

1.4.2 Adipocyte ‘browning pathways’ and signals 

As a new type of thermogenic fat, beige adipocytes hold tremendous promise for treating 

obesity, T2D and its associated disorders. The existence of beige adipocytes in adult humans 

and the established beneficial effects of increasing beige adipocytes in mouse models point 

towards the significance of studies that identify agents or therapies to induce browning of 

white adipocytes. In this chapter, we will focus on adipocyte browning pathways and signals, 

and we will discuss various agents and pathways that modulate the activity of beige adipocytes 

(Figure 11).  
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and enhances fatty acid oxidation as well as glucose and FFA uptake in adult humans greatly 

increasing whole-body energy expenditure (Ouellet et al., 2012). In T2D patients, cold-

induced FFA uptake and oxidative metabolism are not defective despite reduced glucose 

uptake by brown/ beige fat (Blondin et al., 2015), implying that increasing thermogenesis by 

cold exposure may provide an efficient method to treat T2D, although it likely may prove 

difficult in most patients. Besides the beneficial effect in T2D, cold exposure may also be 

applied to treat T1D, at least in mouse model. It has been shown that browning of white 

adipose tissue via cold exposure in combination with activation of liver X receptors is an 

alternative and effective strategy to manage insulin-dependent diabetes in mice (Gao et al., 

2015). 

Cold exposure induced formation of beige adipocytes is largely dependent on the sympathetic 

nervous system. It has been known that central neural circuits orchestrate the homeostatic 

repertoire to maintain stable body temperature during cold exposure (Morrison, 2011). Based 

on some observations in rodents, it appears that cold sensing by skin sends signal to spinal 

cord and then to hypothalamus in the brain, where different signals are integrated and projects 

to neurons of the peripheral sympathetic nervous system (SNS), leading to the release of 

norepinephrine to induce UCP1 and beige adipocytes. However, the pathways of inducing 

beige fat are highly specific and not mimicked by generalized pharmacological activation of 

the SNS (Cypess et al., 2012). Besides SNS, fibroblast growth factor 21 (FGF21) and irisin 

were shown to participate in cold-induced increase in beige fat volume and non-shivering 

thermogenesis (Lee et al., 2014). FGF21 was shown to play crucial role in inducing of beige 

adipocytes as deletion of FGF21 in mice impairs beige fat induction and thus reduced cold-

induced thermogenesis. FGF21 regulates UCP1 levels in an autocrine/paracrine manner via 

directly elevating the protein level of PGC-1α in adipocytes (Fisher et al., 2012). Some studies 

have indicated that mild cold exposure in rodents and human increases circulating FGF21 and 

irisin levels (Lee et al., 2014), predicting greater lipolysis and cold-induced thermogenesis 

(Lee et al., 2013).  

1.4.2.2 Exercise, Irisin and IL6 

The beneficial effect of exercise in combating obesity and insulin resistance is well-

established. Exercise is known to reduce the risk of coronary heart disease, osteoporosis, and 
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colon and breast cancer in humans. Besides this, exercise can improve life quality by 

improving mental well-beings and reducing clinical depression. Participation in an exercise 

training program has moderately positive effects on sleep quality in middle-aged and older 

adults (Yang et al., 2012). Of special interest, the beneficial effect of exercise persists also in 

the people with T2D and to some extent, in the people with T1D (Chimen et al., 2012). It has 

been shown that exercise increases insulin sensitivity in normal as well as insulin resistant 

populations (Borghouts and Keizer, 2000). The major contribution to exercise-induced whole 

body glucose homeostasis is skeletal muscle (Holloszy and Coyle, 1984), and recent studies 

showed that subcutaneous adipocytes also play a role in exercise-induced improvement in 

glucose homeostasis, as mice transplanted with subcutaneous fat isolated from exercise-

trained mice show better glucose tolerance with a significant increase in glucose uptake by 

soleus muscle and brown fat (Stanford et al., 2015; Wallberg-Henriksson and Zierath, 2015). 

However, it is still not clear whether the protective effect of subcutaneous fat is dependent on 

exercise-induced browning of white adipocytes, as many reports in rodents strongly support 

that exercise-derived secreted myokines, such as irisin, promote browning of white adipocytes 

and thus increase whole body energy expenditure during exercise (Bostrom et al., 2012; Kelly, 

2012). 

Irisin, a newly identified exercise-associated hormone, is cleaved from a type 1 membrane 

protein named “fibronectin type III domain containing 5” (FNDC5), and then secreted mainly 

by skeletal muscles and partially by subcutaneous fat (Roca-Rivada et al., 2013) into 

circulation and promotes browning of white adipocytes. This browning effect induced by irisin 

is possibly mediated by activation of extracellular signal–related kinase (ERK) and p38 

protein kinase signaling cascades (Wu and Spiegelman, 2014; Zhang et al., 2014c).  

Considering the beneficial effects of irisin in inducing browning of white adipocytes and 

improving metabolic health in mice, it gained great interest over the last three years to 

translate these findings from mice to human. Even though there were some doubts, the 

existence of irisin in human plasma is confirmed (Swick et al., 2013) with different antibodies 

and methods and its levels are negatively correlated with T2D, as circulating irisin levels are 

not detectable in human subjects with T2D, compared to normal people (Choi et al., 2013; 

Park et al., 2013a). However, the positive correlation of irisin levels and exercise is not 
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consistently observed in humans. In one study, the parent polypeptide FNDC5 mRNA is 

reported to increase in skeletal muscle in exercise-trained aged humans (Bostrom et al., 2012), 

while in other studies, no difference or decrease of FNDC5 levels are observed in endurance 

trained humans (Lecker et al., 2012; Norheim et al., 2014; Pekkala et al., 2013). Also, the role 

of irisin in inducing browning of human pre-adipocytes is not observed, raising great concerns 

regarding the possible role of irisin as a potential therapeutic agent in humans. Further studies 

reveal that there are some differences in start codon of irisin between human and rodents, 

which greatly affect the efficiency of translation (Raschke et al., 2013).  This difference may 

help explain the inconsistent observation between rodent and human studies. More 

experiments are needed to confirm the beneficial effect of irisin in humans, including inducing 

browning of white adipocytes and improve metabolic health.  

Besides irisin, interleukin (IL)-6 released during exercise is shown to play important role in 

inducing browning of white adipocytes (Knudsen et al., 2014). As a cytokine, IL-6 is produced 

and released from many cell types, including skeletal muscle during contraction. It has been 

demonstrated that IL-6 promote lipolysis, fatty acid oxidation and glucose uptake in skeletal 

muscle (Pedersen, 2007). Recent study indicates the beneficial effect of IL-6 in glucose and 

fatty acid metabolism is partially explained by induction of beige adipocytes. IL-6 is necessary 

for exercise-induced beige adipocytes formation, as deletion of IL-6 in mice impairs exercise-

induced browning effect. The browning effect induced by IL-6 may be associated with the 

activation of 5' AMP-activated protein kinase (AMPK), which is an important regulation 

factor in inducing beige adipocytes.  

1.4.2.3 Hormones and peptides 

Sympathetic neuronal activity is undoubtedly a physiological signal to induce beige 

adipocytes and enhance brown fat activity. Besides this, several other hormones and peptides, 

including norepinephrine, FGF21, irisin, bone morphogenetic protein (BMP)-7, BMP4, 

BMP8b, vascular endothelial growth factor (VEGF), natriuretic peptides, prostaglandin, 

thyroid hormone, insulin and leptin are also regulators of beige adipocytes. In the previous 

chapter, we already discussed about the role of norepinephrine, FGF21 and irisin; we will now 

focus on other hormones and peptides.  



 

 

 

71

As multi-functional growth factors, bone morphogenetic proteins (BMPs) belong to the 

transforming growth factor (TGF)-beta superfamily. It is well-documented that BMPs are 

implicated in the regulation of cell proliferation, survival, differentiation and apoptosis. Recent 

studies indicate that BMPs regulate adipogenesis. While BMP4, mainly secreted by white 

adipose cells, acts as an integral feedback regulator of both white and beige adipogenic 

commitment and differentiation (Qian et al., 2013), BMP7 and BMP8b induce both brown and 

beige adipogenesis in rodent and human progenitors (Okla et al., 2015; Whittle et al., 2012). 

BMPs may act through enhanced p38MAPK/CREB signaling and increased lipase activity to 

induce browning effect. 

VEGF was shown to be an important regulator of angiogenesis during embryogenesis, 

reproductive function and skeletal growth. It has been implicated in many pathological 

conditions, such as tumors and neovascular disorders (Ferrara et al., 2003). Recent study has 

revealed a new role of VEGF in adipocytes: it promotes survival, proliferation and normal 

mitochondrial development (Bagchi et al., 2013) and in white adipocytes, it induces beige 

adipocytes formation. Overexpression of VEGF-A specifically in adipocytes improves 

vascularization and causes a "browning" of white adipose tissue, with massive up-regulation 

of UCP1 and PGC1α. As a consequence, the mice show increased energy expenditure and are 

resistant to diet-induced obesity (Sun et al., 2012).  

Natriuretic peptides (NP) can be divided into three different subgroups: atrial NP (ANP), brain 

NP (BNP) and C-type NP (CNP). These peptides are predominantly released from the heart in 

response to heart failure and increased pressure and play important roles in reducing blood 

volume, blood pressure and cardiac output. Recent studies indicate that NPs also play some 

roles in regulating lipolysis in adipocytes and induce beige adipocytes formation in mouse and 

humans (Bordicchia et al., 2012). This is associated with increased heat production and weight 

loss in mice. NPs promote browning of white adipocytes in a cell-autonomous manner. 

Mechanistically, NPs activate cyclic GMP-dependent protein kinase (PKG), which acts in 

parallel with beta-adrenergic-PKA pathway to increase lipolysis and thermogenesis. Besides 

PKG, some reports suggest that p38/MAPK pathway may play a role in NP-induced browning, 

but not yet confirmed. 
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As FFA-derived lipid species, the prostaglandins (PG) have multiple functions, such as 

regulation of blood pressure, blood clotting and induction of child birth. Recent study showed 

that PGs are important regulators of beige adipocytes. The rate-limiting step in the synthesis of 

PG is catalyzed by cyclooxygenase-2 (COX2), a key regulator of local PG levels. Increased 

PG levels by increasing COX2 activity was shown to increase beige adipocyte formation in 

both subcutaneous and visceral fat depots. Βeta3-adrenergic receptor agonist increases COX2 

in parallel with increasing browning of white adipocytes. Deletion of inhibition of COX2 in 

mice impairs β3-adrengergic receptor agonist-induced browning effect in white fat depots, 

rather than brown fat. Overexpression of COX2 in mice is sufficient to increase thermogenesis 

and protects the mice from diet-induced obesity (Vegiopoulos et al., 2010). Currently, it is still 

not clear through which pathway PGs regulate beige adipocytes formation.  

Thyroid hormones play crucial roles in regulating the differentiation in many tissues, 

including preadipocytes differentiation (Obregon, 2014). Also, thyroid hormones T3 and T4 

regulate adiponectin and its receptors’ AdipoR1 and AdipoR2 gene expression in adipose tissue 

at the translation levels (Seifi et al., 2013; Seifi et al., 2012). T3 is much more active one and it 

is converted from T4 by the enzyme type II iodothyronine deiodinase (DIO2). T3 regulates 

genes involved in lipogenesis, lipolysis, thermogenesis, mitochondrial function and 

transcription factors. In the fully differentiated human mature adipocytes, T3 treatment 

increases UCP1 levels and oxygen consumption via binding to thyroid hormone receptor β 

(Lee et al., 2012a). However, abnormally high circulating thyroid hormone levels in human 

may not increase beige or brown adipose tissue activity (Zhang et al., 2014b). 

Insulin and leptin work together on hypothalamic neurons to induce browning of white 

adipocytes and weight loss (Dodd et al., 2015). Mice deficient in PTP1B phosphatase have 

enhanced insulin and leptin signaling in proopiomelanocortin (POMC) neurons and are 

resistant to diet-induced obesity because of increased energy expenditure conducted by beige 

adipocytes. Also, increased insulin and leptin levels by intracerebroventricular infusion or 

activation of POMC neurons also increased browning of white adipocytes. All these results 

reveal an important role of insulin and leptin in adipocytes biology. 

1.4.2.4 Metabolites and browning 
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Some metabolites, such as lactate, β-aminoisobutyric acid (BAIBA), retinoic acid and 

prostaglandins, have been shown to induce formation of beige adipocytes. Here, we will 

discuss the effects of metabolites that can induce browning. 

Lactate provides fuel for different organs, such as liver and brain and some studies showed 

that lactate may act as a signaling molecule (Brooks, 2009).  After production during exercise, 

lactate can be shuttled between white-glycolytic and red-oxidative fibers in muscle, or 

between different organs, including skeletal muscle, heart, liver and brain. Exchange of lactate 

to pyruvate in peroxisomes regulates cell redox state and may function as a ROS generator. 

High levels of circulating lactate in blood leads to reduced uptake of glucose and FFA by 

various organs. Also, in adipocytes, lactate may directly regulate metabolism via binding to G-

protein coupled receptor to inhibit lipolysis to feedback to the circulating FFA levels (Liu et 

al., 2009). In line with a role in regulation of cell redox state, recent study indicates that lactate 

induces browning of white adipose cells with elevation of UCP1 levels in rodent and human 

adipocytes. Lactate-induction of UCP1 is probably mediated by changes in cell redox state 

following lactate transport via monocarboxylate transporters. This regulation is apparently 

dependent on PPARγ signaling rather than hypoxia-inducible factor-1α (HIF1α) and PPARα 

pathways (Carriere et al., 2014).  

Besides lactate, ß-aminoisobutyric acid (BAIBA) appears to play an important role in 

browning of white adipocytes (Kammoun and Febbraio, 2014; Roberts et al., 2014). BAIBA is 

a catabolite of thymine metabolism and is derived from thymine of both DNA and transfer 

RNA. Its determination can be used to probe the metabolism of DNA and RNA in normal and 

tumoral tissues (Nielsen et al., 1974) and it is a biomarker for some cancers. The beneficial 

effect of BAIBA has been reviewed recently (Begriche et al., 2010). BAIBA can regulate 

body fat mass and lipid homeostasis through its direct role in liver and adipocytes (Jung et al., 

2015). In liver, BAIBA increases fatty acid oxidation, reduce inflammation and de novo 

lipogenesis in a leptin-independent manner, while in adipocytes, it increases leptin secretion, 

fatty acid oxidation and reduces the weight of visceral fat. Further study shows that the 

beneficial effect in adipocytes is mediated by the browning effect induced by BAIBA in a 

PPARα-dependent manner (Begriche et al., 2010).  
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Retinoic acid is derived from vitamin A and was originally shown to play an important role in 

growth and development. Recently, increasing evidence shows that it functions as a strong 

regulator of intercellular metabolism and induction of beige adipocytes. Administration of 

retinoic acid to murine 3T3-L1 white adipocytes leads to increased lipolysis and fatty acid 

oxidation as well as expression of some regulatory genes implicated in this process (Mercader 

et al., 2007). In line with this, increasing level of retinoic acid increases UCP1 levels in a cell-

autonomous manner in isolated mouse pre-adipocytes (Mercader et al., 2010). Chronic retinoic 

acid-treated mice show increased thermogenesis and are resistant to diet-induced obesity with 

great improvement in glucose tolerance (Bonet et al., 2012). The possible mechanism for 

retinoic-acid induced browning may lie in PPAR activation. The activity of PPAR requires 

heterodimerization with retinoid X receptor (RXR), which also binds to and forms 

heterodimer in a specific DNA region with the retinoic acid receptor (RAR). The ability of 

RXR to bind both PPAR and RAR affects its transcriptional activity. Some studies show that 

retinoic acid-induced browning is dependent on P38-MAPK signaling, which could link 

between retinoid acid and PPAR activation (Yu et al., 2012).   

Long-chain n-3 polyunsaturated fatty acids, such as eicosapentaenoic acid (EPA; 20:5 n−3) 

and docosahexaenoic acid (DHA, 22:6 n−3), have been implicated in the browning process of 

white adipocytes. EPA and DHA are enriched in marine fish oil, whose intake shows 

beneficial effect in reducing weight gain and visceral fat mass in mice. The beneficial effect 

may be associated with the browning effect. The mechanism possibly involves PPAR 

activation, as DHA and EPA are efficient ligands for various PPARs (Peters et al., 2001).  

1.4.2.5 Gene-manipulations and browning 

Manipulation (overexpression, knockdown or knock out) of many genes in mice protect from 

diet-induced obesity and are associated with browning effect in white adipocytes. Because of 

space limitation, we will not include all these genes here. We only discuss some key 

transcriptional factors (e.g. PRDM16 and PGC1a) and lipase genes (e.g. ATGL and HSL) that 

code for metabolic enzymes in GL/FFA cycling.  

PRDM16 
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PR Domain containing 16 (PRDM16) is a transcriptional factor that contains a large zinc 

finger and plays crucial roles in adipocytes differentiation and in the formation of beige 

adipocytes. PRDM16 is highly expressed in brown adipocytes in mouse and human and acts 

as a driver for brown adipocytes fate. Overexpression of PRDM16 in myoblasts leads to a 

brown adipocytes phenotype (Kajimura et al., 2009), while silencing of this gene in brown 

adipocytes impairs the thermogenic program and increases some muscle-specific genes. 

Besides the role in brown fat cell differentiation, PRDM16 also plays a role in the formation 

of beige adipocytes. The level of PRDM16 is higher in fat depots prone to become beige 

adipocytes (Cohen et al., 2014). In line with correlative expression level results, down-

regulation of PRDM16 in white adipocytes in vitro decreases the induction of thermogenic 

program and impairs the browning response after cold exposure, while overexpression of 

PRDM16 increase the formation of beige adipocytes and protects mice from diet-induced 

obesity (Seale et al., 2011). Recently, adipocytes-specific PRDM16-KO mice have been 

generated and studies with these mice strongly support the role of PRDM16 in the induction of 

beige adipocytes (Cohen et al., 2014).  

Peroxisome proliferator-activated receptor gamma coactivator 1- alpha (PGC1α) 

As a transcription co-activator, PGC1α is implicated in the regulation of energy metabolism 

via modulating mitochondrial biogenesis and promoting remodeling of muscle fiber 

composition to more oxidative and less glycolytic capacity (Liang and Ward, 2006). PGC1α 

can directly interact with cAMP response element-binding protein (CREB), which builds a 

link between external stimuli driving cAMP signaling to mitochondrial biogenesis. Also, 

evidence shows that PGC1α is highly induced by cold exposure (Puigserver et al., 1998), 

which may offer a link for PGC1α in browning of white adipocytes (Enerback, 2010). PGC1α 

has been shown to directly induce UCP1 and other browning markers in white adipocytes. 

Further studies have been shown that PGC1α is essential for cold-induced browning of white 

adipocytes (Bostrom et al., 2012). Thus, PGC1α can be regarded as a central transcriptional 

effector in inducing browning of adipocytes. However, mice deficient in PGC1α develop 

normal brown adipocytes, indicating that PGC1α does not participate in the development of 

brown adipocytes.  

UCP1 
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Expression of UCP1 is a gold standard marker for browning of white adipocytes, and 

modulation of UCP1 levels affects non-shivering thermogenesis. Consistent with this, 

transgenic expression of UCP1 in adipocytes increases thermogenesis and prevents diet-

induced obesity (Stefl et al., 1998).  Deletion of UCP1 in mice accelerates diet-induced 

obesity and abolishes diet-induced thermogenesis under thermoneutral conditions (Feldmann 

et al., 2009). However, when UCP1 deficient mice are placed at normal temperature (22 ), 

they only show cold-sensitivity, but do not become obese on chow diet or HFD (Enerback et 

al., 1997), indicating the importance of other sources of thermogenesis in regulating body 

weight. 

Forkhead box protein C2 (FoxC2)  

As a forkhead/winged helix transcription factor, FoxC2 has been shown to regulate both beige 

and brown adipocyte function. Overexpression of FoxC2 in white adipocytes leads to 

browning of white adipocytes with significant increase in mitochondrial density and 

thermogenic gene expression, including UCP1 (Cederberg et al., 2001). As a result, these mice 

show higher insulin sensitivity and are resistant to diet-induced obesity. These beneficial 

effects are mediated by β-adrenergic receptor-cAMP-PKA pathway possibly due to the direct 

induction of RIα subunit by FoxC2 (Cederberg et al., 2001).  

Receptor interacting protein (RIP140) 

As a nuclear receptor, RIP140 plays important role in regulating lipid and glucose metabolism 

via modulating gene expression in different metabolic tissues, such as skeletal muscle and 

liver. In adipocytes, RIP40 can directly interact with PGC1α and block its ability to induce 

browning of white adipocytes (Chechi et al., 2013). Overexpression of RIP140 in adipocytes 

decreases the expression of thermogenic gene and oxidative metabolism. In contrast, deletion 

of RIP140 in adipocytes induces browning of white adipocytes (Leonardsson et al., 2004).  

ATGL  

During formation of beige adipocytes, dynamic change has been observed in lipid droplet 

associated proteins to increase lipolysis rate, which facilitate the transformation from the white 

adipocytes-like to brown adipocyte-like shape (Barneda et al., 2013). As a rate-limiting step in 

lipolysis, ATGL activity is crucial in controlling of energy metabolism. Deletion of ATGL in 
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mice impairs lipolysis, and results in TG accumulation in different tissues, including heart, 

which makes the mice to develop cardiac related problems at early age. These mice show cold 

intolerance, which may result from decreased thermogenesis (Haemmerle et al., 2006). Further 

study indicates that ATGL is regulated by AMPK and is required for a browning phenotype 

(Ahmadian et al., 2011). In consistent with this, mice with overexpression of ATGL are 

resistant to diet-induced obesity (Watt and Spriet, 2010). 

G0/G1 switch gene 2 (G0S2) is a protein that interacts with and inhibits ATGL activity (Cerk 

et al., 2014; Lu et al., 2010). Deletion of G0S2 in mice increases ATGL activity, improves 

acute cold intolerance, increases browning of white adipocytes and allows resistance to diet-

induced obesity (El-Assaad et al., 2015; Ma et al., 2014).  

Stearoyl-CoA desaturase-1 (SCD1)  

SCD1 catalyzes the rate-limiting step in the synthesis of unsaturated fatty acids and is an 

important regulator of whole body energy homeostasis. Mice with skin-specific deletion of 

SCD1 display severe cold intolerance because of rapid depletion of fuel substrates to maintain 

core body temperature, and show increased browning of white adipocytes and enhanced 

brown fat activity (Sampath et al., 2009). However, the browning effect observed in this 

mouse needs to be examined carefully, as there are some burning issues raised in this model 

(Nedergaard and Cannon, 2014). In some cases, the evidence indicates that skin and fur 

defects are sufficient to cause browning of white adipocytes. As SCD1 mice show skin and fur 

problems, the browning effect may not be related to the gene deletion mediated changes in 

thermogenesis per se, but could be simply explained by improper fur development.  

Monoacylglycerol lipase 

Overexpression of MAGL in mouse forebrain neurons decreases MAG levels in forebrain, and 

protects the mice from diet-induced obesity. The beneficial effect is partially mediated by 

effects on brown adipocytes. How MAG levels in the brain regulate brown adipocytes is not 

known, and endocannabinoid 2-arachidonoyl-sn-glycerol signaling may be involved (Jung et 

al., 2012).  

Elongation of very long chain fatty acid protein 3 (ELOVL3) 
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The fatty acid elongase ELOVL3 is the rate-limiting enzyme in the synthesis of C20-C24 

saturated and monounsaturated very long chain fatty acids (VLCFAs) in different tissues, 

including brown and white adipose tissues (Westerberg et al., 2004). During cold exposure, 

the mRNA level of ELOVL3 is increased 200 fold and this correlates with the higher rate of 

lipid mobilization (Westerberg et al., 2006). Ablation of ELOVL3 leads to constrained 

expansion of adipose tissue, and resistance against diet-induced obesity. The basis for these 

phenotypes may lie in increased energy expenditure induced by increased browning of white 

adipocytes (Zadravec et al., 2010). Female mice show more pronounced phenotype than male 

mice for unknown reasons. However, ELOVL3 has been shown to play an important role in 

skin barrier, so the browning effect induced by deletion of ELOVL3 needs to be interpreted 

with caution (Westerberg et al., 2004).  

1.4.3 Peroxisome proliferator-activated receptors (PPARs) in energy metabolism 

The nuclear receptor PPARs play crucial roles in regulating energy homeostasis. The different 

isoforms of PPARs show distinct yet overlapping functions and wide tissue distribution. 

PPARs regulate different gene expression at the transcriptional levels to modulate different 

aspects of energy metabolism. Reduced activity of these receptors by down-regulation or gene 

deletion leads to a variety of metabolic diseases, while increasing the activity by some specific 

agonists provides many metabolic benefits. Studies on these receptors have greatly increased 

our knowledge with regard to regulation of energy metabolism at the molecular levels and 

pave the road to design new therapies for the metabolic syndrome (Wang, 2010). 

1.4.3.1 PPAR isoforms and their tissue distribution 

So far, three different PPARs have been cloned and identified: PPARα, PPARβ and PPARγ. 

PPARα is the first PPAR to be cloned in 1990s by Stephen Green. The expression of PPARα 

is different between rodents and humans. In rodents, it is shown to be widely expressed among 

different tissues: the highest expression of PPARα is found in liver and brown adipocytes, 

followed by heart and kidney, and then lower expression in small and large intestine, skeletal 

muscle and adrenal gland (Braissant et al., 1996). However, in humans, it is equally expressed 

among tissues with higher expression in liver, intestine, kidney and heart (Auboeuf et al., 

1997); Compared to PPARα, PPARβ is equally distributed in different tissues. It has been 
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shown to express in a variety of tissues/cells in multiple systems including cardiovascular, 

urinary, respiratory, digestive, endocrine, nervous, hematopoietic, immune, musculoskeletal, 

sensory and reproductive organ systems (Higashiyama et al., 2007); PPARγ is highly and 

specifically expressed in adipocytes and immune system, and seldom expressed in other 

tissues (Jones et al., 2005).  

1.4.3.2 PPARs and lipid metabolism 

PPARα plays an important role in regulating liver and skeletal muscle lipid metabolism and 

glucose homeostasis. Activation of PPARα by endogenous ligands is a mechanism to sense 

the circulating levels of endogenous FFAs or their derivatives and regulate the expression of 

various genes that code enzymes and some protein transporters to maintain lipid homeostasis 

by stimulating FA oxidation and increasing lipoprotein metabolism (Fruchart et al., 1999). 

Also, PPARα plays a role in cholesterol homeostasis as its activation prevents excess 

cholesterol accumulation in macrophages by increasing cholesterol efflux from these cells. 

Mice deficient in PPARα are intolerant to fasting, and display high serum apoB associated 

with VLDL and increased hepatic triglyceride secretion and liver steatosis (Higashiyama et al., 

2007). Surprisingly however, mice deficient in PPARα are resistant to diet-induced obesity 

and show improved insulin sensitivity (Wang et al., 2013a). There is no clear explanation 

regarding this discrepancy with a role of this transcription factor in fat detoxification and 

oxidation. It may involve compensatory mechanisms related to total KO of this gene and it 

may also involve effects on skeletal muscles, as overexpression of PPARα leads to glucose 

intolerance (Iglesias et al., 2012).  

Similar to PPARα, PPARβ also plays important role in regulating fatty acid oxidation in 

several tissues, including skeletal muscle, liver and adipose tissues. Also, some evidence 

indicates that PPARβ can control mitochondrial biogenesis. Activation of PPARβ stimulates 

keratinocyte differentiation, improves barrier homeostasis and leads to TG accumulation in 

keratinocytes (Woods et al., 1998). Mice deficient in PPARβ exhibit exacerbated epithelial 

cell proliferation and are sensitive to skin carcinogenesis (Ebbeling et al., 2012). In adipocytes, 

activation of PPARβ by its specific agonist GW501516 prevents IL-6-induced STAT3 

activation by inhibiting ERK1/2 and preventing the STAT3-Hsp90 association (Imbeault et al., 

1997) as well as ameliorating fructose-induced insulin resistance by preventing Nrf2 
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activation (Neel, 1999). In skeletal muscle, activation of PPARβ induces myogenesis by 

modulating myostain activity (Neel, 1962) as well as preventing ER stress and improving 

insulin resistance (Mela, 2001). In pancreatic beta cells, PPARβ regulates beta cell mass and 

insulin secretion (Iglesias et al., 2012). 

Compared to PPARα and PPARβ, PPARγ does not play a direct role in regulating fatty acid 

oxidation. In contrast, it plays key role in adipocytes differentiation. In the mouse and human, 

PPARγ can be further divided into two isoforms by alternative splicing: PPARγ1 and PPARγ2 

(Anis et al., 2010). PPARγ1 isoform is mainly expressed in liver and other tissues, whereas 

PPARγ2 isoform is exclusively expressed in adipose tissue to function as a regulator of 

adipogenesis and lipogenesis. Overexpression of PPARγ1 in mouse liver results in high 

induction of adipocyte-specific and lipogenesis-related genes and leads to hepatic steatosis in 

PPARα−/− mice (Halter et al., 2014). Selective deletion of PPARγ2 in adipose tissue impairs 

the development of adipose tissue and causes insulin resistance (Guo, 2014). Global deletion 

of PPARγ in mice is lethal as PPARγ is required for placental, cardiac and adipose tissue 

development (Astrup and Finer, 2000). Muscle specific deletion of PPARγ causes increased 

adiposity and insulin resistance but maintains normal response to thiazolidinediones (Relimpio, 

2003). Adipocytes specific PPARγ knockout mice generated in various laboratories show 

different phenotypes. In one report, deletion of PPARγ in adipose tissues protects against diet-

induced obesity and insulin resistance (Jones et al., 2005), while in another report it caused 

lipoatrophy and severe metabolic disturbance (Wang et al., 2013a). The reason for this 

discrepancy is currently unknown.  

1.4.3.3 PPARs and browning of white adipocytes 

Of all three PPARs, PPARα and PPARγ play important roles in inducing browning of white 

adipocytes. The role of PPARβ in adipose browning has been seldom reported. Increasing 

PPARα activity by the specific agonists fenofibrate or GW6471 induces beige cell formation 

in subcutaneous white adipocytes from diet-induced male obese mice (Rachid et al., 2015). 

The β-aminoisobutyric acid induced browning of white adipocytes is dependent on PPARα 

(Badman et al., 2007). How does PPARα induce the browning of white adipocytes? This may 

occur partially through FGF21, a direct target of PPARα that clearly shows browning effects 

in white adipocytes (Roberts et al., 2014). Another possible explanation may lie in the direct 
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regulation of thermogenic gene networks. Some reports indicate that UCP1 is a direct target 

gene of PPARα, and that PPARα activation in white adipocytes is associated with increased 

UCP1 levels and browning effects (Kelly et al., 1998).  

The effect of PPARγ in browning of white adipocytes is well-documented. The first 

observation of beige adipocytes was made with chronic treatment of white adipocytes with the 

PPARγ agonist rosiglitazone (Petrovic et al., 2010)  This drug not only increases the 

expression of PGC-1α and mitochondriogenesis in these cells but also causes a 

norepinephrine-augmentable UCP1 gene expression in a subset adipocytes with increased 

thermogenic capacity. The browning effect is mediated at least in part through the stabilization 

of the PRDM16 protein (Ohno et al., 2012). Further studies have indicated that the browning 

effect induced by the PPARγ agonist leads to the formation of PPARγ "superenhancers" to 

maintain the browning phenotype without further requiring rosiglitazone (Loft et al., 2015).  
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Overall rationale and hypothesis of the thesis 

The biochemical basis of fuel induced insulin secretion is not fully understood and we need to 

define additional metabolic coupling factors (MCF), besides adenine nucleotides, that mediate 

the link between glucose metabolism in the ß-cell and the exocytotic release of insulin. There 

is much evidence that endogenous lipid signals derived from the lipolysis segment of GL/FFA 

cycling in the ß-cell regulate insulin secretion. However, the molecular identity of these lipid 

signals is currently uncertain. In whole body or ß-cell specific ATGL KO mice there is TG 

accumulation in islet tissue and reduced GSIS, thus ruling out TG itself as a possible 

metabolic signal for insulin secretion.  Therefore, downstream signals in the lipolysis cascade 

contribute to glucose action on insulin secretion. If DAG were a signal for GSIS, suppression 

or inhibition of HSL or DAG lipase, which transform DAG to MAG, should enhance GSIS 

rather than reducing it. However, several studies showed that HSL-KO leads to reduced GSIS, 

suggesting that DAG is not the lipid signal for GSIS. In addition lipolysis does not produce 1,2 

DAG, a known lipid signals that activate protein kinase enzymes, but 1,3- and 2,3-DAG that 

are not known to possess signaling properties so far. Thus, the remaining candidate signals are 

MAG, FFA and glycerol. Exogenous glycerol does not alter insulin secretion and exogenous 

FFA cause modest restoration of GSIS in islet from ATGL and HSL KO mice. Thus, the most 

likely candidate signal for insulin secretion in the lipolysis cascade is MAG. It should be 

added that MAG is degraded by MAGL in various cell types but we find that this enzyme is 

poorly expressed in the ß-cell and that ABHD6 is the predominant enzyme that degrades 

MAG in islet tissue.  

The first central hypothesis of this thesis is that lipolysis-derived MAG that is accessible to 

ABHD6 for its degradation functions as a MCF to promote insulin secretion in ß-cells. 

 

Lipolysis plays an important role in regulating non-shivering thermogenesis and lipolysis-

derived lipids participate in the activation of PPARα and PPARγ, even though the specific 

lipid involved is not yet identified. In view of our entirely novel concept that MAG acts as a 

signaling molecule at large and the recent evidence indicating that ABHD6 controls its 

degradation in many cell types, we were interested in assessing the role of MAG and ABHD6 
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in adipose tissues besides islets and at the whole body level. To this end we wished to study 

various aspects of energy homeostasis in mice deficient of ABHD6.   

The second central hypothesis of this thesis is that MAG and ABHD6 play a role in energy 

homeostasis, body weight control and thermogenesis via MAG activation of some PPAR 

isoforms involved in browning of white adipocytes and brown fat function.  
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SUMMARY 

Glucose metabolism in pancreatic -cells stimulates insulin granule exocytosis and this 

process requires generation of a lipid signal. However, the signals involved in lipid 

amplification of glucose-stimulated insulin secretion (GSIS) are unknown. Here we show that 

in -cells glucose stimulates production of lipolysis-derived long-chain saturated 

monoacylglycerols, which further increase upon inhibition of the membrane bound 

monoacylglycerol lipase α/β-Hydrolase Domain-6 (ABHD6). ABHD6 expression in -cells is 

inversely proportional to GSIS. Exogenous monoacylglycerols stimulate -cell insulin 

secretion and restore GSIS suppressed by the pan-lipase inhibitor orlistat. Whole-body and -

cell specific ABHD6-KO mice exhibit enhanced GSIS and their islets show elevated 

monoacylglycerol production and insulin secretion in response to glucose. Inhibition of 

ABHD6 in diabetic mice restores GSIS and improves glucose tolerance. Monoacylglycerol 

binds and activates the vesicle priming protein Munc13-1 thereby inducing insulin exocytosis. 

We propose saturated monoacylglycerol as a signal for GSIS and ABHD6 as a negative 

modulator of insulin secretion. 
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INTRODUCTION 

Insulin is secreted from the pancreatic β-cell upon fusion of insulin containing secretory 

granules with the plasma membrane (Ashcroft and Rorsman, 2012; Kwan and Gaisano, 2009; 

MacDonald, 2011), and glucose stimulated insulin secretion (GSIS) occurs via intracellular 

glucose metabolism in the β-cell (MacDonald, 2011; Maechler and Wollheim, 1998; Prentki 

et al., 2013a). Insulin secretion is altered in diabetes, and despite decades of research the 

signaling pathways involved in GSIS largely remain to be defined (Nolan and Prentki, 2008). 

Glucose metabolism leads to a rise in ATP concentration in the -cell, causing closure of 

potassium channels (KATP), which triggers an elevation in cytosolic Ca2+ necessary for insulin 

granule exocytosis (Prentki and Matschinsky, 1987). However, glucose signaling for insulin 

exocytosis also occurs via other metabolic coupling factors besides ATP (Henquin, 2011; 

Jitrapakdee et al., 2010; Maechler and Wollheim, 1998; Prentki and Madiraju, 2012).  

The glycerolipid/free fatty acid (GL/FFA) cycle (Nolan et al., 2006b; Nolan and Prentki, 

2008), which conducts synthesis of glycerolipids including mono-, di-, & tri-acylglycerols 

(MAG; DAG; TG) and phospholipids followed by their lipolysis to FFA and glycerol, plays a 

key role in GSIS (Nolan and Prentki, 2008; Prentki and Madiraju, 2012) via the production of 

lipolysis-derived signaling molecule(s) that remain to be defined (Prentki et al., 2013a).  

GSIS is reduced in isolated islets obtained from mice deficient in either adipose triglyceride 

lipase (Peyot et al., 2009b), which hydrolyzes TG to DAG (Nolan and Prentki, 2008), 

hormone sensitive lipase (Fex et al., 2009; Peyot et al., 2004) which forms MAG from DAG 

(Haemmerle et al., 2002), or when DAG lipase (which also forms MAG) is inhibited by 

RHC80267 (Guenifi et al., 2001). On the basis of these observations, we hypothesized that 

MAG is a key signal mediating the link between glucose and intracellular fatty acid signaling 

and insulin secretion. 

If DAG were a signal for GSIS (Eliasson et al., 2008; Green et al., 2009; Kwan et al., 

2006b)_ , then suppression or inhibition of HSL or DAG lipase, which elevates DAG levels, 

should enhance GSIS instead of reducing it. MAG can be hydrolyzed not only by MAG lipase 

(MAGL) but also by the recently discovered plasma membrane bound enzymes /-hydrolase 

domain containing-6 (ABHD6), with its catalytic site facing the cytosol, and ABHD12 with 

an exterior facing catalytic site (Blankman et al., 2007b). Recent studies suggested a potential 
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role for ABHD6 in the control of metabolic syndrome (Thomas et al., 2013) and also 

inflammation (Alhouayek et al., 2013). 

Here we show that glucose stimulation elevates various MAG species in the -cells, 

particularly saturated 1-MAG species, and that MAG accessible to ABHD6 but not to MAGL 

acts as a signal for promoting insulin granule exocytosis by binding to the vesicle priming 

protein Munc13-1. Suppression of ABHD6 either genetically or pharmacologically leads to 

MAG accumulation in -cells with a resultant increase in GSIS in vitro, ex vivo and in vivo. 

The data indicate that ABHD6 is a negative regulator of GSIS and that MAG is a metabolic 

coupling factor for insulin secretion in response to glucose and fatty acids. 

 

RESULTS 

Membrane Bound ABHD6 is the Predominant MAG Lipase in -cells 

We found that in -cell lines and islets from rat, mouse and human, MAGL is expressed at 

very low levels, unlike other tissues (Figure 1A). However, ABHD6 is well expressed both at 

the mRNA and protein levels in islets and -cell lines (Figure 1B). Using 1-oleoylglycerol as 

the substrate, we found that MAG hydrolyzing activity in INS832/13 -cells primarily resides 

in the membrane fraction (Figure 1C) and is inhibited by the ABHD6 inhibitor WWL70, 

which does not affect MAGL, ATGL and HSL (Bachovchin et al., 2010; Blankman et al., 

2007b) and by orlistat, which inhibits most lipases. We found that WWL70-sensitive ABHD6 

activity in INS832/13 cell extracts with 1-palmitoylglycerol is ~3-fold higher than with 1-

oleoylglycerol, even though both the MAG species could serve as substrates (Figure 1E). 

However, ABHD12 expression is low in -cells and rodent islets while it is higher in human 

islets (data not shown). 

Elevation of 1-MAG by Glucose and ABHD6 Inhibition in -cells correlate with GSIS 

If MAG is a mediator of GSIS, its level is expected to respond to an increase in glucose 

concentration and pharmacological agents that either increase or reduce MAG levels should 

modulate insulin secretion accordingly. The incorporation of [1-14C]-arachidonic acid into 

both 1- and 2-MAG, besides other glycerolipids, increased in INS832/13 cells at high glucose 
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(Figure S1A). We also tested the effect of WWL70 and orlistat on the incorporation of [14C]-

glucose into different lipids. Under conditions where the lipid carbons are pre-labeled with 

[14C]-glucose, incubation with 10 mM glucose led to elevated lipolysis, measured as 14C-FFA 

release (Figure S1B), and a rise in the content of neutral glycerolipids, particularly 1- and 2- 

MAG (Figure S1C). TG accumulated with orlistat but not with WWL70 (Figure S1D). 

Neither of these inhibitors had an effect on total DAG levels (Figure S1D). While orlistat had 

no effect on 2-MAG levels, WWL70 (Figure S1C) increased this lipid. On the other hand, 

orlistat which inhibits GSIS (Nolan et al., 2006c), reduced the formation of 1-MAG, while 

WWL70 which enhances GSIS (see below Fig 3) caused an increase in 1-MAG (Figure S1C). 

Thus, elevated glucose promotes lipolysis and FFA release in -cells, and causes a rise in 1-

MAG and 2-MAG levels that is amplified in the presence of the ABHD6 inhibitor WWL70. 

In addition, GSIS in the presence of lipolysis (orlistat) or ABHD6 (WWL70) inhibitors 

correlates only with 1-MAG and not with 2-MAG, DAG or TG.  

Glucose Specifically Increases Saturated Long Chain Fatty Acid and MAG Species  

As ABHD6 inhibition reduced glucose stimulated FFA release from INS cells (Figure S1B), 

we examined if this is specific for any particular species of FFA. In rat islets high glucose 

(16.7 mM) specifically increased the release of long chain saturated FFA (Figure 2A), e.g., 

palmitate (C16:0) and stearate (C18:0), and this increase was abolished by WWL70 (Figure 

2B), while the release of unsaturated FFA species or saturated FFA of <C16 chain length 

were not affected (Figure 2A,B). Similar changes were noticed in the total FFA present in the 

islet cells (Figure 2C). Thus, WWL70 is a useful tool to study the role of ABHD6 and MAG 

in glucose signaling as it shows the anticipated effects on lipid metabolism. It reduces MAG 

hydrolysis in vitro, and increases MAG levels and reduces FFA content and release in intact 

-cells.  

The pattern of lipolysis (FFA release) with glucose and WWL70 was largely related to the 

MAG species in the cells. As glucose and WWL70 led to an accumulation of MAG in INS 

cells incubated with [14C]-glucose, we examined the effect of WWL70 on individual species 

of MAG (Figure 2D). Thus, a 2 to 10 mM increase in glucose elevated total cellular MAG 

(both 1- and 2-MAG) more than 2-fold and this was further increased by WWL70 (Figure 2E). 

Glucose primarily and quantitatively increased both 1- and 2-isomers of palmitoylglycerol 
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(Figure 2F) and stearoylglycerol (Figure 2G), though there was noticeable effect on other 

MAG species. WWL70 appeared to be specific in further elevating the levels of 1-MAG 

species, in particular, 1-palmitoylglycerol and 1-stearoylglycerol (Figure 2F, G), and other 

saturated fatty acid containing MAGs (Figure 2D). This indicates that ABHD6 has 

preferential access to 1-MAG species with saturated FFA.  

MAG Enhances Insulin Release and Restores GSIS Suppressed by Orlistat 

Since glucose primarily elevates long chain saturated MAG, we tested whether these MAG 

species are efficient secretagogues when provided exogenously. 1-Palmitoylglycerol and 1-

stearoylglycerol were most effective in enhancing GSIS in INS832/13 cells (Figure 3A), 

whereas and 1-oleoylglycerol (Figure 3A) and 1-linoleoylglycerol (Figure S2A) were less 

effective. The GSIS enhancing effect by 1-palmitoylglycerol was also seen in human and rat 

islets (Figure 3B). 1-Stearoylglycerol caused similar effects in both rat and human islets 

(Figure S2B).  

We noticed that exogenous MAG (1-palmitoylglycerol, Figure 3C; 1-stearoylglycerol, Figure 

S2C and 2-arachidonoylglycerol, Figure S2D,E,F) was not only effective in enhancing GSIS 

but also in restoring GSIS suppressed by the lipolysis inhibitor orlistat  in INS832/13 cells. 

This provides strong pharmacological evidence for the view that lipolysis-derived MAG is a 

signal for GSIS. 

Cannabinoid Receptors are not Implicated in Glucose Signaling for Insulin Secretion 

A specific antagonist (AM251) of the CB1 receptor (Lan et al., 1999) known to be present in 

-cell (Matias et al., 2006), and an inverse agonist (AM630) of the CB2 receptor (Ross et al., 

1999) whose presence in -cells is controversial (Kim et al., 2011), did not alter GSIS (Figure 

S2E and S2F). In addition, the restoration of orlistat-inhibited GSIS by 2-

arachidonoylglycerol was not affected by AM251 (Figure S2F).  

ABHD6 Inhibition Amplifies GSIS 

Inhibition of ABHD6 by WWL70 in INS832/13 cells, which causes MAG accumulation, 

almost doubled insulin secretion at 10 mM glucose both in the presence and absence of 

exogenous palmitate (Figure 3D). In contrast, orlistat, which decreased 1-MAG levels (Figure 
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S1C), strongly inhibited GSIS (Figure 3D). WWL70 had no effect on insulin secretion at low 

glucose and amplified only GSIS, with maximal effect at 10 M (Figure S2G), without 

affecting the total insulin content of the cells (not shown). WWL70 was also effective in 

enhancing GSIS in islets from CD1 mice (Figure 3E) and C57Bl6 mice and Wistar rats (not 

shown), as well as from non-diabetic human donors (Figure 3E). Insulin secretion induced by 

membrane depolarization with 10 mM arginine or 35 mM KCl was not affected by WWL70 

in INS832/13 cells (not shown).  

Insulin Secretion is Inversely Proportional to ABHD6 Levels 

In order to further ascertain the role of ABHD6 in GSIS regulation, we modified the 

expression of ABHD6 in INS832/13 cells by overexpression or RNAi-knockdown. A ~3 fold 

increase in ABHD6 protein (Figure 4A) decreased GSIS (Figure 4B), as compared to GFP 

expressing control cells, both in the presence and absence of palmitate. In contrast, a decrease 

in ABHD6 content by >80% using two different siRNA oligomers (A1 & A2) led to ~2-fold 

increase in GSIS, in comparison to control RNAi-transfected cells (Figures 4C, 4D and 4E). 

An ABHD6 gene expression dosage effect on GSIS with the two siRNA oligomers is 

apparent.  

MAG Hydrolysis by ABHD6 but not by MAG Lipase Controls Insulin Secretion 

We tested whether the signaling competent MAG for insulin secretion is accessible not only 

to ABHD6 but also to the small amount of MAGL present in the -cell.  MAG lipase is a an 

amphiphilic enzyme distributed between cytosol and membrane fractions (Severson and Hee-

Cheong, 1988), unlike ABHD6 which is largely membrane bound (Blankman et al., 2007b) 

(Figure 1C). Inhibition of MAGL by JZL184 (Long et al., 2009b) caused a modest increase in 

MAG levels in INS832/13 cells but had no effect on GSIS (Figure S3). In addition, RNAi 

silencing of MAGL (Figures 4F and 4G) or overexpressing MAGL (Figures 4H and 4I) in 

INS832/13 cells was without effect on GSIS. Thus, ABHD6-accessible MAG only acts as a 

signal for insulin secretion. 

Enhanced Insulin Secretion in Whole Body ABHD6 Deficient Mice 

Whole body deletion of the mouse ABHD6 gene was obtained by a knockout-first technique 

(Figure S4A) (Skarnes et al., 2011). Gene deletion was verified by genotyping. Genomic PCR 
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of abhd6 locus yielding a single fragment of 517bp is indicative of complete loss of the gene 

in the homozygous mice, whereas a fragment of 200bp is indicative of wild-type (WT) 

(Figure S4B). Both fragments were noticed in heterozygous (HZ) mice. ABHD6 deletion was 

also confirmed in the Western-blots showing complete loss of the 37 kDa ABHD6 protein 

(Figure 5A) in the homozygous knockout (KO) mice. There was no difference in the growth 

and food intake of ABHD6-KO and HZ mice in comparison to WT mice up to 25 weeks of 

age (Figures S4C and S4D).  

We examined if the isolated islets, ex vivo, from ABHD6-KO mice also exhibit enhanced 

GSIS and elevated MAG content, similar to the in vitro experiments using the ABHD6 

inhibitor and RNAi-knockdown approaches. The ex vivo (16wk old mice) experiments 

revealed an increase in GSIS in the ABHD6-KO islets at 8.3 and 16.7 mM glucose while the 

islets from HZ mice also showed significantly elevated GSIS at 16.7 mM glucose (Figure 

5B). Interestingly, the KO islets also had elevated KCl-stimulated insulin secretion (Figure 

5B).  

We measured the content of MAG ex vivo, in islets from ABHD6-KO, HZ and WT mice after 

incubation at 2.8 and 16.7 mM glucose. Total MAG (Figure 5C) and 1-MAG (Figure 5D) 

levels were elevated in the islets from all animal types at high glucose. The increase in 2-

MAG was moderate and significant only in the KO islets (Figure S4E). Importantly, there was 

an inverse effect of ABHD6 ‘gene dosage’ on total MAG, 1-MAG and 2-MAG levels at high 

glucose (Figures 5C, 5D and S4E). Thus, genetic deletion of ABHD6 was associated with 

enhanced ex vivo GSIS and total MAG as well as 1-MAG and 2-MAG species in the islets. 

Similar to the observations with INS832/13 cells (Figure 2D), maximal changes in the 

ABHD6-KO islets were seen in saturated fatty acid containing MAG species (Figure S4F and 

S4G). Thus in ABHD6-KO islets, high glucose induced ~4-fold increase in 1-palmitoyl MAG 

and a more than 2-fold increase in 1-stearoyl MAG and these increases were higher than in 

WT and HZ islets (Figure S4F). While similar trend was seen in corresponding 2-MAG 

levels, the total amounts were lower than 1-MAG (Figure S4G). Other 1-and 2-MAG species 

contributed quantitatively much less to total MAG (data not shown).  

We then assessed the impact of ABHD6 deletion on GSIS in vivo by performing an oral 

glucose tolerance test (OGTT) in 26-week-old male ABDH6-KO and HZ mice and wild-type 
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littermates. Results indicated unaltered glucose tolerance in both ABHD6-KO and HZ mice, 

as compared to WT mice (Figure 5E). Plasma insulin levels during OGTT were increased 

significantly in both the KO and HZ mice (Figure 5F; inset showing AUC), consistent with 

the results obtained with the normal mice administered with ABHD6 inhibitor WWL70 (see 

below). The increase in GSIS appeared to be ABHD6 gene dosage dependent, as evident from 

area under the curve calculations (Figure 5F inset). Since there was elevated insulinemia 

response with unchanged glycemia in the KO and HZ mice upon glucose load, we tested if 

the insulin sensitivity is altered in these mice. Hyperinsulinemic euglycemic clamp revealed 

unaltered insulin sensitivity in either KO or HZ mice fed chow diet for 26 weeks (Figure 5G) 

confirming the results obtained by insulin tolerance test, (Figure S4H). Both the basal 

glycemia and insulinemia were similar in the KO, HZ and the WT mice. 

Lack of Effect of WWL70 on GSIS and MAG Hydrolyzing Activity in ABHD6-KO Islets 

Extracts from ABHD6-KO mouse islets showed about 50% reduced MAG hydrolytic activity 

that was insensitive to inhibition by ABHD6 inhibitor WWL70, unlike the MAG hydrolysis 

activity in wild-type islet extracts (Figure S4I). The residual MAG hydrolysis activity in the 

whole islet extracts of KO mice could be due to HSL, MAGL and other non-specific 

hydrolases. ABHD6 inhibition by WWL70 enhanced GSIS in wild-type islets ex vivo but this 

enhancement was not seen in whole body KO mouse islets, which show already enhanced 

GSIS (Figure S4J). These results reinforce the view that WWL70 is a specific inhibitor of 

ABHD6 and importantly that its effect on GSIS in -cells is exclusively due to ABHD6 

inhibition. 

ABHD6 Inhibition Enhances GSIS and Restores Glucose Tolerance in Diabetic Mice  

We examined if the GSIS enhancing effect of ABHD6 inhibition by WWL70 is noticeable in 

vivo in control CD1 mice, and in the low-dose streptozotocin (LD-STZ) diabetes mouse 

model. We chose to employ the LD-STZ mouse model as this presents with ~50% reduced -

cell mass, fed hyperglycemia of approximately 20 mM, slightly elevated fasting glycemia and 

significantly lowered fed insulinemia (Hayashi et al., 2006). Thus, in order to study the in 

vivo effects of ABHD6 inhibition specifically on insulin secretion, we felt it important to 

choose an animal model that is not insulin resistant and hyperinsulinemic (e.g., db/db, ob/ob, 
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high fat fed mice etc.) and where -cell mass is not drastically decreased. Administration (i.p.) 

of WWL70 for 3 days enhanced insulinemia in control mice during OGTT but did not affect 

glycemia (Figures 5H and 5I).  In LD-STZ diabetic mice WWL70 restored glucose 

responsive insulin release, normalized basal glycemia and markedly improved glucose 

tolerance (Figures 5J and 5K).  

Enhanced GSIS in vivo and ex vivo in -Cell Specific ABHD6 KO Mice  

In order to ascertain whether the insulin secretion effects seen in whole body ABHD6-KO 

mice are indeed due to the lack of ABHD6 in pancreatic -cells per se, we generated -cell 

specific ABHD6 KO (BKO) mice. Floxed ABHD6 mice were produced from the knockout-

first mice (whole-body ABHD6-KO) by crossing with Flpo transgenic mice on pure C57Bl6N 

genetic background, so that the resulting floxed ABHD6 mice are on pure C57Bl6N 

background.  Floxed ABHD6 mice were crossed with tamoxifen-inducible mip-cre 

transgenic mice (Wicksteed et al., 2010) that were back-crossed to C57Bl6N for 8 generations, 

to produce mice that carried floxed ABHD6 gene and tamoxifen-inducible mip-cre transgene, 

which were used for generating -cell specific ABHD6-KO mice. After 2 weeks following 5 

consecutive tamoxifen injections, ABHD6 expression was abrogated only in pancreatic islets 

(-cells) (Figure 6A) but not in other tissues (Figure 6B,C,D) of the BKO mice. ABHD6 

mRNA levels were unchanged in ventromedial hypothalamus (Figure S5A) and arcuate 

nucleus (Figure S5B) regions of hypothalamus, indicating no leakage of cre expression in 

these regions and thus there is no central nervous system involvement in the altered -cell 

function of BKO mice. Similar to whole body KO mice, there were no significant alterations 

in body weight gain (Figure S5C), food intake (Figure S5D) up to 5 weeks post-tamoxifen 

injection. BKO mice did not show any changes in -cell mass compared to floxed and mip-

cre control mice (Figure S5E). BKO male mice, 2 weeks post tamoxifen injection, showed 

slightly improved glucose tolerance (Figure 6E) and elevated insulinemia (Figure 6F) during 

OGTT. Similar to the whole body KO mice, isolated islets from BKO mice showed enhanced 

GSIS ex vivo (Figure 6G). 

MAG Binds to the Exocytosis Effector Munc13-1  
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Among the potential targets for MAG action relevant for insulin secretion, Munc13-1 seemed 

plausible as this protein orchestrates membrane fusion events in various cell types (Ma et al., 

2013), binds diacylglycerol and participates in the final stages of exocytotic process in -cells 

(Kwan and Gaisano, 2009). However, the C1-domain of Munc13-1 shows lower affinity for 

DAG, the proposed physiological ligand (Rhee et al., 2002), than for phorbol myristate 

acetate (PMA), due to occlusion of the binding site by a Trp residue (Shen et al., 2005). We 

assessed if MAG is a better ligand than DAG for Munc13-1 C1-domain. Using three 

independent approaches we proved it to be the case. 1) Tryptophan fluorescence quenching of 

the Munc13-1 C1-domain showed that 1-palmitoylglycerol binds as effectively as PMA, a 

well-known C1-domain ligand, and better than dioctanoylglycerol (Figure 7A). Palmitate did 

not show any binding. Similar high efficient binding was also observed with 1-

stearoylglycerol (not shown). 2) Protein-lipid overlay showed that GST-Munc13-C1 fusion 

protein (but not GST alone) binds to 1-palmitoylglycerol and 1-stearoylglycerol, similar to or 

better than dioctanoylglycerol, whereas binding with palmitate, stearate and TG was 

insignificant (Figure 7B). 3) Munc13-1 C1 domain peptide could bind to the NBD-MAG and 

quenched its fluorescence (emission 540 nm) in comparison to a control peptide (Figure 

S6A). Thus, NBD-MAG fluorescence in the presence of a similar sized unrelated peptide 

used as negative control (glucagon-like peptide 1) was higher than in the presence of the 

Munc13-1 peptide.  

Glucose and MAG Cause Munc13-1 Translocation to Plasma Membrane  

Confocal microscopy studies (Figure 7C) revealed that, in INS832/13 cells expressing EGFP-

tagged Munc13-1, high glucose concentration promotes the translocation of Munc13-1-EGFP 

to plasma membrane and this translocation is not seen with H567K mutant Munc13-1-EGFP 

(mutation in the C1 domain). Phorbol myristate acetate (PMA) caused much higher Munc13-

1 translocation independent of glucose levels. ABHD6 inhibitor WWL70, which increases 

intracellular MAG levels, and also exogenous 1-palmitoylglycerol caused significantly 

increased translocation of Munc13-1 at 10 mM glucose and to a lesser extent at 2 mM glucose 

(Figure 7C, D). These effects were lost with H567K mutant Munc13-1. In a complementary 

approach using cell fractionation and Western blotting we noticed that in wild type islets high 

glucose increased Munc13-1 translocation to a membrane fraction. In addition, incubation of 
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whole body ABHD6-KO mouse islets at high glucose (which elevates their MAG levels, see 

Figure 5C,D) led to a larger increased Munc13-1 migration to plasma membrane in 

comparison to wild type mouse islets and also to KO islets incubated at low glucose 

concentration (Figure S6B). These results further support the view that MAG binds with 

Munc13-1 at its C1-domain, in situ, and causes its translocation to plasma membrane, an 

important step in insulin granule exocytosis. 

MAG directly Promotes Exocytosis in Single -cells at least in part via Munc13-1 

We examined whether MAG promotes exocytosis by acting on Munc13-1 by performing cell 

membrane capacitance (Cm) measurements by patch clamp, using islet -cells from Munc13-

1+/+ and Munc13-1+/- mice (Munc13-1-/- mice are not viable). Insulin exocytosis was induced 

by a train of ten 500-ms depolarization pulses. Cell Cm changes elicited by the first two 

pulses approximate the size of the ready releasable pool (RRP) of primed and fusion-ready 

granules, reflecting the first phase insulin secretion. Subsequent pulses estimate the rate of 

granule refilling or mobilization from the reserve pool(s) to the RRP (Gillis et al., 1996), 

which correlates with the second phase of insulin secretion (Rorsman and Renstrom, 2003). In 

Munc13-1+/+ -cells 1-palmitoylglycerol increased Cm at every depolarizing pulse (Figure 7E) 

and enhanced insulin exocytosis in both the size of RRP and the rate of granule pool refilling 

compared with control. In Munc13-1+/- -cells exocytosis was reduced by ~50% and MAG 

stimulation of exocytosis was also decreased proportionally. While 1-palmitoylglycerol could 

significantly enhance insulin exocytosis in the RRP in Munc13-1+/- -cells, the rate of 

refilling was not significantly stimulated unlike in the Munc13-1+/+ -cells.  

We examined if MAG affects voltage-gated Ca2+ channel activity, which plays key role in 

GSIS (Prentki and Matschinsky, 1987; Rorsman and Renstrom, 2003). In the -cells from 

both Munc13+/+ and Munc13+/- mice, no significant changes in Ca2+ current amplitudes and 

current densities were observed with or without MAG or WWL70 pretreatment (Figure S6C).  

Recent studies (Iwasaki et al., 2008; Zygmunt et al., 2013) suggested that MAG activates the 

transient receptor potential vanilloid-1 (TRPV1), which when stimulated acts as a Ca2+ 

channel. We examined this possibility of TRPV1 involvement in -cells by employing 
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TRPV1-KO mice for both in vivo and ex vivo studies and also a pharmacological antagonist, 

AMG9810. The results ruled out this possibility (data not shown).  

 

DISCUSSION 

This study provides biochemical, pharmacological, cell biology and genetic evidence in 

support of the hypothesis, depicted in Figure 7F, proposing that the enigmatic lipolysis-

derived molecule mediating the link between glucose metabolism and insulin granule 

exocytosis in the -cell is MAG that targets munc13-1, and that the signaling competent 

MAG level is controlled by ABHD6. The overwhelming set of data and complementary 

approaches that collectively support this view is summarized as follows: 1) GSIS is reduced 

both in vivo and ex-vivo in mice deficient in ATGL (Peyot et al., 2009b) and HSL (Fex et al., 

2009; Peyot et al., 2004), the first two enzymes of the lipolysis pathway. 2) Elevated glucose 

promotes -cell lipolysis, as shown by a rise FFA levels inside and released from -cells. 3) 

GSIS in INS832/13 cells is associated with a rise in total MAG levels, in particular, saturated 

FA containing 1-MAG. 4) Exogenous MAG amplifies GSIS in INS832/13 cells and islet 

tissues. 5) GSIS is curtailed by the panlipase inhibitor orlistat, which suppresses lipolysis and 

the glucose induced rise in MAG. 6) Orlistat-inhibited GSIS is restored by exogenous MAG. 

7) ABHD6 is expressed at high levels in the -cell and islet tissues, whereas MAGL is poorly 

expressed. 8) The ABHD6 inhibitor WWL70 enhances glucose induced MAG accumulation 

and insulin secretion. 9) Overexpression of ABHD6 in the -cell reduces GSIS, whereas 

RNAi silencing of the enzyme enhances insulin release. 10) Islets from whole body ABHD6-

KO mouse show elevated GSIS ex vivo. 11) MAG hydrolyzing activity of ABHD6-KO islets 

is reduced by ~50% and the remaining activity is insensitive to inhibition by WWL70. 12) 

The enhanced GSIS seen in ABHD6-KO mouse islets ex vivo, is not further increased by 

ABHD6 inhibitor, WWL70. 13) While total and 1-MAG levels increase in islets from 

ABHD6-KO, HZ and WT mice at high glucose concentration, this increase is inversely 

proportional to ‘ABHD6-gene dosage’. 14) GSIS in vivo is enhanced in whole bodyABHD6-

deficient mice. 15) Beta-cell specific deletion of ABHD6 in mice also led to enhanced GSIS 

both in vivo and in islets ex vivo thus excluding any involvement of central nervous system or 

peripheral tissues in the enhanced GSIS. 16) WWL70 enhances GSIS in vivo in control mice 
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and restores GSIS in low dose streptozotocin-diabetic mice. 17) MAG binds efficiently the 

exocytotic effector Munc13-1. 18) Addition of either WWL70 or exogenous MAG increased 

the glucose-stimulated translocation of Munc13-1 to plasma membrane in INS832/13 -cells 

and this effect is lost with C1-domain mutated Munc13-1. 19) Glucose stimulation of 

ABHD6-KO mouse islets caused increased migration of Munc13-1 to plasma membrane 20) 

MAG causes exocytosis in single patch-clamped -cells. 21) MAG induced exocytosis is 

reduced in Munc13-1+/- -cells. 

Saturated long chain 1-MAG (e.g., 1-palmitoyl- or 1-stearoyl-glycerol) is likely the 

physiologically relevant MAG with regard to metabolic coupling for GSIS. Thus, glucose 

stimulation and suppression of ABHD6 either by its inhibition by WWL 70 or its genetic 

deletion caused more prominent rises in saturated 1-MAG than 2-MAG species. In addition, 

glucose only triggered the release of lipolysis-derived saturated long chain fatty acids. 

Furthermore, saturated long chain fatty acyl 1-MAG were better secretagogues than 

monounsaturated or polyunsaturated 1-MAG species. In addition, elevated glucose caused a 

prominent rise in the incorporation of labeled glucose into 1-MAG, whereas incorporation 

into 2-MAG was largely unaltered. Also, the lipolysis inhibitor orlistat suppressed the impact 

of glucose on 1-MAG levels, but barely affected the incorporation of glucose into 2-MAG or 

DAG. These findings are completely congruent with the fact that lipolysis of TG by ATGL 

generates primarily 1,3-DAG (Eichmann et al., 2012; Lass et al., 2011), which is further 

hydrolyzed to 1-MAG by HSL. Interestingly, a recent study documented that ABHD6 has 

preferential activity for 1-MAG species, and saturated long chain 1-MAG species are 

efficiently hydrolyzed by the enzyme (Navia-Paldanius et al., 2012a). Although ABHD6 was 

reported to hydrolyze lysophosphatidylglycerol in a recent study (Thomas et al., 2013), this 

activity is only about 5% of this enzyme’s MAG hydrolyzing activity, indicating that ABHD6 

is predominantly a MAG hydrolase.  

The results indicate that there is a "signaling competent pool" of 1-MAG, likely close to or 

associated to the inner side of the plasma membrane that plays a role in insulin exocytosis. 

ABHD6 controls the level of this pool, thereby regulating GSIS, whereas this pool of 1-MAG 

is not influenced by MAGL. Thus, using pharmacological and siRNA agents we observed that 

ABHD6 inhibition, but not MAGL inhibition, alters GSIS. Notably, MAGL is an amphiphilic 
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enzyme distributed between cytosol and membrane fractions (Severson and Hee-Cheong, 

1988), whereas ABHD6 is exclusively membrane bound (Marrs et al., 2010). Similar 

intracellular compartmentalization having an impact on the signaling functions of eicosanoids 

(Bozza et al., 2011) and sphingolipids (Siow and Wattenberg, 2011), because of the 

intracellular distribution of the involved enzymes, has been described.  

We ruled out the possibility that endocannabinoid receptors (Matias et al., 2006) that bind 2-

arachidonoylglycerol, but not saturated MAG, are involved in the MAG-mediated effects on 

insulin secretion. Thus, a specific antagonist of the CB1 receptor (AM251) (Lan et al., 1999) 

and an inverse agonist (AM630) of the CB2 receptor (Ross et al., 1999) did not alter GSIS. In 

addition, the restoration of orlistat-inhibited GSIS by 2-arachidonoylglycerol was not affected 

by AM251. Finally, 2-arachidonoylglycerol levels even at high glucose were <1% of the total 

-cell MAG, whereas the saturated MAG that rose in the presence of glucose were 100 fold 

higher as compared to 2-arachidonylglycerol and stimulated insulin secretion. Noteworthy, 

only 2-arachidonoylglycerol binds CB receptors but not saturated MAG (Ben-Shabat et al., 

1998). It was earlier suggested (Li et al., 2012a) that MAGL is important in GSIS regulation 

in MIN6 cells and islets by regulating 2-arachidonoylglycerol levels. However, these authors 

employed URB602, which has low affinity for MAGL (Ki ~28 M) and is not selective 

(Vandevoorde et al., 2007; Wiskerke et al., 2012). In fact URB602 at 50 M caused glucose 

independent insulin secretion (at 2 mM glucose) and reduced GSIS at 20 mM glucose (Li et 

al., 2012a), a clear indication of this drug’s toxic effects on -cell. In our studies, we 

employed 1 M JZL184 (IC50 25 nM for rat MAGL; (Long et al., 2009b)) to inhibit MAGL, 

which does not exert any toxic effects and our results rule out the involvement of CB1/2 

receptors in GSIS regulation. 

Since the components of exocytotic machinery, including Munc13-1, are needed also for non-

fuel induced insulin secretion (e.g. high KCl) (Roduit et al., 2004) it is anticipated that 

elevated levels of MAG can influence KCl induced secretion via Munc13-1 activation. Thus 

in the islets from ABHD6-KO mice the elevated secretion by KCl (at 2.8 mM glucose) could 

be due to increased MAG levels even at 2.8 mM glucose in these islets. However, in 

INS832/13 cells, ABHD6 inhibition by WWL70 had no effect on KCl induced secretion (at 1 

mM glucose), as under these conditions, MAG levels did not increase in these cells.  
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How is MAG signaling linked to insulin secretion? Munc-13-1, a vesicle priming protein 

(Kwan et al., 2006b; Sheu et al., 2003), was proposed to be activated upon DAG binding to its 

C1-domain (Rhee et al., 2002) and to translocate to plasma membrane and promote insulin 

granule exocytosis (Kwan et al., 2006b; Sheu et al., 2003). However, NMR studies revealed 

that DAG binds with low affinity to Munc13-1 due to an occluding tryptophan residue in the 

C1-domain (Shen et al., 2005). We now demonstrate that the C1 domain of Munc13-1 binds 

to MAG more efficiently than to DAG. Hence, the accumulation of MAG at high glucose 

likely results in the activation of Munc13-1 and exocytosis. Inasmuch as high glucose and 

also ABHD6 inhibition lead to much higher rise in 1-MAG levels than in total DAG and 

because orlistat, which suppresses GSIS completely, reduces MAG but not DAG in -cells, 

MAG rather than DAG is the more plausible activator of Munc13-1 linked to insulin 

exocytosis. Wild-type Munc13-1, but not the C1-domain mutant (H567K) Munc13-1, showed 

glucose-stimulated translocation to plasma membrane and exogenous MAG or the ABHD6 

inhibitor WWL70 also increased Munc13-1 translocation to the plasma membrane to the same 

extent as high glucose, which strongly implicates MAG as the physiological modulator of 

Munc13-1 migration. We further found in patch clamp experiments in wild type -cells that 

1-palmitoylglycerol increases exocytosis from granules located in both the readily releasable 

and reserve/refilling pools that correspond to first- and second-phase GSIS, respectively. 

Exocytosis from granules derived from the two pools was reduced in Munc13+/--cells both in 

the absence and presence of MAG, again supporting the view that Munc13-1 is a target of 

MAG action.  

Overall, the present study identifies MAG, in particular long chain saturated 1-MAG species, 

as a lipid metabolic coupling factor linking glucose metabolism in the pancreatic islet -cell 

to insulin secretion. MAG appears to target at least in part Munc13-1, a key exocytotic 

effector that orchestrates membrane fusion events. The results also show that the MAG signal 

for insulin secretion is modulated by the membrane bound MAG hydrolase ABHD6. 

Identifying MAG species other than the endocannabinoid 2-arachidonoylglycerol as signaling 

molecules may prove to be of broad significance in various cell types and diseases. In 

addition, it will be of interest to determine whether ABHD6 inhibition may provide a useful 

approach to develop antidiabetic agents and insulin secretagogues.  
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EXPERIMENTAL PROCEDURES 

 

Islet Isolation 

Pancreatic islets were isolated from Wistar rats, C57Bl6 or CD1 mice (all males) as described 

before (Peyot et al., 2009b). Human islets (75 to 90% pure) were obtained from Beta-Pro LLC, 

VA, USA.  

Insulin Secretion in Isolated Islets and INS832/13 Cells 

Insulin secretion in isolated islets and INS832/13 cells (Hohmeier et al., 2000) was measured 

in static incubations as described earlier (Peyot et al., 2009b) in the absence or presence of the 

pharmacological agents WWL70, orlistat and JZL184.  

Over-expression and RNAi Knockdown of ABHD6 and MAGL 

The pCMV-based plasmids expressing human ABHD6, MAGL and Green Fluorescent 

Protein (GFP) were from Origene. pCMV-AC plasmids coding for either ABHD6, MAGL or 

GFP (control) were introduced into INS832/13 cells using the Amaxa Nucleofector method 

(Program T-27, solution V; Amaxa Inc). After transfection, cells were cultured for 72h in 12-

well and 6-well plates, for insulin secretion and Western blot analysis, respectively. Silencer 

select pre-designed siRNA against ABHD6 and 2 Scrambled-siRNA were from Ambion. For 

RNAi-knockdown of MAGL, 2 siRNA were used. siRNA constructs were introduced into 

INS832/13 cells by reverse transfection using RNAiMAX (Invitrogen) and used 24h after 

transfection for Western blotting and insulin secretion determination.  

Effect of ABHD6 Inhibitor in Low-dose Streptozotocin Mouse Diabetes Model  

In vivo efficacy of the ABHD6 inhibitor WWL70 was assessed in a low-dose streptozotocin 

(STZ)-type-2 diabetes mouse model with impaired insulin secretion and reduced β-cell mass 

(Hayashi et al., 2006).  

Analysis of MAG Binding to Munc13-1 C1-Domain 

Rat Munc13-1 C1 domain (residues 567-617) was cloned as GST fusion protein(Shen et al., 

2005). The Munc13-1 C1-GST fusion protein was expressed in E. coli and the C1-peptide 
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was purified after thrombin cleavage. Synthetic rat Munc13-1-C1 peptide was from Biomatik. 

MAG binding to Munc13-C1 domain was assessed by: 1) tryptophan fluorescence quenching; 

2) 1-(12-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)amino)dodecanoylglycerol (NBD-MAG) 

fluorescence quenching; and 3) protein-lipid overlay.  

Assessment of MAG-Induced Munc13-1 Translocation, in situ, in INS832/13 Cells 

INS832/13 cells were transfected with plasmids expressing either Munc13-1-EGFP or 

H567K-mutated Munc13-1-EGFP and plated on coverslips. After 48h, the cells were 

incubated at 2 and 10 mM glucose, with and without 1 M PMA, 10 M WWL70 or 100 M 

1-PG, for 10 min. Then the coverslips with the cells were processed for confocal microscopy.  

Studies in Munc13-1+/- Mouse Islets 

Munc13-1+/- mouse (Augustin et al., 1999; Rhee et al., 2002) islets were isolated as described 

before (Kwan et al., 2006b) and dispersed into single cells that were plated on glass coverslips 

and allowed to adhere for 48 h before cell capacitance measurements.  

ABHD6 Knockout Mice  

Whole-body and -cell specific ABHD6 knockout mice were generated by employing 

“knockout-first” design (Skarnes et al., 2011). The mice used were a pure background of 

C57/BL6N and the ES cells (JM8A3.N1 (Agouti), also derived from C57Bl6N) with 

confirmed conditional vector targeting for ABHD6 (HEPD0651_8_C07) were obtained from 

European Conditional Mouse Mutagenesis Program (Germany). Details are given in Extended 

Experimental Procedures. 

Determination of Free Fatty Acid and Monoacylglycerol Species  

Free fatty acids accumulated in the rat islets and INS832/13 cells and released into the 

medium were extracted, derivatized with phenacylbromide and quantified by reverse phase 

HPLC. Total lipids from rat islets and INS832/13 cells were extracted, separated on boric 

acid/silica gel-TLC with two solvent systems to allow 1- and 2-MAG separation. The 

separated 1- and 2-MAG spots were scraped from the TLC plates and used to determine 

different MAG species, with respect to the attached fatty acid. For this purpose total MAG 

extracts were saponified, neutralized and extracted in n-heptane. After extraction, the fatty 



 

 

 

104

acids were derivatized with phenacylbromide and quantified by reverse-phase HPLC.  

Statistical Analysis 

Values are expressed as means ± SEM. Statistical analysis was performed using one-way 

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

Bonferroni’s post-test for multiple comparisons using GraphPad Prism. For electrophysiology 

experiments, comparisons were by unpaired two-tailed Student’s t test.  
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 FIGURE LEGENDS 

 

Figure 1. Expression and Distribution of Monoacylglycerol Lipase and ABHD6 in Rat 

Tissues, Pancreatic Islets and -Cell Lines.  

(A) Upper panel: protein level of MAGL as indicated by a Western blot. Lower panel: MAGL 

mRNA expression relative to 18S mRNA. (B) Upper panel: ABHD6 protein level. Lower 

panel: ABHD6 mRNA level. (C, D) Assessment of MAG hydrolytic activity using 1-

oleoylglycerol (50 M) as substrate in INS832/13 cell without and with the ABHD6 inhibitor 

WWL70 (10 M) and the panlipase inhibitor orlistat (25 M) in (C) membranes and (D) 

cytosolic (supernatant) fractions. n = 6. *P˂0.05; ***P˂0.001 compared with control (Cont). 

(E) WWL70-sensitive MAG hydrolysis activity in INS832/13 cell extracts is higher with 1-

palmitoylglycerol than with 1-oleoylglycerol. MAG hydrolysis was measured using 50M 1-

palmitoylglycerol (1-PG) or 1-oleoylglycerol (1-OG) as described in the Extended 

Experimental Procedures. Briefly, in a volume of 100 l 8g INS cell extract; 50 M MAG 

without or with 10 M WWL70, were incubated for 30 min at 30C and fatty acids released 

were extracted and analyzed by HPLC. ***P˂0.001 compared with 1-OG (n = 3 separate cell 

extracts, done in duplicates). 

 

Figure 2.  Glucose Specifically Enhances the Production and Release of Saturated Free 

Fatty Acid From Rat Islets and Increases the Differential Production of 

Monoacylglycerol Species in -Cells.   

(A-C) Release and cellular content of different FFA species by isolated rat islets at 2.8 and 

16.7 mM glucose with and without WWL70 (10 M) after 2 h incubation. n = 12. *P˂0.05; 

**P˂0.01; ***P˂0.001 compared with 2.8G. (B) The release of palmitate (C16:0), stearate 

(C18:0) and oleate (C18:1) into incubation medium; (C) Cellular content of palmitate, oleate 

and stearate in rat islets.  (D-G) Effect of glucose and WWL70 (10 M) on the content of 

MAG species in INS832/13 cells after 2 h incubation. 2G, 2 mM glucose; 10G, 10 mM 

glucose. (D) All measured MAG species; ##P˂0.01 compared with 2G; *P˂0.05; **P˂0.01; 
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***P˂0.001 compared with 10G. (E) Total MAG corresponding to the sum of all measured 

MAG species; (F) 1- and 2-palmitoyglycerol (PG) (C16:0) and (G) 1- and 2-stearoylglycerol 

(SG) (C18:0). n = 15; *P˂0.05, compared with 2G; #P˂0.05; ##P˂0.01 compared with 10G.  

 

Figure 3. Monoacylglycerol and the ABHD6 Inhibitor WWL70 Enhance Insulin 

Secretion in -Cells.  

(A) Dose-dependent effect of different MAG species on GSIS at 5mM glucose in INS832/13 

cells. n = 12. *P˂0.05; ***P˂0.001 compared with no MAG addition. (B) 1-

Palmitoylglycerol (1-PG) (100 M) enhances GSIS in human islets and rat islets. Mean  

SEM of 4 (human islets) and 6 (rat islets) separate experiments with triplicate determinations. 

**P˂0.01 compared with control value. (C) Exogenous MAG restores GSIS inhibited by the 

pan-lipase inhibitor orlistat. 1-Palmitoylglycerol (50 M) restoration of 25 M orlistat-

inhibited GSIS (at 5 & 10 mM glucose) in INS832/13 cells. n = 12. ***P˂0.001 compared 

with control; ###P˂0.001  compared with the orlistat group. (D) Effect of WWL70 (10 M) 

and orlistat (25 M) on GSIS in INS832/13 cells. Insulin secretion was measured at the 

indicated glucose concentrations without and with 0.3 mM palmitate. n = 12. ***P˂0.001 

compared to control. (E) Effect of WWL70 (10 M) on insulin secretion in CD1-mouse islets 

and human islets at different glucose concentrations. n = 12. *P˂0.05; **P˂0.01 compared 

with no WWL70 addition.  

 

Figure 4. Expression Level of ABHD6 but not MAGL Affects Glucose Stimulated 

Insulin Secretion in -Cells.  

ABHD6 over-expression (A, B) and RNAi-knockdown (C-E) experiments in INS832/13 cells. 

(A) Western blot showing ABHD6 expression in cells transfected with pCMV6-based 

ABHD6 expression plasmid (48 h post transfection) as compared to cells expressing green 

fluorescent protein (GFP). (B) Insulin secretion in control cells (GFP) and cells over-

expressing ABHD6, at 2 and 10mM glucose without and with palmitate. n = 9. *P˂0.05; 

***P˂0.001 vs GFP expressing cells. (C) Western blot showing reduced ABHD6 expression 
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by RNAi-knockdown for 24h. A1 and A2 siRNAs reduce the protein level as compared to the 

control siRNAs C1 and C2; NT, not transfected. (D) Corresponding ABHD6 mRNA levels. 

(E) Insulin secretion at 2 and 10 mM glucose in control cells and after RNAi-knockdown of 

ABHD6. **P˂0.01 vs control (C1 and C2) groups; n = 9. (F, G) MAGL RNAi-knockdown 

experiments. (F) MAGL mRNA levels decreased after RNAi knockdown for 48h. M-1 and 

M-2 are the siRNAs; Cont, RNAi control. (G) Insulin secretion in INS832/13 cells at 1 and 10 

mM glucose after MAGL RNAi-knockdown. (H, I) MAGL overexpression experiments. (H) 

Western blot showing elevated expression of MAGL in INS cells transfected with pCMV6-

based MAGL expression plasmid (48h post transfection) as compared to cells expressing GFP 

and untransfected cells (NT). (I) Insulin secretion at 2 and 10 mM glucose in the presence and 

absence of WWL70 (10 M); n = 9.  

 

Figure 5. Enhanced Glucose Induced Insulin Secretion by Genetic Deletion or 

Pharmacological Suppression of ABHD6 in Mice.  

(A) Western blot analysis of different tissues reveals complete loss of the ~37kDa ABHD6 

protein in homozygous ABHD6-KO mice, a partial loss in heterozygote ABHD6-Ko mice as 

compared to the wild-type mice. (B-D) Elevated GSIS in ABHD6-KO mouse islets, ex vivo, 

is associated with glucose-dependent increase in the islet MAG content. (B) Ex vivo GSIS in 

islets from ABHD6-KO, heterozygote (HZ) and wild-type (WT) mice. GSIS was measured as 

described in Methods, at basal (2.8 G), intermediate (8.3G) and high (16.7G) glucose 

concentrations (n=6 mice per group); *P<0.05; **P<0.01; ***P<0.001 vs WT group at the 

same glucose concentration. (C) Total MAG content of islets from ABHD6-KO, HZ and WT 

mice. Isolated islets were incubated at 2.8 mM (2.8G) and 16.7 mM (16.7G) glucose for 1 h in 

KRBH and islet MAG levels were analyzed (n=3 separate experiments). *P<0.05 vs 2.8 G in 

the same genotype; ##P<0.01 vs value of WT islets. (D) Total 1-MAG levels in the islets 

incubated as in (B) (n=3). **P<0.01 vs 2.8 G in the same genotype; ##P<0.01 vs WT islets. 

(E-G) Effect of in vivo suppression of ABHD6 by gene knockout in male mice on glucose 

induced insulin secretion and insulin sensitivity. (E) Glycemia during oral glucose tolerance 

test (OGTT) in 26-week-old WT, HZ and KO mice (n = 5-8 per group). OGTT was 

performed after a 6h food withdrawal (0700h to 1300h). Inset depicts area under the curve. (F) 
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Corresponding insulinemia in the OGTT. Inset depicts area under the curve for insulinemia. * 

P<0.05 vs WT. (G) Insulin sensitivity assessment by hyperinsulinemic euglycemic clamp in 

26 week old chow diet fed ABHD6-KO male mice. Glycemia was clamped at 7.2 mM in both 

WT and KO mice and blood samples were collected at different intervals to measure blood 

glucose. Glucose infusion rate was calculated and shown as inset for 90 to 120 min time 

period of the clamp. (H-K) Effect of in vivo pharmacological suppression of ABHD6 by 

WWL70 (i.p.) on glucose induced insulin secretion in normal and diabetic mice. Diabetes was 

induced by a single and low-dose of streptozotocin in CD1 mice. After 4 weeks the diabetic 

and control mice were treated daily with WWL70 (i.p., 5 mg/kg BW) or vehicle for 3 days. 

Oral glucose tolerance test (OGTT) was conducted in these mice after WWL70 treatment (8-

10 mice per group) and after a 6h food withdrawal (0700h to 1300h). (H) Glycemia and (I) 

insulinemia in normal mice. Insets depict area under the curve. *P˂0.05; **P˂0.01 compared 

with vehicle treated. (J) Glycemia and (K) insulinemia in STZ-diabetic mice. Insets depict 

area under the curve. *P˂0.05; **P˂0.01 compared with vehicle treated.  

 

Figure 6. Enhanced Glucose Induced Insulin Secretion by -Cell Specific Deletion of 

ABHD6 in Mice.  

(A-D) Expression of ABHD6 protein in different tissues from -cell specific ABHD6-KO 

(BKO) mice. Two weeks post-tamoxifen injection to induce the expression of cre recombinase 

and deletion of ABHD6 in pancreatic -cells, tissues were collected from the mipcre+, WT, 

flox/flox and BKO mice and analyzed for ABHD6 expression by Western blot. (A) Pancreatic 

islets, (B) Skeletal muscle, (C) White adipose (visceral) and (D) Liver. Representative blots of 

two separate experiments were shown. Tubulin was probed as loading control in the same 

blots.  

(E-G) Effect of -cell specific ABHD6-KO on glucose tolerance and glucose induced insulin 

secretion in vivo and ex vivo in islets. (E) Glycemia during oral glucose tolerance test (OGTT) 

in mipcre+ (n=9), flox/flox (n=12) and BKO (n=9) mice. OGTT was performed after a 6h 

food withdrawal (0700h to 1300h). Inset depicts area under the curve. * P<0.05 vs flox/flox. 

(F) Corresponding insulinemia in the OGTT. Inset depicts area under the curve for insulinemia. 
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* P<0.05 vs flox/flox. (G) Ex vivo GSIS at 2.8, 8.3 and 16.7 mM glucose in islets isolated 

from mipcre+ mice (n=7), flox/flox mice (n=8) and BKO mice (n=8). Insulin secretion is 

shown as percentage of total insulin content. *P<0.05 vs flox/flox or mipcre+. 

 

Figure 7. Monoacylglycerol Binds to Munc13-1 C1 Domain, Facilitates Munc13-1 

Translocation to Plasma Membrane and Stimulates Insulin Exocytosis in Single -Cells.  

(A) Ligand binding to Munc13-1 C1 domain assessed by tryptophan fluorescence quenching. 

Representative graph of fluorescence emission spectra of Munc13-1 C1 peptide (1 M) 

incubated with 1 M of either palmitic acid (PA), 1,2-dioctanoylglycerol (DOG), phorbol-12-

myristate-13-acetate (PMA), 1-palmitoylglycerol (1-PG) or the DMSO control. Inset: Peak 

fluorescence emission at 350 nm. Means  SEM. of 3 experiments with 10 spectra per 

experiment. **P<0.001 and ***P<0.00001. (B) Protein-lipid overlay assay. At indicated 

amounts, 1-PG, PA, 1,2-DOG, triglycerides (TG), 1-SG and stearic acid (SA) were spotted on 

nitrocellulose membrane, and after blocking membranes were incubated with 10 g/ml of 

Munc13-1-C1-GST fusion protein or GST (negative control) and processed as described in 

Methods for assessing the bound Munc13-1-C1-GST. (C) INS832/13 cells were transfected 

with pEGFP plasmids expressing either Munc13-1 (wild-type) or H567K mutant Munc13-1 

and were grown on cover-slips. Three days after transfection, the cells were incubated in 

KRBH at 2 or 10 mM glucose, containing 0.3 M PMA, 10 M WWL70, 100 M 1-PG or 

DMSO vehicle for 10 min at 37C. Then the coverslips were washed in cold PBS, fixed with 

ProLong Gold antifade reagent (Life Technologies) and the cells were imaged using confocal 

microscope (Leica TCS SP5) with 63 objective. Representative images are shown. (D) 

Munc13-1 translocation to plasma membrane was quantified using Image J software. About 6 

to 10 individual cells were imaged per each treatment. Results are expressed as pixel intensity 

in the plasma membrane as a percentage of whole cell intensity. *P<0.05, ***P<0.001 as 

compared to 2G DMSO control; #P<0.05, ##P<0.01 as compared to corresponding 2G 

control; †P<0.05, ††P<0.01 as compared to 10G DMSO control. See Supplementary 

Information for Detailed Methods. (E) MAG induction of exocytosis is dependent on 

Munc13-1. Changes in cell membrane capacitance (Cm) were measured in Munc13-1+/+ and 
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+/- mice -cells with or without 1-PG (MAG) pretreatment using a train of ten depolarization 

pulses (500 ms in duration) from -70 mV to 0 mV. Panel I: Representative recordings of 

exocytosis from Munc13-1+/+ and Munc13+/- mice -cells with or without MAG pretreatment. 

Panel II: Cumulative changes in cell capacitance normalized to basal cell membrane 

capacitance (fF/pF) in Munc13-1+/+ and +/- mice -cells with or without MAG pretreatment (n 

= 11-16 cells, from 3-4 mice). *P<0.05. Panel-III: Statistical analysis showing the size of the 

readily releasable pool (RRP) of insulin granules (ΔCm1st–2nd pulse) and the rate of granule 

mobilization (refilling) (ΔCm3rd– 10th pulse) (n = 11-16 cells, from 3-4 mice). *P<0.05. (F) 

Scheme illustrating the role of monoacylglycerol as a metabolic coupling factor in glucose 

stimulated insulin secretion. The triggering arm of GSIS involves a rise in cytosolic ATP, the 

closure of metabolically sensitive KATP channels resulting in plasma membrane depolarization 

and the opening of voltage gated Ca2+ channels, and a rise in cytosolic Ca2+ that induces the 

exocytosis of insulin granules. The scheme illustrates that the amplification arm of GSIS 

involves MAG which acts as a metabolic coupling factor mediating the link between glucose 

metabolism in the -cell and insulin secretion. Glucose stimulates glycerolipid/ FFA cycling, 

and lipolysis of triglycerides (TG) by adipose triglyceride lipases (ATGL) and of 

diacylglycerol (DAG) by hormone sensitive lipase (HSL) to generate MAG. The 

concentration of MAG produced in the vicinity of the plasma membrane is controlled by its 

hydrolysis by the membrane bound ABHD6 to produce glycerol and free fatty acids (FFA), 

which can leave the cell. Some FFA can re-enter the glycerolipid fatty acid cycle. MAG 

generated close to the plasma membrane binds and activates Munc13-1, an exocytosis 

facilitating and insulin secretory vesicle priming protein, which enhances insulin granule 

fusion with the plasma membrane and the release of insulin. Inhibition of membrane bound 

ABHD6 by WWL70 leads to a build up of MAG in the -cell when glucose concentration is 

high, enhancing insulin secretion. Gro-3-P, glycerol 3-phosphate; 1-MAG, 1-

monoacylglycerol; 2-MAG, 2-monoacylglycerol; FACoA, long chain fatty acyl-CoA, LPA, 

lysophosphatidate; PA, phosphatidate. 
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SUPPLEMENTAL FIGURE LEGENDS 

Figure S1. Incorporation of Labeled Fatty Acids and Glucose into Different Lipids in 

INS832/13 Cells, Related to Figure 1. 

(A) INS832/13 -cells were incubated with [1-14C]-arachidonic acid (100 M) and its 

incorporation into various lipids in at low (2 mM, 2G) and high (10 mM, 10G) glucose 

concentration was analyzed. [1-14C]-Arachidonic acid was present during 40 min pre-

incubation (at 2G) and during 45 min incubation (at 2G or 10G); n = 9. (B-D) INS832/13 cells 

were incubated with [U-14C]-glucose under equilibrium labeling conditions, followed by 2 h 

incubation at 1 and 10 mM glucose, without and with the pan-lipase inhibitor orlistat (50 M) 

and WWL70 (10 M). (B) Release of [14C]-FFA into the medium; (C) Incorporation of 

glucose carbons into 1-monoacylglycerol (1-MAG) and 2-monoacylglycerol (2-MAG); and (D) 

Incorporation of glucose carbons into diacylglycerol (DAG) and triglyceride (TG); n = 9.  

Figure S2. Effect of 1-Linoleoylglycerol, 1-Stearoylglycerol and WWL70 and Lack of 

Effect of CB1 and CB2 Receptor Antagonists on Insulin Secretion, Related to Figure 3. 

(A) Dose-dependent effect of 1-linoleoylglycerol on glucose stimulated insulin secretion at 

5mM glucose in INS832/13 cells; n = 12. ***p<0.0001 compared with no MAG addition. (B) 

1-Stearoylglycerol (1-SG) (30 M) enhances GSIS in rat and human islets. Mean  SEM of 4 

(human islets) and 6 (rat islets) separate experiments with triplicate determinations. * p<0.05 

and **p<0.01 compared with corresponding DMSO control. (C) Exogenous 1-stearoylglycerol 

restores GSIS inhibited by the pan-lipase inhibitor orlistat. GSIS (at 5 & 10 mM glucose) 

inhibited by 25 M orlistat in INS832/13 cells is partially restored by 1-stearoylglycerol (30 

M). n = 12. ***p<0.0001  compared with DMSO control; ##p<0.01 compared with the 

orlistat group. (D-F) CB1 and CB2 receptors are not involved in MAG-mediated effects on 

insulin secretion. Insulin secretion was measured at 2 (2G) and 10 mM (10G) glucose without 

or with 1 µM of 2-arachidonoylglycerol (2-AG). Where indicated pre-incubations (45min) and 

incubations (45 min) were done with 1 M AM251 (CB1 receptor antagonist) or 1 M 

AM630 (CB2 receptor inverse agonist); n=6-9. (D) Insulin secretion at low and high glucose 

expressed as ng/mg protein. (E) Lack of effect of CB1/CB2 receptor antagonists at 2 mM 
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glucose on insulin secretion. Results are expressed as fold over DMSO control (absolute 

values of insulin secretion are given in panel (D). Where indicated 25 M orlistat (pan-lipase 

inhibitor) was added. (F) Lack of effect of CB1/CB2 receptor antagonists at 10 mM glucose 

on insulin secretion. Where indicated 25 M orlistat was added. Orlistat inhibition of glucose 

stimulated insulin secretion was reversed by 2-AG, and the CB1 antagonist AM251 had no 

effect on this reversal caused by 2-AG. Results are expressed as fold over DMSO control; n = 

12. * p<0.05 and ***p<0.001 compared with control; #P<0.05; ###P<0.001 compared with 

the orlistat (ORL) group. (G) Dose-dependent effect of WWL70 on glucose stimulated insulin 

secretion in INS832/13 cells at 1, 5 and 10 mM glucose; n = 12. * p<0.05; **p<0.01; 

***p<0.0001 compared with no WWL70 addition. 

Figure S3. Effect of the MAGL Inhibitor JZL184 on the Lipid Profiles and Insulin 

Secretion in INS832/13 Cells, Related to 4.  

Cells were labeled under equilibrium conditions with [U-14C] glucose followed by 2h 

incubation at 1 and 10 mM [U-14C] glucose (at the same specific radioactivity) in the absence 

(DMSO vehicle) and presence of 1 M JZL184. Then the neutral glycerolipids in the cells and 

the released FFA were analyzed. 1-MAG: *P<0.05 compared to corresponding DMSO control; 

###P<0.001 compared to 1 mM glucose. 2-MAG: **P<0.05 compared to DMSO control; 

###P<0.001 compared to 1 mM glucose. Total MAG: **P<0.05 compared to DMSO control; 

FFA released: ###P<0.001 compared to 1 mM glucose. TG, ### P<0.001 compared to 1 mM 

glucose. DAG: no significant differences. Lower right panel shows insulin secretion at 1, 5 

and 10 mM glucose with or without JZL184; n = 12.   

Figure S4. Generation and Characteristics of ABHD6-KO Mice and Loss of WWL70 

Effect on Insulin Secretion and MAG Hydrolytic Activity in ABHD6-KO Mouse Islets, 

Related to Figure 5.  

(A) ABHD6-KO mice were generated as described in Methods. Schematic of the conditional 

knockout-first cassette for producing ABHD6-KO mice. Positioning of primers for genotyping 

PCR is indicated, for an anticipated 517 bp DNA fragment (with primers, loxP-F & R1) for 

floxed mutant mice and a 200bp fragment (with primers, wtF & wtR) for wild-type mice. (B) 

Genomic PCR amplification of chromosomal DNA obtained from tails of 3 week old mice, 
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showing 517 bp DNA fragment in the -/- mice, 200 bp fragment in the +/+ mice and both 

fragments in the +/- mice. (C) Weight gain of WT, HZ and ABHD6-KO mice (all males) over 

23 weeks is similar (n=5-11). (D) Average daily chow food intake of ABHD6-KO mice over a 

period of 22 weeks (n=5-9 mice per group). (E) Total 2-MAG levels in the islets incubated at 

2.8 mM (2.8G) and 16.7 mM (16.7G) glucose for 1 h in KRBH (n=3 separate experiments). 

**P<0.01 vs 2.8 G in the same genotype; ##P<0.05 vs WT islets. (F, G) Glucose-dependent 

increase in major MAG species in islets from ABHD6-KO mice. Isolated islets from ABHD6-

KO, HZ, and WT mice were incubated at 2.8 mM (2.8G) and 16.7 mM (16.7G) glucose for 1 

h in KRBH and islet total 1-MAG and 2-MAG were resolved by TLC and analyzed for 

individual MAG species (n=3 separate experiments). (F) Total 1-palmitoylglycerol (C16:0), 1-

stearoylglycerol (C18:0) and 1-oleoylglycerol (C18:1) levels. (G) Total 2-palmitoylglycerol 

(C16:0), 2-stearoylglycerol (C18:0) and 2-oleoylglycerol (C18:1) levels. *P<0.05; **P<0.01 

vs 2.8 G in the same genotype; #P<0.05; ##P<0.01 vs WT islets. (H) Insulin tolerance test in 

fed 26 week old WT, HZ and KO mice (n=5-7). Inset depicts area above the curve. (I) 

Pancreatic islets were isolated from male whole-body ABHD6-KO mice and wild-type 

littermates and islet extracts (n=4 mice per group) were prepared by freeze-thaw-sonication of 

islets in 250 mM sucrose, 50 mM Hepes, pH 7.2 for measuring MAG hydrolysis activity. 

MAG hydrolysis was measured using 1-arachidonoylthioglycerol as substrate in the absence 

(DMSO vehicle) or presence of 1 M WWL70. For details see Supplementary Methods. 

Results are expressed as percentage of activity in wild-type islet extracts. **P<0.01 vs wild-

type control. (J) Effect of WWL70 (10 M) on GSIS in ABHD6-KO and WT islets (n= 4 mice 

per group) was measured at 2.8 and 16.7 mM glucose, as described in Methods. **P<0.01, 

***P<0.001 vs wild-type DMSO control. 

Figure S5. ABHD6 mRNA Expression in Hypothalamic Areas, Body Weight Gain, Food 

Intake and -Cell Mass of -Cell Specific ABHD6-KO Mice, Related to Figure 6 

Two weeks post-tamoxifen injection, hypothalamic regions, ventromedial hypothalamus 

(VMH) and arcuate nucleus, which are known to express proteins under Rip (rat insulin-2 

promoter) control, were isolated from mipcre+ (n=6), flox/flox (n=8) and BKO (n=12) mice 

and analyzed for any ABHD6 deletion due to possible cre expression by qRT-PCR. (A) VMH 

and (B) arcuate nucleus. Results are expressed as ABHD6 mRNA expression relative to 18S 
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mRNA. (C) Body weight gain of BKO mice on chow diet, up to 6 weeks and (D) average 

daily food intake for 6 weeks following tamoxifen injection of mipcre+ (n=5), flox/flox (n=5) 

and BKO (n=6) mice. (E) Two weeks post-tamoxifen injection, pancreata were isolated from 

mipcre+, flox/flox and male BKO mice  (n=6 or 7) and processed for assessing -cell mass. 

Results are expressed as percentage of total pancreas mass. 

Figure S6. Fluorescent Monoacylglycerol Binding to Munc13-1 C1 Domain, Munc13-1 

Translocation to Membrane Fraction in ABHD6-KO islets and the Effect of 

Monoacylglycerol on Voltage-Gated Ca2+ Channel Activity in Mouse Islet -Cells, 

Related to Figure 7. 

(A) Fluorescence quenching of NBD-MAG by Munc13-1-C1. Representative emission spectra 

of 1.5 M of 7-nitrobenz-2-oxa-1,3-dizole-4-yl (NBD)-MAG (12:0) incubated with 1 M of 

purified Munc13-1-C1 peptide and 1 M of GLP1 peptide (negative control). AU, arbitrary 

units. Inset: Relative decrease (as percentage) in peak fluorescence (at 540 nm) of NBD-MAG 

by Munc13-1-C1 as compared to the control peptide; n=4. **P<0.01. (B) Munc13-1 

translocation to membranes in islets from wild-type and whole body ABHD6-KO mice. 

Isolated islets (500 islets from 4 mice in each group) were incubated at 2.8 or 16.7 mM 

glucose for 45 min followed by homogenization and isolation of whole membrane fraction. 

Membrane pellets were processed for Western blotting using anti-Munc13-1 antibody as 

detailed in Supplementary Methods. (C) Voltage-gated Ca2+ (Cav) currents from Munc13-1+/+ 

and +/- mice -cells with or without 1-palmitoylglycerol (MAG) (50µM) or WWL70 (10 µM) 

pretreatment are shown. Panel-I shows representative traces of Cav currents recorded in the 

whole-cell mode from Munc13-1 +/+ and +/- mice -cells. Panel-II shows current-voltage 

relationship of Cav channels. Currents were normalized to cell capacitance to yield current 

density. Panel-III is a bar chart, showing maximum increases in current densities. Mean  

SEM; n = 11-16 cells from 3-4 mice. For measurements of depolarization voltage-activated 

(Cav) currents pipettes were filled with 120 mM CsCl, 20 mM tetraethylammonium chloride, 

5 mM EGTA, 5 mM MgATP, and 5 mM Hepes (pH 7.2). The external solution contained, 100 

mM NaCl, 20 mM BaCl2, 20 mM tetraethylammonium chloride, 4 mM CsCl, 1 mM MgCl2, 

10 mM glucose, and 5 mM Hepes pH 7.4. -Cells were held at -70 mV for 2 min after 
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formation of whole-cell mode and currents were elicited from -80 to +60 mV in 10 mV 

increments. For testing MAG effect, 50 M 1-palmitoylglycerol was added both during 

preincubation and incubation. Recordings were conducted using EPC10 patch clamp amplifier 

and Pulse and X-Chart software programs (HEKA Electronik, Germany).  

 

EXTENDED EXPERIMENTAL PROCEDURES 

Islet Isolation 

All procedures involving animals were approved by the Institutional Committee for the 

Protection of Animals. Pancreatic islets were isolated from male Wistar rats, C57Bl6 or CD1 

mice (Charles River) (Peyot et al., 2009b). Human islets (75 to 90% pure; male donors without 

any known disease) were from Beta-Pro LLC (USA). Isolated islets were handpicked and 

cultured overnight in RPMI 1640 medium.  

Insulin Secretion 

Secretion in INS832/13 cells (Hohmeier et al., 2000) and isolated islets was measured in static 

incubations (Peyot et al., 2009b). Pre-incubation was for 45 min in medium consisting of 

Krebs Ringer buffer-Hepes (KRBH), 0.5% defatted BSA and either 2 mM glucose for INS 

cells or 2.8 mM glucose for islets. Incubations were for 1-2h at various glucose 

concentrations. The drugs WWL70 (Cayman), orlistat (Sigma) and JZL184 (Cayman) were 

present both during pre-incubation and incubation. Insulin in the media and in the cell and islet 

extracts was determined (Linco Research). 

Over-expression and RNAi Knockdown of ABHD6 and MAGL 

The pCMV- plasmids expressing human ABHD6, MAGL and Green Fluorescent Protein 

(GFP) (Origene) were introduced into INS832/13 cells using the Amaxa Nucleofector 

(Amaxa, Inc.). After 72h, cells were used for insulin secretion and Western blot analysis. 

Silencer-select ABHD6- siRNA and 2 control-siRNA (Ambion) were introduced into 

INS832/13 cells using RNAiMAX and after 24h cells were used for Western blotting and 

insulin secretion. The sequences for ABHD6 used were 5’-

CAGUUUGUAGAAUGCCUUAtt-3’ and 5’-CGGAAAUUGUUUUUGGAAAtt-3’. For 
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RNAi-knockdown of MAGL, the following sequences were used: 1) 5’-

CAAAUUGGAAGAAACCCUAGUACCC-3’; and 2) 5’-

GUCCUCCAUGAAAUAAAUACGUGGG-3’.  

ABHD6 Polyclonal Antibody Generation 

A maltose binding protein (MBP) ABHD6 fusion protein expression construct was produced 

by inserting the DNA sequence encoding amino acids 119-315 of mouse ABHD6 into the 

pMAL-C2 vector (New England Biolabs). The pMAL-mABHD6119-315 vector was used to 

produce the fusion protein in E.coli. Recombinant MBP-mABHD6119-315 fusion protein was 

affinity-purified and used for antibody production (Lampire, PA). The polyclonal antibodies 

were affinity-purified using MBP-mABHD6119-315 coupled Amino-link gel (Pierce).  

Immunoblotting 

Tissue and cell lysates were prepared and extracted proteins were processed for 

immunoblotting (Peyot et al., 2009b). Membranes were incubated with antibodies for MAGL 

(Cayman) and ABHD6. Mouse monoclonal β-actin and rabbit polyclonal α-tubulin antibodies 

were from Sigma and Abcam (Cambridge, MA) respectively.  

Cell Capacitance Studies.  

Munc13-1+/- mouse (Augustin et al., 1999; Rhee et al., 2002) islets were isolated (Kwan et al., 

2006b) and  dispersed into single cells by digestion with 0.25 mg/ml trypsin and were plated 

on glass coverslips in RPMI-1640 medium containing 11 mM glucose and allowed to adhere 

for 48 h before use. Recording pipettes were from 1.5-mm borosilicate glass capillary tubes, 

heat-polished with tip resistances from 2-3 MOhm when filled with intracellular solution. -

Cells were identified by the lack of a transient voltage-dependent inward Na+ current (Gopel et 

al., 1999). For cell membrane capacitance (Cm) determinations (at 30°С) the intracellular 

solution contained 125 mM cesium glutamate, 10 mM CsCl, 10 mM NaCl, 1 mM MgCl2, 5 

mM Hepes, 0.05 mM EGTA, 3 mM MgATP (pH 7.2). The extracellular solution consisted of 

118 mM NaCl, 5.6 mM KCl, 1.2 mM MgCl2, 10 mM CaCl2, 20 mM tetraethylammonium 

chloride, 5 mM Hepes (pH 7.4) and 5 mM glucose. Cm was estimated by the Lindau-Neher 

technique, implementing the “Sine-DC” feature of the Lock-in module (40 mV peak-to-peak 
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and a frequency of 500 Hz) in the whole-cell configuration during a train of ten 500-ms 

depolarizations from -70 mV to 0 mV.  

Quantitative Real-Time PCR 

Total RNA was extracted from INS832/13 cells, islets and tissues and first strand cDNA was 

synthesized from 2 µg of total RNA using the Pd(N)6 random primers and MMLV reverse 

transcriptase. RT-qPCR was performed and the PCR products were quantified using the 

FastStart DNA Master PLUS SYBR green kit (Roche Diagnostics). Expression levels were 

normalized for the 18S mRNA transcript. The primer sequences were: 18S mRNA forward 

(5’-CTGAGAAACGGCTACCACATC-3’), reverse (5-GGCCTCGAAAGAGTCCTGTAT-

3’); MAGL forward (5’-TTGAAGAGGCTGGACATGCTG-3’), reverse (5’-

TAGTCCTTCTGGACGGTGTTC-3’); and ABHD6 forward (5’-

AGGATATGTGGCTCAGTGTGG-3’), reverse (5’-GTGCCTATAAGGTGAAAGGGC-3’).  

Incorporation of [U-14C]-Glucose into Lipids 

After pre-labeling overnight at 11 mM [U-14C]-glucose in RPMI medium INS832/13 cells 

were washed in KRBH (1 mM [U-14C]-glucose; same radio-specific activity) and pre-

incubated for 45 min at 1 mM [U-14C]-glucose. Then the cells were incubated for 2h at 1 and 

10 mM [U-14C]-glucose with and without orlistat, WWL70 and JZL184, followed by wash 

with PBS, flash-freezing in liquid nitrogen and lipid extraction. Lipids were separated by thin 

layer chromatography (TLC) and the associated radioactivity was quantified. Neutral lipids 

were separated by boric acid impregnated silica gel-TLC, with two successive solvent systems 

for efficient separation of 1-MAG from 2-MAG; first, with petroleum ether: diethyl ether: 

acetic acid (70:30:1); then using a second solvent system, chloroform: acetone: acetic acid 

(60:40:1).  

Determination of Free Fatty Acid and Monoacylglycerol Species 

Rat islets were pre-incubated for 1h in KRBH at 2.8 mM glucose and then incubated for 2h at 

2.8 mM or 16.7 mM glucose. With INS832/13 cells, the low and high glucose concentrations 

were 2 and 10 mM, respectively. Inhibitors, when used, were present during both pre-

incubation and incubation. FFA accumulated in the cells and released into the medium were 

extracted by Dole-Meinertz extraction procedure (Puttmann et al., 1993). The dried fatty acids 
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were derivatized with phenacylbromide and quantified by reverse phase HPLC (Mehta et al., 

1998) using a Zorbax Eclipse plus XDB analytical C18 column (4.6  250 mm; 5 μm; Agilent 

Technology). FFA were eluted using methanol/water (92.5:7.5) at a flow rate of 1.5 ml/ min 

and detected at 242 and 254 nm and quantified by the internal standard method. For MAG 

measurements, total lipids from INS832/13 cells incubated at 2 and 10 mM glucose without or 

with 10 M WWL70 or ABHD6 -/-, +/- and +/+ mouse islets incubated at 2.8 and 16.7 mM 

glucose were extracted and separated on boric acid/silica gel-TLC. The separated 1- and 2-

MAG spots were scraped and were saponified and released fatty acids were quantified by 

reverse-phase HPLC.  

Studies in the Low-Dose Streptozotocin Diabetes Mouse Model 

Diabetes was induced by a single injection of streptozotocin (i.p., 100 mg/kg BW) to 8 wk old 

male CD1 mice (Hayashi et al., 2006). The ‘normal’ mice received buffer only. WWL70 was 

dispersed as a microsuspension in polyethylene glycol-300: Tween-20 (18:1). Four weeks 

following STZ (fed glycemia, 16-25 mM) or buffer injection, STZ and normal mice were 

divided into 2 groups and were administered WWL70 or vehicle daily, i.p., for 3 consecutive 

days, as follows: vehicle (PEG/Tween-20) and WWL (WWL70, 5 mg/kg BW). On the third 

day, the mice received the drug 2 h prior to oral glucose tolerance test, and access to food was 

withdrawn for 6 h prior to the glucose load (2g/kg BW). Blood was collected from the tail vein 

(0-120 min) for blood glucose and plasma insulin measurements.  

ABHD6 Activity Measurements 

INS832/13 cell membranes and cytoplasmic fractions (100,000 g pellet and supernatant) were 

used. Incubations were in 0.5 ml containing 25 mM Tris-HCl pH 6.0, 150 mM NaCl, 0.05 mM 

EDTA, 0.1 mM DTT and 0.02% defatted BSA, 8 μg cell extract protein, 50 μM 1-

oleoylglycerol without or with 10 M WWL70 or 25 M orlistat. Incubations were for 1h at 

30°C, and oleic acid released was quantified by HPLC. The hydrolytic activity inhibited by 

WWL70 was considered due to ABHD6. 

In order to assess whether the ABHD6 inhibitor WWL70 can inhibit the residual MAG 

hydrolysis activity of ABHD6-KO islets, we prepared extracts of islets isolated from wild type 

and whole body ABHD6-KO mice. The assay system for measuring MAG hydrolysis 
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contained in a final volume of 100 l, 50 mM potassium phosphate, pH 7.2, 1 g of islet 

extract protein, 13 M ThioGlo-1 and 5 M arachidonyl-1-thioglycerol as the substrate. 

Reactions were started with the addition of substrate after a pre-incubation of 15 min at 30°C. 

Arachidonyl-1-thioglycerol hydrolysis was followed by the reaction of released thioglycerol 

with ThioGlo-1. The resulting adduct is fluorescent, whose formation is measured 

continuously for 30 min at 380 nm excitation and 510 nm emission. Where indicated, WWL70 

was added at 1 M final concentration at pre-incubation stage. 

MAG Binding to the Munc13-1 C1-Domain 

Rat Munc13-1 C1 domain (residues 567-617) as a GST fusion protein (Shen et al., 2005) was 

expressed in E. coli and purified. Synthetic rat Munc13-1-C1 domain peptide (99% pure) 

(HNFEVWTATTPTYCYECEGLLWGIARQGMRCTECGVKCHEKCQDLLNADC) was 

from Biomatik Corporation. (A) Liposomal preparation. Phosphatidylcholine (80 µg) and 

phosphatidylserine (20 µg) were dried and hydrated with 0.1 ml of liposome buffer (50 mM 

Hepes-NaOH pH 6.8, 100 mM NaCl and 4 mM EGTA) followed by vigorous mixing for 20 

min and sonication for 5 min to produce unilamellar liposomes. This liposomal suspension 

was centrifuged at 3000g for 30 min at 4C and the supernatant containing unilamellar 

liposomes was used to perform MAG binding assay. (B) Binding assay by tryptophan 

fluorescence quenching. Binding of MAG and other ligands (1 µM each) to the Munc13-1 C1 

domain was followed as before (Shen et al., 2005).  Emission spectra were recorded between 

300 and 400 nm at an excitation 295 nm. (C) Binding of NBD-MAG to Munc13-1 C1-

domain. Fluorescently labeled MAG binding to Munc13-1 C1 domain was followed by using 

7-nitrobenz-2-oxa-1,3-dizole-4-yl MAG (12:0) (NBD-MAG) (Petry et al., 2005). Liposomes 

with NBD-MAG were prepared by mixing 3.75 µg of phosphatidylcholine, 6.3 µg of 

phosphatidylinositol and 12.5 µg of NBD-MAG (Petry et al., 2005). Binding was measured by 

incubating 1 M synthetic Munc13-1 C1 peptide (MW: 5728.51) with 100 µl of NBD-

MAG—liposomes, at room temperature for 10 min. Emission spectra of NBD fluorescence 

were recorded between 500 and 620 nm at an excitation 480 nm. The fluorescence quenching 

due to NBD-MAG binding to Munc13-C1 was used to calculate the binding. Glucagon like 

peptide-1, with similar molecular size as the C1-domain, was used as control. (D) Protein-

lipid overlay assay. The method of Dowler et al. (Dowler et al., 2002) was adapted. Briefly, 
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25-400 nmol of lipids in chloroform/methanol/water (1:2:0.08) were spotted on a Hybond-C-

extra membrane and after drying blocked with 3% defatted-BSA. The membrane was then 

incubated overnight at 4C with 10 μg/ml purified Munc13-1 C1-GST fusion protein or 

purified GST in Tris-buffered saline (50mM, pH 7.5) with 0.2% Tween-20. Detection used 

anti-GST antibody (Santa Cruz Biotech) and a peroxidase conjugated second antibody. 

Munc13-1 Translocation to Plasma Membrane in -Cells  

Confocal microscopy study. INS 832/13-cells were transfected with pEGFP-MUNC13-1 

(WT) and pEGFP-mutated MUNC13-1 (H567K) plasmids using Amaxa. The transfected cells 

were grown on coverslips for 72 h. Then the cells were starved in RPMI 1640 medium with 2 

mM glucose, and pre-incubated in KRBH buffer with 0.5% BSA and 2 mM glucose for 45 

min. After pre-incubation, the cells were incubated at 2 or 10 mM glucose in the absence 

(DMSO control) or presence of 100 M 1-PG, 10 M WWL70 and 300 nM PMA for 10 min. 

Then the cells were quickly washed with cold PBS twice, and the coverslips were fixed with 

ProLong Gold Antifade reagent (Life Technologies) and mounted on slides for imaging using 

confocal microscope (Leica). 

Cell Fractionation study. To assess the effect of ABHD6 deletion on the translocation of 

Munc13-1 to plasma membrane, islets from wild-type and male whole body ABHD6-KO mice 

were isolated and allowed to recover overnight in RPMI-1640 medium with 10% FBS and 11 

mM glucose. The following day, the islets were divided into two subgroups of 500 islets each 

and placed in 1.5ml tubes.  Then the islets were starved in RPMI-1640 with 10%FBS and 2.8 

mM glucose for 2h. Then the islets were washed with KRBH and pre-incubated in KRBH with 

0.5% BSA and 2.8 mM glucose for 45 min. The islets were then incubated in KRBH with 2.8 

or 16.7mM glucose for 30 min, followed by quick wash with cold PBS and frozen in liquid 

nitrogen till further analysis. The islets were subjected to freeze-thaw sonication in 250 mM 

sucrose, 25 mM Hepes, pH 7.2, followed by centrifugation at 150,000xg for 30 min. The 

pellets containing the membrane fraction were suspended in 250 mM sucrose, 25 mM Hepes, 

pH 7.2 and the protein concentration was measured by BCA assay. Islet membrane protein  

(30 g) was processed for SDS-PAGE and immnoblotting using anti-Munc13-1 antibody 

(Synaptic Systems) at a dilution of 1:1000 (overnight incubation). The Munc13-1 bands were 
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visualized with SuperSignal West Pico Chemiluminescence Detection Kit (Thermo Scientific). 

As a protein loading control, IGFR1 was probed using anti-IGFR1 antibody from Cell 

Signaling  at 1:1000 dilution. 

Whole Body ABHD6 Knockout Mice 

Whole-body ABHD6 knockout mice were generated by employing “knockout-first” design 

(Skarnes et al., 2011). The mice used were a pure background of C57/BL6N and the ES cells 

(JM8A3.N1 (Agouti), also derived from C57Bl6N) with confirmed conditional vector 

targeting for ABHD6 (HEPD0651_8_C07) were obtained from European Conditional Mouse 

Mutagenesis Program (Germany). Details on the ES cells and vectors are available at 

http://www.knockoutmouse.org/martsearch/project/72228. Knockout-first ABHD6-whole 

body KO mice were generated on C57Bl6N background in Mouse Biology Program, 

University of California, Davis. Following primers were used for genotyping the wild-type 

and mutant mice, at 3 wks age, from chromosomal DNA extracted from a piece of tail. For 

wild-type, the primer sequences are: forward (wtF), 5’-

GCAGAAAGGAAAGTAATACCTTAAGAG-3’ and reverse (wtR), 5’-

AACATCTTAAAACTTAATGCTGATAGCTC-3’. Although, these sequences are present in 

the targeting vector also, they are spaced too far apart and do not give rise to the anticipated 

PCR product in the mutant mice (Figure S4A). For the mutant mice, the forward (loxP-F) and 

reverse (ABHD6-R1) primers are 5’-GAGATGGCGCAACGCAATTAATG-3’ and 5’-

CAAGTGATGCTATGTAACCTTGCCCC-3’, respectively. A PCR product of 517 bp 

indicated mutation while 200 bp band indicated wild-type (Figure S4B).  

Beta Cell Specific ABHD6-KO (BKO) Mice 

Whole body ABHD6-KO mice were crossed with Flpo transgenic mice on pure C57Bl6N 

genetic background, to produce floxed ABHD6 mice that are on pure C57Bl6N background.  

Homozygous floxed ABHD6 mice were crossed with tamoxifen-inducible mip-cre transgenic 

mice (Wicksteed et al., 2010) that were back-crossed to C57Bl6N for 8 generations, to 

produce mice that carried floxed ABHD6 gene and tamoxifen-inducible mip-cre transgene 

(mipcre+, flox/-). Then the mipcre+, ABHD6flox/– mice were crossed with ABHD6flox/– mice to 

generate mipcre+, ABHD6flox/flox, -cell specific inducible ABHD6-KO (mipcre+, 
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ABHD6flox/flox) and wild-type mice. At the age of 8 weeks, these mice were injected 

intraperitoneally, daily with tamoxifen (50 mg/kg body weight, dissolved in 90% corn oil plus 

10% ethanol) for 5 consecutive days to generate BKO mice. After 2 weeks following 

tamoxifen injections, ABHD6 expression was found to be abrogated only in pancreatic islets 

(-cells) (Figure 6A) but not in other tissues (Figure 6B,C,D) of the BKO mice.  

Beta Cell Mass Measurement 

Whole pancreata were removed from mipcre+, floxed and BKO mice, and were placed in cold 

PBS and carefully all the surrounding fat and tissue was removed. After removing excess 

buffer, the pancreata were weighted and fixed in freshly prepared 10% formalin at room 

temperature for 24 h, followed by embedding in wax blocks. Then 5 m sections were cut 

using a microtome and 6 equally spaced sections from each pancreas were processed for -cell 

mass measurement. Immunohistochemistry was done with anti-guinea pig insulin antibody 

(DAKO) to mark -cells and alkaline phosphatase conjugated second antibody. Hematoxylin 

was used for counter-staining. The slides were monitored using a high-resolution scanner 

(Nikon Super Cool Scan 9000) to assess the -cell area and the whole pancreas area, followed 

by calculation of the ratio of -cell area to whole pancreas area. 

Hyper Insulinemic Euglycemic Clamp Studies 

Two-hour hyper insulinemic-euglycemic clamps (Peyot et al., 2010) were performed on wild-

type and whole body ABHD6-KO mice after a 5 h food-restriction in the morning from 7 AM 

to 12:00 noon. The mice received a bolus insulin infusion (85 mU/kg; HumulinR) for 1 min 

followed by insulin infusion at constant rate of 5 mU/ kg/ min. Dextrose (20%, w/v) was 

infused starting 5 min after the beginning of insulin infusion in order to clamp glycemia at 7.2 

mM. Blood was collected every 30 min starting from time 0, to quantify the glucose levels. 

Glucose infusion rate was calculated as an index of insulin sensitivity during the last 30 min of 

the clamp. 

Intraperitoneal Insulin Tolerance Test 

Intraperitoneal insulin tolerance test (IP-ITT) was performed in conscious mice in the afternoon 

under fed conditions. Insulin was administered intraperitoneally at a dose of 0.75U/ kg BW. 
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Blood was collected from tail at 0, 15, 30, 45, 60 and 90 min and glycemia was monitored 

using glucometer.  

Statistical Analysis 

Values are expressed as means ± SEM. Statistical analysis was performed using one-way 

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

Bonferroni’s post-test for multiple comparisons using GraphPad Prism. For electrophysiology 

experiments, comparisons were by unpaired two-tailed Student’s t test.  
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ABSTRACT 

Objective:  /-hydrolase domain-6 (ABHD6) is a newly identified monoacylglycerol 
(MAG) lipase. We recently reported that it negatively regulates glucose stimulated insulin 
secretion (GSIS) in the  cells by hydrolyzing lipolysis-derived MAG that acts as a metabolic 
coupling factor and signaling molecule via exocytotic regulator Munc13-1. Whether ABHD6 
and MAG play a role in response to all classes of insulin secretagogues, in particular various 
fuel and non-fuel stimuli, is unknown.  

Methods: Insulin secretion in response to various classes of secretagogues, exogenous MAG 
and pharmacological agents was measured in islets of mice deficient in ABHD6 specifically in 
the  cell (BKO). Islet perifusion experiments and determinations of glucose and fatty acid 
metabolism, cytosolic Ca2+ and MAG species levels were carried out.  

Results: Deletion of ABHD6 potentiated insulin secretion in response to the fuels glutamine 
plus leucine and -ketoisocaproate and to the non-fuel stimuli glucagon-like peptide 1, 
carbamylcholine and elevated KCl. Fatty acids amplified GSIS in control and BKO mice to 
the same extent. Exogenous 1-MAG amplified insulin secretion in response to fuel and non-
fuel stimuli. MAG hydrolysis activity was greatly reduced in BKO islets without changes in 
total diacylglycerol and triacylglycerol lipase activity. ABHD6 deletion induced insulin 
secretion independently from KATP channels and did not alter the glucose induced rise in 
intracellular Ca2+. Perifusion studies showed elevated insulin secretion during second phase of 
GSIS in BKO islets that was not due to altered cytosolic Ca2+ signaling or because of changes 
in glucose and fatty acid metabolism. Glucose increased islet saturated long chain 1-MAG 
species and ABHD6 deletion caused accumulation of these 1-MAG species at both low and 
elevated glucose.  

Conclusion: ABHD6 regulates insulin secretion in response to fuel stimuli at large and some 
non-fuel stimuli by controlling long chain saturated 1-MAG levels that synergize with other 
signalling pathways for secretion. 

 

Keywords /-hydrolase domain-6; monoacylglycerol; insulin secretion; pancreatic islets; 
cytosolic Ca2+ 
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1. INTRODUCTION 

Insulin secretion plays a central role in glucose homeostasis, and glucose is the most 
prominent secretagogue for the pancreatic islet β cell (Prentki et al., 2013b). Yet, despite 
decades of research, we still do not fully understand how the intracellular metabolism of 
glucose and other fuel stimuli, such as fatty acids and some amino acids, is coupled to the 
exocytotic release of insulin containing granules. Glucose stimulated insulin secretion (GSIS) 
is a biphasic process with a rapid first phase followed by a sustained second phase (Bratanova-
Tochkova et al., 2002). Glucose stimulation of the β cell results in rise in the ATP/ADP ratio 
with associated closure of KATP channels and a rise in intracellular Ca2+ that acts as a trigger 
for insulin release that can be amplified by additional metabolic coupling factors besides 
adenine nucleotides (Ashcroft and Rorsman, 2013; Prentki et al., 2013b). Candidate metabolic 
coupling factors include NADPH (Ivarsson et al., 2005), reactive oxygen species (ROS) (Pi et 
al., 2007), glutamate (Maechler and Wollheim, 1999), acyl-CoA compounds (Brun et al., 1996; 
Prentki et al., 1992) and additional lipid signaling molecules (Kaneko and Ishikawa, 2015). 
Although there is a general consensus that some lipid signaling molecules play key role in the 
amplification pathway of GSIS, the nature of these signals has remained elusive (Prentki et al., 
2013b). 

Glucose and free fatty acid (FFA) both increase flux through the glycerolipid/ free fatty acid 
(GL/FFA) cycle in β cells, with its lipogenesis and lipolysis arms (Prentki et al., 2013b). We 
(Nolan et al., 2006a; Peyot et al., 2009c; Peyot et al., 2004; Roduit et al., 2001) and others 
(Fex et al., 2009; Mulder et al., 2004) have proposed that the lipolysis segment of the GL/FFA 
cycle generates signal(s) involved in ß cell activation for insulin release. Deletion in the β cell 
of adipose triglyceride lipase (ATGL) (Peyot et al., 2009c) and hormone sensitive lipase (HSL) 
(Fex et al., 2009; Peyot et al., 2004; Roduit et al., 2001), that respectively catalyze the 
hydrolysis of triacylglycerol (TG) to diacylglycerol (DAG) and DAG to monoacylglycerol 
(MAG), resulted in reduced GSIS. On the basis of these observations, we hypothesized that 
one of the molecules downstream of DAG in the lipolysis cascade (MAG, FFA or glycerol) 
acts as a metabolic coupling factor (Zhao et al., 2014). MAG hydrolysis provides FFA and 
glycerol. Since reduced GSIS in ATGL knockout (KO) islets was not rescued by exogenous 
FFA (Peyot et al., 2009c) and glycerol is not a secretagogue, we hypothesized that this long-
searched metabolic coupling factor is MAG.  

We recently demonstrated that in the  cell MAG hydrolysis is conducted by /-hydrolase 
domain-6 (ABHD6), a newly identified MAG hydrolase and that in these cells the expression 
of the classical MAG lipase is very low (Zhao et al., 2014). We further showed that 1-MAG, 
which is produced in response to glucose stimulation of  cells, acts as a coupling factor for 
GSIS and that the level of 1-MAG increases by the suppression of ABHD6 activity either 
pharmacologically or by its genetic deletion. MAG was found to mediate its effect via 
activation of the exocytosis regulator protein Munc13-1, thereby enhancing insulin granule 
exocytosis (Zhao et al., 2014). The bulk of the evidence for a role of MAG as a coupling 
factor was obtained using whole body ABHD6-KO mice and we also showed that GSIS is 
enhanced in vivo and ex vivo in islets from ß cell specific ABHD6-KO (BKO) mice. However 
several questions remained with respect to the role of ABHD6 and MAG in the regulation of 
insulin secretion that are addressed here using islets from BKO mice, where ABHD6 was 
deleted in  cells at adult stage by tamoxifen-induced Cre expression. Are ABHD6 and MAG 
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involved more globally in  cell activation, that is in the regulation of insulin secretion in 
response to other fuels besides glucose and non-fuel stimuli as well? Are they implicated in: 
the KATP-dependent or independent pathway of secretion; the first or second phase of GSIS; 
and glucose or fatty acid metabolism or Ca2+ signaling?  

Our results with BKO mice provide evidence that ABHD6-accessible MAG, which is 
produced during nutrient metabolism, synergizes with other cellular signals arising from fuel 
and some non-fuel stimuli to potentiate insulin secretion and that MAG activates the KATP-
independent pathway and second phase of secretion. ABHD6-deletion in  cells does not alter 
glucose and fatty acid metabolism or Ca2+ influx. The data highlight the importance of 
ABHD6 and MAG in regulating insulin secretion in response to all stimuli to control glucose 
homeostasis, and thus ABHD6 is a potential candidate for developing drugs against type 2 
diabetes.  

2. MATERIALS AND METHODS 

2.1. Animals 

The use of animals for the experiments in this study was approved by the Institutional 
Committee for the Protection of Animals. C57BL/6N mice were housed at room temperature 
(22°C) with 12-h light/dark cycling, with free access to water and standard chow diet (11% fat 
by energy). 

2.2. Generation of BKO mice.  

The generation of inducible BKO mice where ABHD6 is deleted specifically in the ß cell has 
been described before (Zhao et al., 2014). In our previous report, we have made detailed 
comparison among wild type (WT), MIP-cre/ERT, and ABHD6 Flox/Flox (Flox) mice for 
many parameters. We found that WT, MIP-cre/ERT and Flox mice behaved similarly in terms 
of body weight gain and food intake over 5 weeks following i.p. tamoxifen injection, fed and 
fasting glycemia, islet morphology and β cell mass, oral glucose tolerance test (OGTT) and ex 
vivo GSIS. Based on this observation, in the present study we employed only Flox mice as 
control mice (Zhao et al., 2014). Flox mice were bred with Flox/Flox; Mipcre+ (BKO) mice to 
obtain 50% littermates as Flox mice and 50% BKO mice. Flox and BKO mice at 8 weeks of 
age received daily tamoxifen injections (50mg/kg BW), for 5 consecutive days. Two weeks 
later, the mice were used for islet isolation. 

2.3. Islet isolation 

Pancreatic islets from Flox and BKO mice were isolated as described previously (Peyot et al., 
2009c). The isolated islets were handpicked and let to recover by incubation overnight in 
RPMI 1640, supplemented with 10% FBS and 11 mM glucose (recovery medium). 

2.4. MAG, DAG and TG hydrolysis activity  

Procedures for measuring MAG, DAG and TG hydrolysis activities have been described 
earlier (Iglesias et al., 2015). Briefly, immediately after isolation, islets were washed twice 
with cold PBS, and then were homogenized in cold PBS. Assays for MAG, DAG and TG 
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hydrolysis using corresponding specific substrates were done with 0.5 g, 0.5 g or 10 g 
protein, respectively, per assay. MAG hydrolysis was assayed in 96-well plates, with 1-S-
arachidonoylthioglycerol (Cayman Chemical Co) as the substrate, and the released 1-
thioglycerol was measured by reaction with ThioGlo-1 (Corvallis, OR) to form a fluorescent 
adduct, measured in a FLUOstar microplate reader instrument (BMG Labtech, Germany). 
DAG hydrolysis activity was assayed in 96-well plates using p-nitrophenylbutyrate (Sigma 
Aldrich) as the substrate by monitoring the reaction at 507 nm, in a plate reader. TG 
hydrolysis activity was measured using EnzChek lipase substrate (Life technologies) and 
fluorescence (excitation 485 nm; emission 510 nm) was monitored every 30 sec for 90 min. 
Enzyme specific inhibitors were employed in the assays for ascertaining the activity of the 
enzyme that was being measured. Thus for ABHD6 catalyzed MAG hydrolysis assay, 1 µM 
WWL70 (Cayman Chemical), an ABHD6 inhibitor (Zhao et al., 2014) was included; for total 
DAG hydrolysis assay, 1 µM orlistat as DAGL inhibitor since at this low concentration, 
orlistat inhibits mainly DAGL (Iglesias et al., 2015); and for TG hydrolysis assay, we 
employed 1 µM Cay10499 as TG hydrolysis inhibitor (Iglesias et al., 2015).  

2.5. Ex-vivo Insulin secretion  

The procedure for insulin secretion using isolated islets has been described (Zhao et al., 2014). 
Briefly, after overnight culture in recovery medium, the islets were starved in RPMI 1640 with 
10% FBS and 2 mM glucose for 2h. After starvation, the islets were washed twice with 
‘enriched’ KRBH, which contained 0.5% defatted BSA, 50 µM carnitine, 2 mM Gln and 4 
mM glucose. This enriched KRBH, which matches better physiological milieu (Prentki et al., 
2013b) was used in order to prevent fuel-depleted conditions that may arise with the 
commonly used KRBH, which contained only 2.8 mM glucose. Then the islets were pre-
incubated in this enriched KRBH for 45 min, followed by incubation with different 
concentrations of glucose and in the presence or absence of different fuel and non-fuel stimuli 
(0.15 mM oleate plus 0.15 mM palmitate, 10 mM -ketoisocaproate (Kic), 5 mM glutamine 
plus leucine (Gln plus Leu), 20 nM glucagon-like peptide 1 (GLP1), 35 mM KCl, 200 µM 
carbamylcholine (Carb) for 1 h. For the experiment regarding the effect of exogenous MAG in 
the presence of various stimuli, dispersed Wistar rat islet cells were used because MAG is 
lipophilic and may not access all islet cells within an intact islet but only cells at the periphery. 
The islets were dispersed into single islet cells by trypsin digestion (Peyot et al., 2010), and 
the cells were plated into 48-well plates at a density of 1x105 cells per well. After 2 days 
culture in RPMI medium, insulin secretion experiments were performed. Following similar 
starvation and preincubation conditions as described above for islets, the dispersed islet cells 
were incubated at 6 mM glucose with or without 20 nM GLP-1, 200 µM Carb and 10 mM Kic 
in the absence or presence of 100 µM 1-palmitolglycerol (1-PG) for 1h. At the end of the 
experiments incubation media were collected for insulin release analysis. Total insulin content 
was measured after islets or isolated islet cells extraction by a mixture of ethanol and HCl 
(75%: 1.5%). Insulin was measured using Alphalisa (Perkin Elmer, Waltham, Massachusetts) 
(Zhao et al., 2014).  

2.6. Glucose and fatty acid metabolism 

Glucose oxidation and utilization and fatty acid oxidation were measured as described before 
(Kim-Muller et al., 2014) with minor modifications. Briefly, for glucose metabolism, the islets 



 

 

 

151

were cultured in recovery medium overnight. Then, the islets were starved in RPMI 1640 with 
2 mM glucose for 2 h. Batches of 20 islets were preincubated in enriched KRBH for 45 min, 
and then incubated in KRBH containing 0.5 μCi of [5-3H] D-glucose (16 Ci/mmol) and 
1 μCi/ml [U-14C] D-glucose (250 mCi/mmol) at 4, 10, and 16 mM glucose. Then the 
incubation was stopped by adding citrate/NaOH buffer (400 mM, pH 4.9) containing 
antimycin-A (10 M), rotenone (10 M), and KCN (5 mM). Glucose oxidation was followed 
by measuring the generated 14CO2 after 60 min in KOH trap. Glucose utilization was 
determined by measuring the 3H2O produced. For fatty acid oxidation, after a first starvation in 
RPMI 1640 with 2 mM glucose for 2 h, batches of 50 islets were preincubated in enriched 
KRBH for 45 min, and then incubated for 2 h in KRBH containing 0.25% BSA, 0.1 mM 
palmitate and 0.2 μCi/ml [9,10(n)-3H]-palmitate (74 kBq/ml) at 4 and 16 mM glucose. The 
supernatant was collected to separate 3H2O from radioactive fatty acids and fatty acid 
oxidation was calculated by measuring 3H2O produced. 
 
2.7. Intracellular Ca2+ measurement 

After overnight recovery of islets as above, the islets were dispersed into single cells by 
trypsin digestion (Peyot et al., 2010). The dispersed cells were placed in 96-well black plates 
with clear bottom at a density of 80,000 cells per well. After overnight culture in RPMI1640 
plus 10% FBS, the cell were pre-loaded in enriched KRBH with 2.5 mM probenicid, 0.2 mM 
sulfinpyrazone, 0.1 mM 3-isobutyl-1-methylxanthine (IBMX), equal volume of Fura-2 AM 
(Life technologies) (6 µM) and Pluronic F-127 for 75 min. Then the cells were washed once 
with enriched KRBH, and incubated in enriched KRBH with 2.5 mM probenicid and 0.2 mM 
sulfinpyrazone for 30 min. Then the cells were monitored using a plate reader (FLUOstar) 
with two different excitation filters of 340 nm and 380 nm and with emission at 510 nm. High 
glucose was added manually to reach final concentration of 16 mM and KCl was injected by 
the machine to reach a final concentration of 35 mM. The intracellular Ca2+ was calculated as 
ratio of fluorescence outputs at 340 nm and 380 nm (F340/F380). 

2.8. Perifusion experiments 

Overnight recovered Flox and BKO islets were starved in RPMI 1640 medium at 2 mM 
glucose for 2 h. Then batches of 30 islets were placed in the perifusion chambers and 
perifused at a flow rate of 0.5 ml/min for 45 min in enriched KRBH, followed by perifusion 
with 16 mM glucose for 30 min, and then with 35 mM KCl for another 30 min. At different 
time points indicated in the figure legend, 0.5 ml samples were collected and centrifuged for 
insulin analysis. After the perifusion, the islets were removed from the chamber and extracted 
with a mixture of ethanol and HCl (75%: 1.5%) to release total insulin for normalization. 
Insulin was measured by Alphalisa analysis. 

2.9. MAG species analysis 

MAG species analysis was done as described before (Zhao et al., 2014). Briefly, overnight 
recovered islets were starved in RPMI 1640 with 2 mM glucose for 2 h, and then pre-
incubated in enriched KRBH for 45 min, followed by incubation with low (4 mM) and high 
(16 mM) glucose in the absence and presence of different stimuli for 1 h. For each condition, 
250 islets were used. After the treatment, the islets were collected for lipid extraction in Folch 
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reagent. After lipid extraction, the dried lipids were dissolved in a small volume of chloroform 
and loaded on silica gel thin layer chromatography plates and developed in the solvent system 
(Chloroform: acetone: acetic acid= 60:40:1, v/v) to separate 1-MAG and 2-MAG. Then the 
bands corresponding to 1-MAG and 2-MAG were scraped and saponified and the released 
FFA were extracted by Dole’s procedure and measured by HPLC. The molar quantity of 
different FFA species corresponds to the amount of corresponding particular species of 1-
MAG and 2-MAG and the total 1-MAG and 2-MAG were calculated by the sum of these 
individual MAG species.  

2.10. Statistical Analysis 

Statistical analyses were performed by Graphpad Prism software. Values were expressed as 
mean ± SEM. Student’s t test and one way and two ANOVA were used for inter-group 
comparisons. 

3. RESULTS 

3.1. BKO islets display reduced MAG hydrolysis activity  

ABHD6 is known to hydrolyze MAG to glycerol and FFA in various tissues, such as brain, 
liver, adipocytes and islets (Blankman et al., 2007a; Thomas et al., 2013; Zhao et al., 2014). 
We confirmed (Zhao et al., 2014) that ABHD6 protein levels are reduced in BKO islets 
by >90% (Figure 1A). However, it is not known whether deletion of ABHD6 has any 
compensatory effects on DAG or TG hydrolysis. Since it has been shown that suppression of 
DAG hydrolyzing HSL or TG hydrolyzing ATGL hampered insulin secretion (Fex et al., 2009; 
Peyot et al., 2009c; Peyot et al., 2004), it is necessary to ascertain that ABHD6 deletion in  
cells has no secondary or compensatory effects on DAG or TG hydrolysis. In order to examine 
this we measured the activities of total hydrolysis of MAG, 1,2-DAG and TG in extracts of 
Flox and BKO mouse islets. ABHD6-specific activity was assayed by measuring the 
hydrolysis of 1-S-thioarachidonylglycerol in the presence and absence of WWL70, an 
ABHD6-specific inhibitor. MAG hydrolysis was reduced by 20% in Flox mouse islets in the 
presence of WWL70 and was similarly reduced by 20% in BKO vs Flox islets. The addition of 
WWL70 to BKO islet extracts did not further reduce the residual MAG hydrolysis, indicating 
complete deletion of ABHD6 activity in islet  cells (Figure 1B). Orlistat has been reported to 
inhibit sn1-DAG lipases at low micromolar concentrations (Bisogno et al., 2003) while higher 
concentrations are needed to inhibit HSL, which also hydrolyzes DAG (Mulder et al., 2004). 
Total DAG hydrolysis activity was similar in Flox and BKO islet extracts as well as the 
orlistat sensitive and the residual activity (Figure 1C). Similarly, there were no differences in 
TG hydrolysis activity between Flox and BKO islets and in both the cases TG hydrolysis 
could be equally inhibited by the lipase inhibitor Cay10499 (Figure 1D). The results ascertain 
that deletion of ABHD6 activity in islet  cells does not alter DAG and TG hydrolysis. 

3.2. Insulin secretion in response to various fuel and non-fuel stimuli in BKO islets 

We have earlier shown that isolated islets from global or β cell specific ABHD6-KO mice 
show enhanced GSIS (Zhao et al., 2014). However, the effect of ABHD6 deletion on insulin 
secretion in response to other fuels and non-fuel stimuli is not known. As noticed earlier (Zhao 



 

 

 

153

et al., 2014), deletion of ABHD6 in islets did not affect islet morphology or β cell mass, but 
increasing glucose concentration to 16 mM resulted in much higher level of insulin secretion 
in the BKO islets than that in Flox islets (Figure 2A).  The presence of palmitate and oleate 
(0.15 mM each) elevated insulin secretion at both 4 and 16 mM glucose in control and BKO 
islets to the same extent (Figure 2A). ABHD6 deletion had no further enhancing effect on fatty 
acid-augmented GSIS, in addition to what was noticed at 16 mM glucose alone in the Flox 
control (Figure 2E). Besides glucose, a combination of glutamine and leucine is known to 
stimulate insulin secretion at low glucose concentration (Li et al., 2003). At 4 mM glucose, 
Gln plus Leu also stimulated insulin secretion in control as well as in BKO islets (Figure 2B). 
Interestingly, similar to what was seen with high glucose concentration, there was nearly 3-
fold higher secretion with Gln plus Leu in BKO islets than in Flox islets, indicating that 
ABHD6 deletion also enhanced amino acid stimulated insulin secretion (Figure 2B).  

We noticed earlier using islets from whole body ABHD6-KO mice that besides GSIS, even 
KCl-stimulated insulin secretion (at 2.8 mM glucose) is also slightly elevated (Zhao et al., 
2014). We now further examined the involvement of KATP-independent amplification 
mechanism(s) (Gembal et al., 1992) in the elevated insulin secretion seen due to ABHD6 
deletion, using BKO mouse islets. The combined use of diazoxide plus an elevated 
concentration of KCl is a classical way to study the so-called amplifying KATP-independent 
pathways (Gembal et al., 1992) when β cell [Ca2+] is elevated maximally and clamped by a 
depolarizing elevated concentration of KCl in the presence of diazoxide (KATP channels are 
held open to exclude an effect on these channels). The results indicated that KCl-induced 
insulin secretion (at 4 mM glucose) was strongly potentiated in BKO islets, compared to Flox 
islets. Similar observation was made when KATP channels were by-passed, in the presence of 
elevated KCl, with the use of diazoxide (Figure 2C) (Yajima et al., 1999). Thus, ABHD6 
deletion caused augmentation of the KATP-independent amplification pathways of glucose 
signaling for secretion. Kic, which is actively metabolized in the ß cell and promotes insulin 
secretion (Heissig et al., 2005), was found to augment insulin release in both control and BKO 
islets at 4 mM glucose and this Kic augmented secretion was much higher in BKO islets than 
in control islets (Figure 2D). We then examined whether ABHD6 deletion influences GSIS 
stimulated by GLP1, which acts via Gs-coupled G-protein coupled receptor (GPCR) 
(MacDonald et al., 2002) and by the muscarinic receptor agonist carbamylcholine, which acts 
via Gq-coupled GPCR (Peter-Riesch et al., 1988).  GLP1 considerably augmented GSIS in 
control and BKO islets and its effect was markedly amplified in BKO islets reaching a very 
elevated 6% of total insulin content being secreted (Figure 2D,E). Carb also amplified GSIS in 
control islets. There was a clear trend of enhancement of its effect in BKO islets (calculated as 
the difference of Carb effect on the top of 16 mM glucose in BKO vs control islets) but it did 
not reach statistical significance (p<0.1) (Figure 2E). The results indicate that a signal 
generated by ABHD6 deletion synergizes with those produced by the non-fuel stimulus GLP1 
and possibly with those produced by Carb as well. 

Insulin secretion in response to glucose by isolated islets or cultured  cells follows a biphasic 
process. In order to understand which of these phase(s) of insulin secretion is affected by 
ABHD6 deletion, we performed perifusion experiments using islets from Flox and BKO mice. 
Perifusion with 16 mM glucose induced a transient first phase insulin secretion in both control 
and BKO islets, and there were no differences between Flox and BKO islets in either the 
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amplitude or the time course of first phase secretion peak (Figure 3A,B). The second phase 
insulin secretion, was very minor in control islets consistent with previous reports that used 
mouse islets (Ferdaoussi et al., 2012; Peyot et al., 2010), while it was significantly elevated in 
BKO islets (Figure 3A,C), indicating that ABHD6 deletion enhances GSIS mainly by 
affecting the second phase. BKO islets also exhibited increased insulin secretion during 
perifusion with 35 mM KCl that followed 16 mM glucose, as compared to control islets, 
similar to what was observed in static incubations (Figure 3A,D).  

3.3 Intracellular Ca2+ in Flox and BKO mouse islets  

In order to determine whether ABHD6 deletion changes cytosolic Ca2+ levels and that such 
effect could contribute to the enhanced secretion in BKO islets, we measured intracellular 
Ca2+ in Flox and BKO islets in the presence of high glucose or 35 mM KCl. In both control 
and BKO islets, following glucose addition, cytosolic Ca2+ started to increase by 3 min and 
reached a peak by 10 min and thereafter, intracellular Ca2+ started to decrease slowly (Figure 
4A). There were no differences between Flox and BKO islets in the glucose stimulated 
elevation in cytosolic Ca2+. Elevated glucose caused an initial small reduction of cytosolic 
Ca2+ in control but not BKO islets. The reason for the difference in this slight initial reduction 
in Ca2+ between control and BKO islets is not known. This initial reduction in cytosolic Ca2+ 
upon a rise in glucose concentration   has been reported before in some islet studies (Lund et 
al., 1989) but its reason has not been elucidated. It may be related to an accelerated Ca2+ 
uptake by the endoplasmic reticulum due to a rise in the ATP/ADP ratio promoting activation 
of the Ca2+ ATPase transporter. As expected, KCl induced a rapid Ca2+ rise in both Flox and 
BKO islets and there was no difference between these islets in their Ca2+ response (Figure 4B). 
These results indicate that ABHD6 deletion mediated increase in GSIS response by islets is 
not due to altered Ca2+ influx or mobilization form endogenous stores or cytosolic Ca2+ 
concentrations.  

3.4. Glucose and fatty acid metabolism in  cells with ABHD6 deletion  

Inasmuch as ABHD6 is a metabolic enzyme and its deletion greatly enhances glucose 
responsiveness of pancreatic islets to secrete insulin, it is important to ascertain whether 
deletion of ABHD6, a MAG hydrolase, has any effect on glucose or fatty acid metabolism in 
the  cells.  In both control and BKO islets, there was significant level of glucose utilization 
and oxidation at 4 mM glucose, which increased further with increasing glucose concentration. 
However, there were no differences between Flox and BKO islets (Figure 5A,B). Fatty acid 
oxidation negatively correlates with insulin secretion (Prentki et al., 2013b). In the present 
study also we noticed that with increasing glucose concentration, fatty acid oxidation was 
significantly decreased, however, there were no differences between Flox and BKO islets 
(Figure 5C).  

3.5. MAG levels in BKO islets  

We previously reported that total and 1-MAG levels are elevated in glucose concentration-
dependent manner in whole body ABHD6-KO mouse islets (Zhao et al., 2014). However, in 
order to eliminate the problems and uncertainties associated with global deletion, where 
ABHD6 is absent right from embryo stage as this might affect the expression and activities of 
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other enzymes and factors, we analyzed MAG levels in BKO islets, where ABHD6 was 
deleted in  cells at adult stage. In order to directly correlate 1-MAG levels with insulin 
secretion, we measured both 1-MAG and 2-MAG levels in islets incubated with low (4 mM) 
and high glucose (16 mM) concentration in the presence or absence of 35 mM KCl and 20 nM 
GLP-1. Islets were incubated under conditions similar to those employed for insulin secretion 
measurement. The results indicated increased total and 1-MAG levels in BKO islets at basal 
conditions, and at 16 mM glucose, compared to Flox islets (Figure 6A, C). 2-MAG levels 
were only increased at low glucose (Figure 6B).  Addition of GLP1 or KCl had no additional 
effect on 1-MAG, 2-MAG and total MAG levels (Figure 6A-C). In agreement with our 
previous report in whole body ABHD6 KO islets (Zhao et al., 2014), compared to low glucose, 
elevated glucose increased the levels of the long chain saturated 1-stearoylglycerol (1-SG) and 
1-palmitoylglycerol (1-PG) and the levels of these MAG species were much higher in BKO 
islets (Figure 6D,E). The level of the monounsaturated 1-oleoylglycerol (1-OG) was not 
significantly changed in BKO islets in comparison to control islets under all tested conditions 
(Figure 6F). There were no significant changes in 2-SG, 2-PG and 2-OG levels in BKO islets 
except for a rise at low glucose in 2-SG and 2-PG (Figure 6G-I). Addition of KCl and GLP-1 
did not significantly change either 1-MAG or 2-MAG levels under all tested conditions in 
Flox and BKO islets (Figure 6D-I)). Most of the other 1-MAG and 2-MAG species were too 
low to be detected, and some unidentified MAG peaks in the HPLC analysis were not 
considered in the analysis. Thus, ABHD6 deletion that results in enhanced insulin secretion in 
response to various fuel and non-fuel stimuli is associated with increased levels of long chain 
saturated 1-MAG species, consistent with their postulated role as signalling molecules for 
insulin secretion (Zhao et al., 2014). 

3.6. 1-MAG amplifies fuel and non-fuel induced insulin secretion 

If the increased in 1-MAG in BKO islets is causally implicated in amplifying the secretory 
response of various insulinotropic agents, then exogenously added 1-MAG should mimic the 
effect of ABHD6 deletion. This prediction was verified as indicated in Figure 7. As the 
potentiating effects of GLP-1 and Carb on insulin secretion require a glucose concentration 
higher than basal levels, we performed this experiment using 6 mM instead of 4 mM glucose. 
Our result indicated that 1-palmitoylglycerol amplified the secretion of insulin at 6 mM 
glucose, and the effect of the nutrient stimulus Kic as well as those of the neurohormonal 
agonists GLP-1 and Carb.   

4. DISCUSSION 

This study reveals that ABHD6 and MAG play a general role in insulin secretion as they 
regulate the process not only in response to glucose but also to amino acids (Gln plus Leu) and 
Kic acting as fuels stimuli, and in response to various non-fuel stimuli (GLP-1, 
carbamylcholine and a depolarizing concentration of KCl). It gives also additional information 
about the mechanisms implicated in this process. Thus, the data indicate that: a) the elevated 
insulin secretion response of  cells upon ABHD6 deletion is not related to altered DAG or 
TG hydrolysis; b) ABHD6 deletion enhances insulin secretion promoted by elevated glucose 
but does not potentiate fatty acid stimulated secretion; c)  cell specific deletion of ABHD6 
increases total MAG and 1-MAG in islets at both low and high glucose and this is specifically 
due to increased level of saturated long chain 1-MAG species; d) Enhanced GSIS caused by 
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ABHD6 deletion is mediated by KATP/Ca2+ independent mechanisms of insulin secretion; e) 
Augmented insulin secretion in islet deficient in ABHD6 occurs independently of 
mitochondrial energy metabolism as glucose and fatty acid oxidation remained unchanged in 
BKO islets.  

We have ruled out before (Zhao et al., 2014) the possibility that endocannabinoid receptors 
that bind 2-arachidonoylglycerol (2-AG), but not saturated MAG, are involved in the MAG-
mediated effects on insulin secretion. Thus, a specific antagonist of the CB1 receptor (AM251) 
and an inverse agonist (AM630) of the CB2 receptor did not alter GSIS. Also 2-AG levels 
even at high glucose were <1% of the total  cell MAG, whereas the saturated MAG that rose 
in the presence of glucose was 100-fold higher as compared to 2-AG and stimulated insulin 
secretion. Noteworthy, only 2-AG, but not saturated MAG, can bind CB receptors and act as 
their ligand. 

In our earlier study, we showed that global ABHD6 suppression leads to elevated 1-MAG in 
islets and that 1-MAG activates the exocytosis facilitating protein Munc13-1, thus promoting 
enhanced insulin secretion (Zhao et al., 2014). We now show that the effect of ABHD6 
deletion occurs on second but not first phase insulin secretion after stimulation by glucose. 
This is in accordance with a previous study in islets from Munc13-1 deficient mice where only 
second phase GSIS was reduced (Kang et al., 2006). However, another study in haplodeficient 
Munc13-1 mice (Kwan et al., 2006a) observed alterations in both phases of secretion, and   
cell capacitance determinations in these mice showed reduced exocytosis of both the ready 
releasable and refilling pools of secretory granules (Zhao et al., 2014). The reason for the 
discrepancy among these studies with respect to first phase only and not second phase GSIS is 
not known. The possibility exists that second phase GSIS is more sensitive to an elevation in 
1-MAG than first phase, and that islet MAG levels were different in the two Munc13-1 
deficient islets studies, and that exogenous 1-MAG at a high concentration stimulated both 
phases in the  cell capacitance study. The fact that ABHD6 deletion does not amplify the 
glucose induced Ca2+ rise and enhances KATP-independent pathways of insulin secretion that 
are thought to be implicated primarily in second phase of GSIS (Gembal et al., 1992), is 
consistent with the observation that second phase is enhanced.  

What is the possible mechanism whereby second phase GSIS is amplified by ABHD6-
accessible MAG in the  cell? It has been suggested that Ca2+ binds to synaptotagmin-7, the 
major Ca2+ sensor in  cells for insulin exocytosis (Gauthier and Wollheim, 2008; Wu et al., 
2015), to facilitate loosening of cortical actin beneath the plasma membrane and fusion of 
insulin granule membrane with the plasma membrane. On the other hand, 1-MAG that 
accumulates in ABHD6 deleted  cells activates Munc13-1 (Zhao et al., 2014), which is 
essential for forming the SNARE exocytosis complex, by direct interaction with syntaxin-2 
(Xie et al., 2012) and with Rab3 interacting molecule 2 (Kwan et al., 2007). Thus, we propose 
that the elevated Ca2+ and 1-MAG signals in response to various stimuli synergize for insulin 
secretion because 1-MAG via its activation of Munc13-1 will promote the formation of novel 
granules associated to the plasma membrane (enhancement of the readily–releasable pool of 
granules) that can be fused when the Ca2+ signal occurs.   
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We observed that insulin secretion in response to all tested fuel and non-fuel agents was 
enhanced in BKO islets except for fatty acids. What is the reason for this observation that 
appears surprising at first sight? A likely explanation lies in the fact that glucose and fatty acid 
signaling for secretion share common pathways. Both glucose and FFA activate the GL/FFA 
cycle that generates MAG. FFA also acts via the receptor FFAR1 but a recent study 
documented that FFAR1 stimulation by FFA enhances the GL/FFA cycle in INS-1  cells (El-
Azzouny et al., 2014). Thus, unlike the other stimuli (for example GLP1 that acts via cAMP 
and Ca2+ signaling), there may not be a possibility of synergy among glucose and FFA 
signaling pathways for secretion. Both glucose and FFA converge to signaling MAG that 
would reach maximal levels for secretion at elevated glucose plus FFA already in control Flox 
islets, such that secretion cannot be further enhanced in BKO islets. 

ABHD6 deletion further augmented GSIS enhanced by both GLP1 and elevated KCl. GLP1 
enhances secretion only at high glucose concentration and we earlier observed that GLP1 does 
not alter lipolysis in islet  cells (Peyot et al., 2009a). Consistent with this we now show that 
GLP1 does not changes MAG levels in islets. How deletion of ABHD6, which causes MAG 
buildup, further amplifies GLP1 action on insulin secretion? Recent studies showed that GLP1 
signaling leads to protein kinase A mediated activation of the Ca2+ sensor synaptotagmin-7 in 
 cells leading to more efficient GSIS (Wu et al., 2015). It is possible that the signals 
generated by GLP1 receptor via protein kinase-A converge with 1-MAG signaling and have 
synergistic effect on insulin exocytosis. Depolarizing concentrations of KCl markedly increase 
Ca2+ in  cells and likely the amplification of its effect on secretion in BKO islets is due to a 
synergy between Ca2+ and MAG signaling pathways. Similarly 1-MAG signaling may amplify 
the inositol trisphosphate/Ca2+ and DAG signaling cascades generated by the Gq receptor 
agonist carbamylcholine. Figure 8 shows a model proposing how the ABHD6/1-MAG/ 
Munc13-1 network regulates insulin secretion in response to various classes of insulin 
secretagogues.  

5. CONCLUSION 

MAG mediated GSIS enhancement is a second phase event during insulin secretion and is a 
KATP and Ca2+ influx independent process. The importance of ABHD6 accessible MAG as a 
signal for insulin secretion is recognized under conditions of fuel stimuli at large and also 
when secretion is stimulated by various neurohormonal GPCR agonists. The data highlight the 
importance of ABHD6 and MAG as candidates for developing antidiabetic drugs.  
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Figure legends 

Figure 1. BKO islets show reduced MAG hydrolysis activity. (A) Western blot analysis of 
ABHD6 protein level in Flox and BKO islets. (B) Total MAG hydrolysis activity was 
measured in the absence and presence of 1µM WWL70. (C) DAG hydrolysis activity was 
measured in the absence and presence of 1 µM orlistat. (D) TG hydrolysis activity was 
measured in the absence and presence of 1 µM Cay10499. Results are Mean ± SEM from 
three different experiments with pooled islets from 6-9 mice in each group. *p≤0.05 vs Flox 
mice; # p < 0.05 versus BKO mice. 

Figure 2.  Enhanced insulin secretion in response to various fuel and non-fuel stimuli in 
ABHD6-BKO islets. (A) The effect of glucose and fatty acids (palmitate plus oleate (P/O)) on 
insulin secretion. Insulin secretion was measured in Flox and BKO islets at basal (4 mM), and 
high (16 mM) glucose in the absence or presence of 0.15 mM palmitate and 0.15 mM oleate. 
(B) Effect of glutamine plus leucine on insulin secretion. Insulin secretion was measured at 4 
mM glucose  in the absence or presence of 5 mM glutamine plus 5 mM leucine. (C) The 
effect of KCl and diazoxide (DZ) on insulin secretion. Insulin secretion was measured at 4 
mM glucose in the absence or presence of 35 mM KCl and 0.1 mM diazoxide. (D) The effect 
of Kic, GLP1 and Carb on insulin secretion. Insulin secretion was measured at 4 and 16 mM 
glucose. The effect of Kic was tested at 4 mM glucose, whereas the effect of 20 nM GLP1 and 
200 µM Carb were tested at 16 mM glucose. (E) The net calculated effect of fatty acids (P/O), 
GLP-1 and Kic on the top of 16 mM glucose on insulin secretion. The results show the 
calculated difference in panel A of insulin secretion at 16 mM glucose in the presence of P/O 
minus the secretion at 16 mM glucose only, and similar calculation for the true GLP1 and 
Carb effects on the top of 16 mM glucose in panel D.  Mean ± SEM are from three different 
experiments with totally 9 mice in each groups. *p < 0.05; **p < 0.01; ***p < 0.001 versus 
Flox group.  

Figure 3.  Enhanced second phase and KCl-induced insulin secretion in perifused ABHD6-
BKO islets. Batches of 30 islets were perifused in enriched KRBH with 4 mM glucose for 45 
min, and then followed by KRBH with 16 mM glucose for 30 min and then with 35 mM KCl 
for another 30 min. Results are Mean  SEM from 4 different experiments with 8 control mice 
and 10 BKO mice. (A) The original trace of perifusion study. (B) First phase insulin secretion, 
calculated area under curve (AUC) between 0 to 10 min (AUC0-10min); (C) Second phase 
insulin secretion, calculated AUC between 10 to 30 min (AUC10-30min); (D) KCl-stimulated 
insulin secretion, calculated AUC between 30 to 35 min (AUC30-35min); *p≤0.05 vs control 
islets.  

Figure 4.  Cytosolic Ca2+ measurements in Flox and BKO islet ß cells. Dispersed cells from 
islets from Flox and BKO mice were used for cytosolic free calcium measurement using a 
fluorescence plate-reader. (A) The effect of high glucose in control and BKO islets. 4G, 4 mM 
glucose; 16G,  16 mM glucose.  (B) Effect of 35 mM KCl on cytosolic Ca2+. Mean ± SEM 
are of 6 different measurements with 10-15 mice per group. Results are expressed as 
fluorescence ratios (F340/F380).  

Figure 5.  Glucose and fatty acid metabolism in Flox and BKO islets. (A) Glucose oxidation. 
(B) Glucose utilization. (C) Fatty acid oxidation. Each experiment was performed with pooled 
islets from 8 mice per group. Mean ± SEM  of 6-10 determinations.  
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Figure 6. MAG species levels in Flox and BKO islets. Islets were incubated for 1h in enriched 
KRBH at 4 and 16 mM glucose in the presence or absence of 35 mM KCl and 20 nM GLP-1, 
and then the islets were extracted for lipid analysis. (A) Total 1-MAG levels; (B) Total 2-
MAG; (C) Total MAG. (D). 1-stearoylglycerol (1-SG); (E) 1-palmitoylglycerol (1-PG); (F) 1-
oleoylglycerol (1-OG); (G) 2-stearoylglycerol (2-SG); (H) 2-palmitoylglycerol (2-PG); (I) 2-
oleoylglycerol (2-OG).  Mean ± SEM of 5-6 different measurements with 14 mice per group. 
*p < 0.05; **p < 0.01;  ***p < 0.001 versus corresponding Flox group. # p < 0.05 versus 
Flox at 4 mM glucose (4G).  

Figure 7. Synergic effect on insulin secretion of 1-MAG with other stimuli in dispersed rat 
islet cells. Insulin secretion was measured at 6 mM glucose (6G) with or without 20 nM GLP-
1, 200 µM Carb and 10 mM Kic in the absence or presence of 100 µM 1-palmitolglycerol (1-
PG). Mean ± SEM  from 3 different experiments, using 13 rats in total. *p < 0.01 versus 
control-6G; #p < 0.05; ##p < 0.01; ###p < 0.001 versus corresponding 6G group.  

Figure 8. Model illustrating how the ABHD6/1-MAG/Munc13-1 network regulates insulin 
secretion in response to various classes of insulin secretagogues. Glucose and fatty acids enter 
the glycerolipid/fatty acid (GL/FA) cycle in its lipogenesis arm via the esterification of 
glucose-derived glycerol-3-phosphate with fatty acyl-CoA. Subsequent lipolysis produces 
long chain saturated 1-monoacylglycerol that act as a metabolic coupling factor causing 
insulin secretion via binding and activation of the exocytosis coordinator Munc13-1. Glucose 
and other fuel stimuli, including Gln, Leu and 2-ketoisocaproate (Kic), produce additional 
coupling factors (eg ATP, NADPH, ROS, Glutamate, short chain acyl-CoAs) that activate 
insulin secretion via other mechanisms that synergize, together with an elevation in cytosolic 
Ca2+, with the 1-MAG signal. Non-fuel neurohormonal stimuli, such as glucagon-like peptide 
1 and acetylcholine, activate Gs and Gq protein coupled receptors that signal via cAMP and 
inositol-1,4,5 trisphosphate and diacylglycerol, respectively. These second messengers also 
synergize with the 1-MAG signal for insulin secretion  
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Abstract  

Suppression of /-domain hydrolase-6 (ABHD6), a monoacylglycerol (MAG) hydrolase, 

promotes glucose stimulated insulin secretion by pancreatic -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 and fatty acid oxidation and white adipose 

browning. Adipose browning and cold induced thermogenesis are replicated by the ABHD6 

inhibitor WWL70 and by antisense oligonucleotides against ABHD6. Evidence indicates that 

lipolysis derived 1-MAG signals intrinsic and cell autonomous adipose browning via PPAR 

and PPAR activation, and that ABHD6 regulates adipose browning by controlling signal 

competent 1-MAG levels. Thus, ABHD6 regulates energy homeostasis brown adipose tissue 

function and white adipose tissue browning and is a potential therapeutic target for obesity and 

type-2 diabetes. 
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Introduction 

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 (Prentki and 

Madiraju, 2008). Lipolysis of triglycerides to diacylglycerol, monoacylglycerol (MAG) and 

glycerol plus fatty acids is catalyzed by the sequential action of adipose triglyceride lipase, 

hormone 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, 

intracellular breakdown of MAG can also be catalyzed by membrane bound /-hydrolase 

domain-6 (ABHD6) (Blankman et al., 2007a). Whole-body deletion of MAG lipase in mice 

enhances insulin sensitivity and glucose tolerance without affecting body weight gain or food 

intake under high fat diet (HFD) condition (Taschler et al., 2011). We recently reported that 

ABHD6 is the major MAG hydrolase in pancreatic -cells and that suppression of ABHD6 

results in elevated islet MAG levels with enhanced glucose stimulated insulin secretion (Zhao 

et al., 2014). Our results identified ABHD6 as a negative modulator of insulin secretion, as 

this enzyme hydrolyzes the signal molecule 1-MAG that activates the exocytosis facilitating 

protein Munc13-1. A recent study showed that male mice fed a HFD treated with antisense 

oligonuleotides (ASO) against ABHD6 protects from HFD-induced obesity, hepatic steatosis 

and systemic insulin resistance (Thomas et al., 2013). However, female mice were not studied 

and the biochemical basis of these beneficial actions needs to be determined  

Although an imbalance between energy intake and expenditure and the resulting obesity is a 

major contributor of 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). However, it is desirable to identify a metabolic step/ pathway 

that can influence both insulin secretion and action in conjunction with additional beneficial 

effects on energy homeostasis, such that a single target can be addressed for diabetes and 

obesity.  
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Increased energy expenditure via fat oxidation and non-shivering thermogenesis by classical 

brown adipose tissue (BAT) and also by the stimulation of beige adipocytes may provide a 

novel avenue to alleviate the effects of obesity and prevent T2D (Wu et al., 2013). Several 

recent reports indicated that augmented BAT function and browning of white adipose tissue 

(WAT) enhance glucose tolerance, insulin sensitivity and protect from DIO and obesity-

related diabetes (Cereijo et al., 2014; Pfeifer and Hoffmann, 2015; Richard et al., 2010; Rosen 

and Spiegelman, 2014). Signaling via peroxisomal proliferator activated receptors (PPAR) is 

important for the beige adipocyte formation (Wu et al., 2012) and the stimulation of 

BAT(Rosen and Spiegelman, 2014). PPARα itself plays a role in maintaining brown adipocyte 

phenotype and in the browning process of white adipose (Hondares et al., 2011b; Roberts et al., 

2014). The endogenous activators of BAT activation and WAT browning are unknown and 

recent studies suggested that certain lipolytic products may activate PPARs (Badin et al., 2012; 

Haemmerle et al., 2011; Mottillo et al., 2012). 

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-ASO or an 

ABHD6 inhibitor. When fed a high fat diet ABHD6-KO mice show a unique phenotype that 

implicates ABHD6 in obesity, metabolic syndrome and diabetes. They 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 mechanism of adipose browning appears to be, at least in 

part, intrinsic to adipose tissue and involves 1-monoacylglycerol accumulation causing 

PPAR and PPAR activation. DIO mice treated with an ABHD6 inhibitor or with ASO also 

show adipose browning.  

 

RESULTS 

Improved glucose tolerance in female but not male ABHD6-KO mice on chow-diet  

Six-weeks old male ABHD6-KO mice on pure C57Bl6N genetic background(Zhao et al., 2014) 

when placed on chow diet, showed no differences in their glucose tolerance in comparison to 

wild-type (WT) mice (Supplementary Fig. 1a) during oral glucose tolerance test (OGTT), 
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despite increased insulin secretion (Supplementary Fig. 1b). Insulin sensitivity was unaltered 

in these male KO mice (Supplementary Fig. 1c) as revealed by insulin tolerance test (ITT). 

This confirms our earlier results showing unaltered insulin sensitivity in 26 week old male 

ABHD6-KO mice (Zhao et al., 2014). Unlike male KO mice, female ABHD6-KO mice 

displayed better glucose tolerance than WT mice but with reduced insulin secretion 

(Supplementary Fig. 1d, e), during OGTT, indicating that female KO mice are more insulin 

sensitive, which was confirmed by ITT (Supplementary Fig. 1f). Body weight gain up to 24 

weeks and cumulative food intake did not change significantly in male KO mice on chow diet 

(Supplementary Fig. 1g, h), but were slightly reduced in female ABHD6-KO mice 

(Supplementary Fig. 1i, j). Overall, female ABHD6-KO mice show stronger phenotype than 

the males on chow diet.  

ABHD6-KO mice on high fat diet show reduced weight gain and improved glucose 

tolerance and insulin sensitivity 

Both male and female ABHD6-KO mice after 60% HFD for 8 weeks showed improved 

glucose tolerance but much lower insulinemia during OGTT and also enhanced insulin 

sensitivity in ITT (Fig. 1a-f). Heterozygous mice showed intermediate response, more notably 

for insulinemia. The low insulinemia response in KO mice during OGTT (Fig. 1b, e) was 

suggestive of enhanced insulin sensitivity, which was confirmed by ITT (Fig. 1c, f) and also 

by hyperinsulinemic-euglycemic clamp (Fig. 1g, h). 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 (Fig. 1h).  During HFD feeding, both male 

and female ABHD6-KO mice showed less body weight gain (Fig. 1i, k) and reduced 

cumulative food intake (Fig. 1j, l). 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 significant reduction in cumulative food intake (~7 % at weeks 6-8) in both sexes was 

modest, as compared to WT mice.  

Ex-vivo analysis indicated that visceral fat and soleus muscle from ABHD6-KO mice show 

enhanced glucose uptake under basal and insulin stimulated conditions (Supplementary Fig. 

2). These effects were more pronounced in female mice. Thus, ABHD6 deficiency is 
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associated with enhanced insulin independent glucose uptake by muscle and adipose tissues 

that likely contributes to the better 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 (Supplementary Fig. 3a, 

e). The fat mass (Supplementary Fig. 3b, f) was markedly decreased in female KO mice, but 

modestly in males. Liver weight showed significant reduction in the KO mice as compared to 

WT mice in both males (Supplementary Fig. 3c) and females (Supplementary Fig. 3g) and 

this may be related to decreased fat content, as noticed in liver histology, showing more fat 

accumulation in the WT than KO mice (Supplementary Fig. 3i).  There was no change in 

visceral fat weight in male KO mice (Supplementary Fig. 3d) while in female KO mice this 

was reduced by ~40% (Supplementary Fig. 3h) and this was also evident physically 

(Supplementary Fig. 3j).  

Blood chemistry and additional parameters of ABHD6-KO mice  

ABHD6-KO mice on HFD showed reduced glycemia and insulinemia. On normal diet, neither 

glycemia nor insulinemia of the KO mice were different from WT mice (Supplementary 

Table 1). There were no differences in chow or HFD fed KO vs WT mice in their plasma 

glycerol, triglyceride, free fatty acids, free and total cholesterol levels in fed states 

(Supplementary Table 1). Rectal temperature of female KO mice was slightly (not 

significant) higher than WT mice, suggestive of elevated energy expenditure (see below). The 

growth characteristics 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 (Supplementary Fig. 

3j). We measured various adipokines, cytokines and hormones in plasma by “protein array” in 

HFD mice and only 6 of them showed significant changes (Supplementary Fig. 4). FGF21 

and FGF, which are implicated in protection from obesity mediated complications 

(Kharitonenkov and Adams, 2014; Owen et al., 2014), were elevated in the KO mice, whereas 

plasma proteins related to insulin resistance, including ICAM-1, IGFBP-1 and resistin were 

decreased. RAGE that is indicative of inflammation was also reduced.  

Elevated respiration, energy expenditure and locomotor activity in ABHD6-KO mice  
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ABHD6-KO mice were acclimatized for 48h in metabolic cages, separately, at room 

temperature and at 30ºC (thermoneutral conditions). Respiratory measurements made on the 

third day indicated elevated VO2 during light and dark phases (Supplementary Fig. 5a) and 

during the last 24h period (Fig. 2a), both in male and female mice at both room temperature 

and at 30ºC. VCO2 and respiratory exchange ratio (RER) were not affected (Fig. 2b, c; 

Supplementary Fig. 5b, c). Energy expenditure as a function of metabolic mass (lean mass + 

0.2 fat mass) was higher in both female and male ABHD6-KO mice, in both the dark and 

light phases, last 24 h and at both temperatures (Fig. 2d, Supplementary Fig. 5d).  

ABHD6-KO mice show increased locomotor activity over a 24 h time period (Fig. 2e) and 

during dark phase and this increase was more marked in females (Fig. 2e, Supplementary Fig. 

5e).  In order to examine whether the enhanced locomotor activity is related to depressive 

behavior, anxiety, or stress we performed the forced swimming, open field and elevated 

platform tests, which revealed no differences between WT and KO mice (Supplementary Fig. 

6a-c), suggesting that the enhanced locomotor activity of KO mice is due to voluntary exercise. 

Enhanced BAT function and white adipose ‘browning’ in ABHD6-KO mice 

As ABHD6-KO mice on HFD show enhanced energy expenditure, we examined whether 

BAT function is elevated in these mice and if there is white adipose ‘browning’. We measured 

in female ABHD6-KO mice thermogenic gene expression in BAT and genes associated with 

adipose browning in visceral and inguinal WAT. UCP1, PGC1, PRDM16, PPAR and 

CD36 mRNA levels (Fig. 3a-e) were elevated in visceral and inguinal WAT and in BAT. 

Expression of other browning related genes (TBX1, CD37, TREM26, Cox8b, Cox7a1, CIDEA) 

(Supplementary Fig. 7a-i) showed moderate or no changes. Expression of PPAR, that 

controls UCP1 transcription (Xue et al., 2005), was elevated in WAT and BAT (Fig. 3e) but 

no significant changes were seen in PPAR or PPAR, although there was a trend for higher 

expression in WAT and BAT of the KO mice (Supplementary Fig. 7f, g). PPAR target 

genes CD36 and CPT-1 showed increased expression in the KO mice (Fig. 3e, 

Supplementary Fig. 7h). 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-KO mice (Fig. 3f). UCP1 protein staining was higher in visceral, inguinal and brown 



 

 

 

180

adipose tissues (Fig. 3g). Cold (4C) induced thermogenesis for 3 h revealed higher ability of 

the KO mice to maintain their body temperature than WT mice (Fig. 3h). Similar gene 

expression changes were noticed in WAT and BAT from ABHD6-KO mice after 3-day 

acclimatization at 30ºC, except that PPAR induction was more apparent (Supplementary Fig. 

8). BAT from KO mice showed nearly 2-fold increase in palmitate -oxidation 

(Supplementary Fig. 9a-d). Thus, there is increased thermogenic program and function in 

BAT and induction of browning related genes in visceral and subcutaneous adipose tissues of 

the KO mice.  

Pharmacological inhibition or ASO knockdown of ABHD6 triggers adipose browning  

Daily administration of the ABHD6 inhibitor WWL70 or treatment with ABHD6-ASO was 

shown to protect mice from HFD induced obesity (Thomas et al., 2013). In order to examine 

whether pharmacological inhibition of ABHD6 induces adipose browning as seen in the gene-

deleted mice, C57Bl6N mice were fed a high fat diet (40% calories from fat) for 8 weeks with 

daily treatment with WWL70. Administration of WWL70 led to more UCP1 staining (Fig. 4a) 

and induction of browning related genes (Fig. 4b) in the visceral adipose. Expression of Cidea 

and Cox7a1 showed marginal increases whereas UCP2, PPAR and PPAR expression were 

unaltered in WWL70 treated mice (Supplementary Fig. 10a).  

ABHD6-ASO treated mice on HFD showed markedly reduced ABHD6 expression in visceral 

adipose in association with induction of UCP1, PRDM16, PPAR and PPAR (Fig. 4c-g). 

Expression of Cox7a1, Elovl3, TBX1 and TREM26 were also elevated in the ASO treated 

mice (Supplementary Fig. 10b). Similar to ABHD6-KO mice, ASO treated mice could better 

maintain their body temperature in cold than control mice (Fig. 4h). Thus, in vivo 

pharmacological inhibition of ABHD6 or ABHD6 knockdown causes WAT browning as 

observed in the KO mice. 

ABHD6 inhibition and 1-MAG cause adipose browning via PPAR and PPAR in a cell 

autonomous manner 

To gain insight into the mechanism by which ABHD6 inhibition causes WAT browning we 

first verified if 1-MAG hydrolase activity is lowered in the adipose tissue of ABHD6 deficient 

mice, which also contains the classical MAG lipase(Taschler et al., 2011). Total 1-MAG 
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hydrolase activity in extracts of visceral adipose from the KO mice was markedly decreased 

(~50%) (Fig. 5a), indicating that ABHD6 contribution to MAG hydrolysis in adipose is 

significant. This decrease is reflected in elevated 1-MAG species in both visceral and brown 

adipose tissues (Fig. 5b,c). Changes in 2-MAG levels were modest (Supplementary Fig. 11a, 

b), similar to what we noticed earlier in ABHD6-KO mouse islets(Zhao et al., 2014).  

We examined if the effects of ABHD6 suppression are cell-autonomous and intrinsic to 

adipocyte and if 1-MAG itself 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 PPAR (Supplementary Fig. 12a). Similar 

changes were noticed with WWL70 and 1-oleoylglycerol in differentiated human primary 

preadipocytes (Fig. 5d). Addition of the PPAR antagonist GW6471 completely abrogated 

the WWL70 and 1-oleoylglycerol induced increases in UCP1 and PPAR expression (Fig. 

5d), suggesting that the browning changes seen in WAT by ABHD6 suppression are mediated 

via 1-MAG activation of PPAR in a cell autonomous manner. Respiration was elevated in 

3T3-L1 adipocytes (Supplementary Fig. 12b-d) and human preadipocytes (Supplementary 

Fig. 13) after incubation with WWL70 or 1-oleoylglycerol, likely because of increased 

uncoupled O2 consumption due to elevated UCP1 expression (Fig. 5e, Supplementary Fig. 

12e, Supplementary Fig. 13a). Similar to UCP1 expression, this increased O2 consumption 

was curtailed by the PPAR antagonist GW6471 (Fig. 5e, Supplementary Fig. 12b, e).  

Transactivation experiments revealed that 1-oleoylglycerol and 1-palmitoylglycerol could 

activate luciferase gene expression driven by PPAR, even better than the PPAR agonist 

WY16427, in the case of 1-OG  (Fig. 5f). There was also significant transactivation of 

PPAR, but not PPAR, by 1-MAG (Fig. 5f). Finally, preadipocytes from ABHD6-KO mice 

expressed high levels of UCP1 and PPAR after differentiation as compared to WT mouse 

preadipocytes, and this increased expression in the KO adipocytes was abrogated by PPAR 

antagonist GW6471 (Fig. 5g).  

We further examined the contribution of PPAR to 1-MAG mediated browning. PPAR 

antagonist T0070907 led to suppression of WWL70 or 1-OG mediated elevation in the 

expression of UCP1 and other browning related genes in human differentiated preadipocytes 
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(Supplementary Fig. 14a-e). Overall the data support the view that 1-MAG activation of 

PPAR and PPAR mediates the adipocyte browning induced by ABHD6 suppression, in a 

cell autonomous manner. 

Pair feeding does not prevent male ABHD6-KO mediated protection from HFD-induced 

obesity, glucose intolerance and insulin resistance  

Since ABHD6-KO male mice on HFD exhibited slightly reduced food intake, we verified if 

this was the reason for 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 (Supplementary Fig. 15a). Similarly, OGTT revealed 

improved glucose tolerance and ITT showed better insulin sensitivity  (Supplementary Fig. 

15c-e) in the ABHD6-KO mice compared to the pair-fed WT mice. 

PPAR antagonism in vivo counteracts beneficial metabolic effects in ABHD6-KO mice  

Treatment of HFD fed ABHD6-KO male mice with the PPAR antagonist GW6471, slightly 

elevated their body weight gain (Fig. 6a), without altering cumulative food intake (Fig. 6b). 

Even though glycemia during OGTT was not changed (Fig. 6c), insulinemia showed a 

tendency to increase (Fig. 6d), revealing lower insulin sensitivity and this was confirmed in 

ITT (Fig. 6e). PPAR antagonism lowered oxygen consumption and VCO2 in the ABHD6-

KO mice, without change in RER (Supplementary Fig. 16a-c). The elevated energy 

expenditure, measured at 30ºC was reduced in GW6471 treated ABHD6-KO mice compared 

to vehicle treated ABHD6-KO mice (Fig. 6f). This decreased energy expenditure was 

associated with curtailed expression of UCP1 (Fig. 6g) and other browning related genes in 

BAT and WAT (Supplementary Fig. 17), indicating that PPAR mediates adipose browning 

and thermogenic program at least partially in ABHD6-KO mice. Interestingly, the increased 

locomotor activity seen in ABHD6-KO mice, was also curtailed by PPAR antagonism 

(Supplementary Fig. 16d). 
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DISCUSSION 

The results indicate that ABHD6-KO mice show a unique phenotype of interest for obesity 

and cardiometabolic disorders. When fed HFD these 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 being more responsive; (8) elevated energy expenditure; (9) augmented fatty 

acid oxidation 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). Interestingly, 

heterozygous mice 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 new player in the control of energy homeostasis and in the regulation of BAT function and 

white adipose browning.  

What is the mechanism whereby ABHD6 suppression exerts beneficiary metabolic effects? It 

is likely multifactorial. The slight reduction of 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 quantitatively more important. In addition the protective effects of 

ABHD6-KO are persistent even after pair-feeding, indicating the slightly lowered food intake 

is not primarily responsible for the observed effects in ABHD6-KO mice. The underlying 

causes for the modestly lowered food intake in the KO mice are not clear. Central involvement 

is a possibility; however, a decrease in ABHD6 activity is expected to increase 

endocannabinoid 2-arachidonoylglycerol that in fact enhances appetite (Di Marzo and Matias, 

2005), which is not the case in the KO mice. Besides, CNS effects do not fully explain the 

reduced appetite and metabolic effects since ABHD6-ASO, which has no effects on brain 

ABHD6 levels, caused similar metabolic effects (Thomas et al., 2013). At least part of the 

beneficiary effects of ABHD6-KO on glycemia could be due to the enhanced insulin-
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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, b). 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. Besides, energy expenditure was elevated at 30ºC 

thermoneutral conditions, indicating that these effects are not because of room temperature 

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.  

Little is known about the biochemical basis of WAT browning. Several transcriptional 

regulators including PPARs and co-activators PRDM16 and PGC1 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 via PPAR and PPAR activation and that ABHD6 regulates adipose browning by 

controlling the signal competent 1-MAG levels. The evidence is as follows. a) Various 1-

MAG species are increased in visceral adipose of ABHD6-KO mice; b) 1-MAG and WWL70 

induce UCP1 and PPAR in differentiated 3T3L1 preadipocytes and human preadipocytes; c) 

PPAR and PPAR antagonists abrogate UCP1 induction by 1-MAG and ABHD6 inhibition 

in adipocytes; d) UCP1 expression is dramatically induced during differentiation of 

preadipocytes from ABHD6-KO WAT and this is completely abolished by PPAR 

antagonism; e) 1-MAG can activate PPAR and PPAR directly; f) PPAR and PPAR target 

genes are induced in ABHD6-deficient WAT; g) 1-MAG and WWL70 increase uncoupled 

respiration in 3T3L1 preadipocytes and human adipocytes and this is blocked by a PPAR 

antagonist; h) PPAR antagonist treatment of ABHD6-KO mice prevents the browning 

phenomenon and associated metabolic changes; and i) treatment of mice with ABHD6-ASO 

or WWL70 induces WAT browning similar to ABHD6-KO.   
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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, PPAR, CD36, PGC1 and CIDEA. Also UCP1 

level was markedly increased in BAT of the KO mice in association with better cold tolerance 

despite they were leaner. Similar to WAT browning, 1-MAG appears to activate BAT function 

at least in part through PPAR. This inference supported by the counteracting effect of 

PPAR antagonist on UCP1 induction in ABHD6-KO mice.  

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 syndrome and diabetes(Mauvais-Jarvis et al., 

2013; Zhu et al., 2014). Also BAT in female mice is more efficient in its mitochondrial 

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 locomotor function seen in the ABHD6-KO mice and in 

mice with suppressed ABHD6 observed earlier (Thomas et al., 2013) is not clear. Since there 

is no associated stress or anxiety in the ABHD6-KO mice, and as the elevated locomotor 

activity 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 activation, as these effects could be abrogated by PPAR 

antagonist. Involvement of altered centrally mediated effects cannot be ruled out. 

Lipolytic products are important physiological activators of both PPAR and PPAR (Badin 

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

PPAR in WAT browning and BAT function (Ohno et al., 2012; Spiegelman, 2013).  Indeed, 

we noticed that 1-MAG can also activate PPAR in addition to PPAR, but not PPAR/. 

Inasmuch as PPAR antagonist could lower the effectiveness of WWL70 and 1-oleoylglycerol 

in inducing browning related gene expression in differentiated human preadipocytes, it 
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appears that PPAR also plays a role in controlling ABHD6/ 1-MAG mediated adipose 

browning.  

Collectively, our results demonstrate that ABHD6 regulates fuel homeostasis, WAT browning 

and BAT function. The mechanism of adipose browning appears to involve 1-

monoacylglycerol acting as an intrinsic cell autonomous signal that causes PPAR and 

PPAR activation in adipose tissues. ABHD6 inhibition may provide a unique approach for 

both lean and obese T2D. Thus, we observed before 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 intolerance that ABHD6 deficiency reduces body weight gain, improves glucose 

homeostasis and insulin action together with mild reduction in appetite and enhanced 

locomotor activity. Targeting ABHD6 offers a novel avenue to develop both anti-obesity and 

T2D drugs. 
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ONLINE METHODS   

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. 

Generation of whole body ABHD6-KO mice (pure C57Bl6N background) was described 

before (Zhao et al., 2014). The mice were maintained individually caged on a standard chow 

diet (Teklad Global 18% protein rodent diet; Harlan Teklad, Madison, WI, 15% fat by energy) 

and 12-h dark/light cycle at 21C with free access to water. 

Metabolic studies on high fat diet fed mice. Male and female wild-type (WT), homozygous  

ABHD6-KO (KO) and heterozygous (HZ) mice at 5 weeks age were placed on chow diet or 

high fat diet (HFD; Bio-Ser Diet #F3282, Frenchtown, NJ, 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 (CLAMS) (Comprehensive 

Laboratory Animal Monitoring System, Columbus Instruments, Columbus, OH) individually, 

for three days and oxygen consumption (VO2), carbon dioxide 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 

 fat mass) as suggested before (Even and Nadkarni, 2012). Results from the last 24 h (after 48 

h acclimatization) were used for calculations. The mice were allowed to recover for 2 days 

following CLAMS studies and lean and fat mass were determined by Echo Magnetic 

Resonance Imaging (EchoMRI™-700; EchoMRI LLC, Houston, TX). Then oral glucose 

tolerance test was performed on these mice as described below.  

Hyperinsulinemic euglycemic clamp (HIEC), oral glucose tolerance test (OGTT) and 

insulin tolerance test (ITT). Male and female WT, ABHD6-KO and HZ mice on chow diet 

or HFD were used for OGTT and ITT as described before (Zhao et al., 2014). HIEC was done 

on male mice after 10 weeks of HFD feeding (Zhao et al., 2014). During HIEC, mice were 

given a bolus insulin infusion (0.75U insulin/ kg body weight), followed by insulin infusion at 

5 mU/ kg/ min and the glycemia was clamped at 8 mM. Glycemia measurements were made 

every 30 min for 2h and glucose infusion rate (GIR) was calculated as an index of insulin 

sensitivity during the last 30 min of the clamp. For OGTT, food was withdrawn in the morning 

from 7:00 to 13:00, and the mice were given 2 g glucose/ kg body weight orally and blood 
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collected from tail was analyzed for glucose and insulin levels at indicated time points. 

Intraperitoneal insulin tolerance test (IP-ITT) was performed in conscious mice in the 

afternoon under fed conditions. Insulin was administered intraperitoneally at a dose of 0.75U/ 

kg BW. Blood was collected from tail at 0, 15, 30, 45, 60 and 90 min and glycemia was 

monitored. 

Cold-induced thermogenesis. Female ABHD6-KO and WT mice were maintained on HFD 

for 12 weeks. Then the mice were placed in individual cages (temperature equilibrated) in the 

cold room (4C). Rectal temperature was monitored with a probe prior to cold exposure and at 

indicated time points during cold exposure for 3h.  

Pair-feeding experiments. Male ABHD6-KO and WT mice were kept in individual cages and  

fed HFD for 2 weeks. In order to examine the influence of food intake on glucose homeostasis, 

WT mice were pair-fed with ABHD6-KO mice. Daily food intake was measured and the WT 

mice were given each day the same amount (average) of food consumed by ABHD6-KO mice 

on the previous day. Body weights were monitored each day, and after two weeks OGTT and 

ITT were performed and the mice sacrificed. Metabolic measurements in CLAMS could not be 

done as the system does not allow for pair-feeding when mice are in metabolic cages. 

PPARα antagonist treatment of mice. Female ABHD6-KO and WT mice (5 wk old) were 

kept on HFD ad libitum, for 8 weeks and given during this period PPAR antagonist GW6471 

once every two days (1mg/ kg BW; dissolved in ethanol: Tween 80: saline = 1:1:8) or vehicle, 

intraperitoneally. Mice were then placed in metabolic cages at 30ºC. Two days after 

acclimatization, respiratory exchange ratio, energy expenditure and locomotor activity were 

recorded at this thermoneutral condition. Then the mice were removed from metabolic cages 

and their lean and fat mass were measured by EchoMRI, and after acclimatization (2 days) to 

normal room temperature, their glucose tolerance and insulin sensitivity were assessed by 

OGTT and ITT, respectively. Then the mice were sacrificed and visceral, inguinal and brown 

fat tissues were isolated and analyzed for browning gene expression.  

Behavior tests. Tests for assessing anxiety (elevated plus maze and open field) and depression 

(forced swimming) were conducted on both male and female ABHD6-KO and WT mice (8-10 

weeks old), on normal chow diet, as described before(Sharma and Fulton, 2013). These tests 
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were conducted in three consecutive days on the same group of mice. First, elevated plus maze 

test was done followed by open field test on the second day, and forced swimming test on the 

third.  

Treatment of high fat diet fed mice with an ABHD6 inhibitor. Male mice (6-8 wk old) 

were fed 45% fat diet (~45% of energy as lard; contains fatty acids: 16:0 = 23.3%, 18:0 = 

15.9%, 18:1 = 34.8%, 18:2 = 18.7%), for 8 weeks. One group of mice received WWL70 at 10 

mg/kg BW/day intraperitoneally and the control mice were given vehicle.  At the end of the 

feeding period mice were sacrificed and visceral fat was removed and processed for UCP1 

immunohistochemistry. Visceral fat tissue was also processed for measuring the expression of 

adipose browning related genes by RT-PCR, as described below. 

Treatment of high fat diet fed mice with ABHD6 antisense oligonucleotide. A 20-mer 

phosphorothioate antisense oligonucleotide (ASO) against ABHD6 was designed to contain 2'-

0-methoxyethyl groups at positions 1 to 5 and 15 to 20, and was synthesized, screened, 

purified and supplied by ISIS Pharmaceuticals, Inc. (Carlsbad, CA) (Thomas et al., 2013). 

Male mice (6-8 wk old) were fed a 45% fat diet for 8 weeks. One group of mice was 

simultaneously injected with murine-specific ABHD6 ASO biweekly (25 mg/kg BW) and 

another group of mice was given control ASO.  At the end of feeding period, mice were 

examined for cold-induced thermogenesis by housing the mice at 4ºC for 4h, as described 

above. Then the mice were sacrificed, and visceral fat was removed and processed for UCP1 

immunohistochemistry. Visceral fat tissue was also processed for measuring the expression of 

adipose browning related genes by RT-PCR, as described below.  

Blood/ plasma analyses. Glycerol, non-esterified fatty acids (NEFA), triglycerides (TG) and 

cholesterol ester (CE) were measured using commercially available kits in plasma from chow 

diet or HFD-fed mice in fed state. Plasma adipokines were measured using Mouse Adipokine 

Antibody Array (Catalog# ARY013; R & D Systems, Minneapolis, MN). 

RNA extraction and RT-PCR. Total RNA was extracted using a kit from Invitrogen and 

after quantification, 2 g RNA was used for cDNA synthesis. Primers for different genes are 

described in Supplementary Table 2.  
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Glucose uptake and fatty acid oxidation. Glucose uptake was measured in visceral fat and 

soleus muscle and palmitate oxidation was measured in inguinal fat, visceral fat, brown fat and 

soleus muscle, isolated from ABHD6-KO and WT mice on HFD for 14 weeks. The isolated 

tissues were rinsed and weighed (~150 mg per condition) and pre-incubated at 37ºC in Krebs–

Henseleit (KH) buffer, pH 7.4, containing 2 mM sodium pyruvate, 3.5% fatty acid-free BSA 

(w/v) in the presence or absence of 100 nM insulin for 45 min as described previously(Attane 

et al., 2011), for studying insulin dependent and independent glucose uptake. Following pre-

incubation, 0.1 mM 2-deoxyglucose (2-DG) and 5µCi [3H]-D-2-DG (PerkinElmer) were 

added and incubations continued for 10 min. At the end of the incubation, explants were 

washed with PBS, lysed in 500µl 1M NaOH at 50ºC for 30 min and neutralized by 1M 500 µl 

HCl.  This lysate (100µl) was used to quantify 2-DG uptake by liquid scintillation counting. 

For palmitate oxidation, the tissues were incubated at 30C in modified KH buffer containing 

5% fatty acid-free BSA, 5 mM glucose, 1 mM palmitate, and 1 Ci/mL [1-14C]-palmitate 

(PerkinElmer) for 1h (soleus muscle) or 2h (adipose tissue). After the incubation, complete 

oxidation was determined by acidifying the incubation medium with 1 ml of 1 M sulfuric acid, 

and measuring the released 14CO2 (Attane et al., 2012). 

PPAR transactivation assay. In a 24-well plate, 293T cells were transfected with plasmids 

expressing PPARα, PPAR or PPARγ (400ng DNA/ well), PPAR response element (PPRE)-

directed luciferase expression plasmid (PPRE X3-TK-luc, Addgene; 800ng DNA/ well) and 

Renilla luciferase internal control plasmid (25 ng DNA/ well) using lipofectamine 2000 (Life 

Technologies). After 24h, the transfected cells were starved overnight in DMEM without FBS. 

Then the cells were incubated in DMEM without FBS in the presence or absence of 10µM 

WWL70, 100µM 1-palmitoylglycerol (1-PG), 100µM 1-oleoylglycerol (1-OG), 50µM 

WY14643 (PPAR agonist), 100nM GW501516 (PPAR agonist), or 50µM pioglitazone 

(PPAR agonist) for another 24h. After washing twice with PBS, the cells were scraped, lysed 

and stored at -80C for further analysis. Luciferase assay was done with 2 µl of cell lysate 

using a kit (Promega). PPRE-directed luciferase expression was normalized with Renilla 

luciferase activity (internal control) in the same sample. 

Analysis of monoacylglycerol species. Analysis of different species of MAG (both 1- and 2- 

MAG) was done as described before (Zhao et al., 2014). Briefly, total lipids were extracted by 
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Folch extraction  from visceral and brown fat (20 mg each), isolated from ABHD6 WT and 

KO mice. The extracted lipids were dried under nitrogen and dissolved in 50 l chloroform 

and spotted on thin layer chromatography plates, pre-coated with 2.3% boric acid. Lipids and 

1- and 2-MAGs were separated using a solvent system (chloroform: acetone: acetic acid in a 

ratio of 60:40:1). The plates were exposed to iodine vapor and the spots corresponding 1-

MAG and 2-MAG were scraped and saponified, followed by analysis of the released FFA by 

HPLC. 

Histology and UCP1 immunohistochemistry. Inguinal fat, visceral fat, brown fat and liver 

were isolated from female ABHD6-KO and WT mice on HFD. After washing twice in cold 

PBS, the tissues were fixed in 10% paraformaldehyde and the tissue sections were processed 

for hematoxylin-eosin staining for assessing tissue morphology and for UCP1 immunostaining 

using anti-UCP1 antibody (Abcam). The stained sections were examined using a Nikon 

microscope. 

Monoacylglycerol hydrolysis activity. ABHD6-KO and WT mice were fed HFD for 10 

weeks, and then the mice were sacrificed, and visceral fat was quickly removed and washed in 

cold PBS and homogenized in KRBH. Adipose tissue total MAG hydrolysis activity was 

measured in the homogenates as described before (Zhao et al., 2014). The assay system, in a 

final volume of 100 l, contained 50 mM potassium phosphate, pH 7.2, 1 g of tissue extract 

protein and 13 M ThioGlo-1 (Covalent Associates, Corvallis, OR). Reactions were started 

with the addition of 5 M 1-S-arachidonoylthioglycerol substrate after a pre-incubation of 15 

min at 37°C. 1-S-arachidonoylthioglycerol hydrolysis was followed by the reaction of released 

thioglycerol with ThioGlo-1 to form a fluorescent adduct, which is measured continuously for 

30 min at 380 nm excitation and 510 nm emission.  

Effect of PPARα and PPARγ antagonists, in vitro, on the expression of genes related to 

adipose browning. Fully differentiated 3T3-L1 cells(Kohanski et al., 1986) and human 

primary adipocytes(Ahfeldt et al., 2012) were prepared as described before. Preadipocytes 

from ABHD6-KO and WT mice were prepared (Liu et al., 2010) by rapidly dissecting out the 

fat pads (visceral, subcutaneous or brown), washing away all the blood and then cutting the 

tissue into small fragments followed by collagenase (1 mg/ ml) treatment. After complete 
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digestion for 1 h at 37°C, the homogenate was filtered and then centrifuged at 300xg for 5 min, 

and the sedimented preadipocytes were suspended in an erythrocyte lysis buffer (154 mM 

NH4Cl, 10 mM KHCO3 and 0.1 mM EDTA, pH 7.4).  After 10 min, the preadipocytes were 

collected by centrifugation at 300xg for 5 min. The differentiated adipocytes were treated with 

10µM WWL70, 100µM 1-oleoylglycerol in the absence or presence of 1 µM PPARα 

antagonist GW6471 (Wang et al., 2013d) or 1 µM PPARγ antagonist T0070907 (Lee et al., 

2002) for 24h, and then the cells were used for mRNA analysis of genes related to adipose 

browning.  

Oxygen consumption rates in adipocytes. Fully differentiated mouse 3T3-L1 cells and 

human adipocytes derived from subcutaneous fat were treated overnight in DMEM medium 

with DMSO, 100 M 1-oleoylglycerol, or 10 M WWL70, without and with 1M GW6471 

(PPAR antagonist). Next day, the incubation medium was replaced with the specially 

formulated unbuffered DMEM-based medium provided (Seahorse) with 25 mM glucose with 

or without various inhibitors. Cells were incubated for 1h, and then the oxygen consumption 

rate was measured using XF analyzer (Seahorse Bioscience) following supplier’s procedures. 

Statistical analysis. Statistical analysis was performed using one-way ANOVA with 

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 expression results, 

comparisons were made by unpaired two-tailed Student’s t test. Values are expressed as means 

± SEM. 
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Supplementary Table 1.  Blood chemistry, body length and rectal temperature of male 

and female ABHD6-KO mice fed normal and high fat diet. 

Values are means ± SEM of 11 - 12 mice per group. *P0.05. NM, Not measured 

 

  Male Female 

ND HFD ND HFD 

Glycemia (mM) WT 7.96±0.54 12.5±0.74 7.50±0.31 8.53±0.48 

KO 7.43±0.24 10.2±0.63* 7.86±0.45 7.50±0.37* 

Insulinemia (ng/ml) WT 0.76±0.21 5.69±0.66 0.50±0.13 1.92±0.41 

KO 0.90±0.14 3.29±0.48* 0.51±0.15 1.02±0.13* 

CE (mM) WT 34.5±12.7 44.2±5.54 40.6± 10.7 38.2±8.20 

KO 39.9±7.72 42.7±4.10 35.8± 15.9 40.9±7.50 

TG (mM) WT 0.21±0.14 0.25±0.14 0.25±0.20 0.13±0.10 

KO 0.25±0.03 0.23±0.08 0.27±0.18 0.13±0.08 

FFA (mM) WT 1.22±0.42 1.27±0.26 1.44±0.52 1.18±0.33 

KO 1.32±0.34 1.29±0.33 1.46±0.28 0.99±0.40 

Glycerol (mM) WT 0.31±0.03 0.25±0.04 0.34±0.19 0.26±0.05 

KO 0.32±0.02 0.23±0.04 0.33±0.11 0.30±0.08 

Body length (cm) WT 9.10±0.14 9.00±0.18 8.90±0.20 9.10±0.14 

KO 9.00±0.24 9.10±0.21 9.20±0.24 9.00±0.16 
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Rectal temperature 

(°C) 

WT NM NM NM 38.7±0.55 

KO NM NM NM 39.1±0.64 

 

Supplementary Table 2. Primer sequences used for RT-PCR 

 

Gene Name Primer Sequence 

Beta actin 

Forward CAT GGA TGA CGA TAT CGA TCG 

Reverse GTA CGA CCA GAG GCA TAC AGG 

h-ABHD6 

Forward TGT GGT CAA GTT CCT TCC AAA 

Reverse TTG TTC AGC TTC AGG CAT TCT 

mCOX8b 

Forward GAA CCA TGA AGC CAA CGA CT 

Reverse GCG AAG TTC ACA GTG GTT CC 

mCOX7a1 

Forward CAG CGT CAT GGT CAG TCT GT 

Reverse AGA AAA CCG TGT GGC AGA GA 

mPRDM16  

Forward CAG CAC GGT GAA GCC ATT C 

Reverse GCG TGC ATC CGC TTG TG 

mCD37  

Forward CGT GCA GAA CTC CTG TGA TAA C 

Reverse GTC CAC CTA TGC TGG AGA AGG 

mCidea  

Forward TGC TCT TCT GTA TCG CCC AGT 

Reverse GCC GTG TTA AGG AAT CTG CTG 

mCOX7b1 

Forward CAG CGT CAT GGT CAG TCT GT 

Reverse AGA AAA CCG TGT GGC AGA GA 
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mTBX1  

Forward GGC AGG CAG ACG AAT GTT C 

Reverse TTG TCA TCT ACG GGC ACA AAG 

mTmem26  

Forward ACC CTG TCA TCC CAC AGA G 

Reverse TGT TTG GTG GAG TCC TAA GGT C 

18s 

Forward CTG AGA AAC GGC TAG CAC ATC 

Reverse GGC CTC GAA AGA GTC CTG TAT 

hTBX1  

Forward CCT CGG CAT ATT TCT CGC TAT CT 

Reverse ACG ACA ACG GCC ACA TTA TTC 

hPRDM16  

Forward CCT TCA TGG CTG CAA AGC TC 

Reverse CAG CAG GGT AGA AAA GCA GA 

hPGC1α 

Forward AAG GGA GAA TTT CGG TGC GT 

Reverse AAG GAT GCG CTC TCG TTC AA 

mAP2  

Forward CCA TCT AGG GTT ATG ATG CTC TTC 

Reverse ACA CCG AGA TTT CCT TCA AAC TG 

hUCP1  

Forward GCG GTG ATT GTT CCC AGG A 

Reverse AGG TCC AAG GTG AAT GCC C 

mPPARγ 

Forward GGT CAG CTC TTG TGA ATG GAA 

Reverse ATC AGC TCT GTG GAC CTC TCC 

mPPARα 

Forward GGC CAT ACA CAA GGT CTC CAT 

Reverse AGA GAA TCC ACG AAG CCT ACC 

mUCP1  

Forward ACT GCC ACA CCT CCA GTC ATT 

Reverse CTT TGC CTC ACT CAG GAT TGG 

mPPARβ Forward CGGCAGCCTCAACATG 
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Reverse AGATCCGATCGCACTTCTCATA 

hPPARβ 

Forward CACATCTACAATGCCTACCT 

Reverse CTTCTCTGCCTGCCACAATGTCT 

hPPARγ 

Forward AGCCTGCATCTCCACCTTATT 

Reverse TCCTTCACAAGCATGAACTCC 

hPPARα 

Forward AGTGGAGCATTGAACATCGAA 

Reverse GTCGCACTTGTCATACACCAG 

mABHD6  

Forward ACTTGGTCTGTGTGGACATGC 

Reverse GTGCCTATAAGGTGAAAGGGC 

mPGC1α 

Forward TAG AGT GTG CTG CTC TGG TTG 

Reverse GAT TGG TCG CTA CAC CAC TTC 

mCD36   

Forward AGG TCT ATC TAC GCT GTG TTC G 

Reverse CAA TGG TTG TCT GGA TTC TGG 

mCPT1  

Forward GGT TCA AGC TGT TCA AGA TAG C 

Reverse ACC ACA TAG AGG CAG AAG AGG 
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FIGURE LEGENDS 

 

Figure 1. Improved glucose tolerance, insulin sensitivity and reduced food intake and 

body weight gain in ABHD6-KO mice on high fat diet. . Male and female ABHD6-KO 

(homozygous), heterozygous (HZ) and wild-type (WT) mice were on HFD for 8 weeks, and 

food intake and body weight gain were monitored. Oral glucose tolerance test (OGTT) was 

performed after 8 weeks, after a 6 h food withdrawal. Tail blood was collected at indicated 

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

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

Glycemia during OGTT on male WT, HZ and KO mice (n=9). Inset depicts area under the 

curve (AUC) for glycemia. (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 (AAC).  

(d) Glycemia during OGTT on female mice (n=8). Inset depicts area under the curve. * 

P<0.05 vs WT. (e) Corresponding plasma insulin levels for female mice. (f) Blood glucose 

levels during ITT on female mice (n=8). Inset depicts area above the curve for insulinemia. (g) 

Blood glucose levels during HIEC on male WT (n=8), HZ (n=9) and KO (n=10) mice. (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. * P<0.05; 

** P<0.01 vs WT. 

Figure 2. Increased energy expenditure and locomotor activity in high fat diet-fed  

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

6 weeks, and at the end of feeding period the mice were placed in metabolic cages at room 

temperature for 3 days. After acclimatization for the first two days, volume of O2, CO2 as well 

as locomotor activity measurements were made on the 3rd day and based on these parameters, 

respiration exchange ratio (RER) and energy expenditure (EE) were calculated. In parallel, 

metabolic cage measurements were also made with HFD fed male ABHD6-KO and WT mice 

under thermoneutral (30°C) conditions. Results shown were calculated for 24h period on the 

3rd day. (a) Volume O2;; (b) Volume CO2 (expressed as liters/kg body weight/ h); (c) RER; (d) 

Energy expenditure (expressed as kcal/kg metabolic mass/h); (e) Locomotor activity (arbitrary 
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units). Metabolic mass was calculated as lean mass + 0.2 × fat mass for each mouse. * P<0.05 

vs WT. 

Figure 3. Increased expression of UCP1 and other adipose browning related genes and 

cold-induced thermogenesis in HFD-fed ABHD6-KO mice. Female ABHD6-KO (n=7) and 

WT (n=7) mice fed HFD for 10 weeks, were sacrificed, and visceral, inguinal and brown fat 

tissues were removed for analysis. Total RNA was extracted and the expression of various 

browning marker genes was assessed by RT-PCR (a-e). All gene expressions are normalized 

to 18S RNA expression. Histological (hematoxylin-eosin staining) and immunochemical (for 

UCP1 expression) examination was also done on the adipose tissues (f, g). Also, another batch 

of HFD fed ABHD6-KO and WT mice were placed in cold room (4ºC) for 3h, and rectal 

temperature was monitored every 30 min (h). Gene expressions (mRNA) in visceral, inguinal 

and brown adipose tissues: (a) UCP1 expression; (b) PGC1α; (c) PRDM16; (d) PPARα; (e) 

CD36. Histochemistry of visceral, inguinal and brown adipose tissues: (f) H-E staining; (g) 

UCP1 immunohistochemical staining. (h) Cold–induced thermogenesis. *P<0.05 vs WT. 

Figure 4. Suppression of ABHD6 by WWL70 or antisense-oligonucleotide (ASO) 

increases cold induced thermogenesis and expression of browning related genes in white 

adipose tissue 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 (25mg/kg/ two 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 

weeks period. After the feeding period, mice were sacrificed and visceral fat was removed and 

processed for measuring the expression of UCP1 and browning related genes normalized to 

18S RNA. (a) UCP1 immunohistochemical staining in visceral adipose from control and 

WWL70 treated mice. (b) Browning related genes (UCP1, PRDM16, Trem26 and TBX1) 

expression in visceral adipose from WWL70 treated and Control mice. (c-g) Browning related 

gene expression in visceral adipose from Control-ASO and ABHD6-ASO treated mice: (c) 

ABHD6; (d) UCP1; (e) PRDM16; (f) PPARα; (g) PPARγ. (h) Cold induced thermogenesis in 

ABHD6-ASO treated vs control mice (n=10 for each group). * P<0.05. 

Figure 5. Accumulation of 1-MAG in ABHD6-KO mouse adipose tissues and PPAR-

dependence of elevated browning gene expression by 1-MAG and WWL70 in human 
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adipocytes or in ABHD6-KO mouse adipocytes. (a) MAG hydrolase activity in visceral 

adipose from ABHD6 WT and KO mice. Visceral adipose tissues were employed for assaying 

MAG hydrolysis activity using 1-S-arachidonoylglycerol, as described in Methods. * P<0.05 

vs WT (n=7, each). (b, c) Visceral and brown adipose tissues were processed for MAG species 

analysis, as described in Methods. (b) Increased levels of long chain 1-MAG species in 

visceral adipose isolated from HFD fed female ABHD6-KO mice. * P<0.05 vs 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 vs WT. (d) PPAR-dependence of 

elevated browning gene (UCP1, PGC1, PRDM16 and PPAR) expression by 1-

oleoylglycerol (1-OG) or WWL70 (W) in human adipocytes. Fully differentiated human 

adipocytes were incubated overnight with either DMSO vehicle, 10 M WWL70 or 100 M 

1-OG, in the presence and absence of PPARα antagonist 1 M GW6471 (G), and the cells 

were collected for mRNA analysis. Results were normalized to 18S RNA (n = 5). * P<0.05 vs 

control (DMSO); # P<0.05 vs GW6471. (e) Stimulation of uncoupled oxygen consumption 

rate (OCR) in differentiated human adipocytes by 1-OG and WWL70 and this increase is 

curtailed by PPARα antagonist GW6471 (n = 5). * P<0.05 vs DMSO control; # P<0.05 vs 

GW6471. For further details see Supplementary Figure 13. (f) Transactivation of PPAR and 

PPAR by 1-MAG. PPAR transactivation assay was done in 293T cells, transfected with 

plasmids expressing PPAR, PPAR or PPAR, using dual luciferase PPRE reporter assay. 

WY16427, GW501516 and pioglitazone were used as positive controls for the activation of 

PPAR, PPAR and PPAR, respectively (n = 6). * P<0.05, ** P<0.01, ** P<0.001 vs 

DMSO. (g) PPAR antagonist GW6471 suppresses the expression of browning related genes 

UCP1, PGC1, PRDM16 and PPAR in adipocytes differentiated ex vivo from pre-adipocytes 

isolated from ABHD6-KO and WT mice (n = 5). * P<0.05; *** P<0.001 vs WT-DMSO; # 

P<0.05 vs KO-DMSO.  

Figure 6. Reversal of ABHD6-KO mediated effects on obesity, glucose tolerance, insulin 

sensitivity, energy expenditure and adipose tissue UCP1 expression by PPARα 

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

PPARα antagonist GW6471 treatment (1mg/ kg BW; once every two days, i.p.). Daily body 

weight gain and food intake were monitored and at the end of feeding period energy 
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expenditure, lean and fat mass were assessed and OGTT and ITT were performed. Then the 

mice were sacrificed and adipose tissues were isolated for measuring browning related gene 

expression. (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 (30ºC) conditions (expressed as kcal/kg metabolic mass), during light and 

dark phases and complete 24h; (g) UCP1 expression in visceral, inguinal and brown adipose 

tissues. (n=6, each group). * P<0.05, ** P<0.01, *** P<0.001 vs WT-Vehicle; # P<0.05 vs 

KO-Vehicle. 

Supplementary Figure 1. Characterization of ABHD6-KO mice on chow diet. Male and 

female ABHD6-KO, HZ and WT mice were fed chow diet over 24 weeks and food intake and 

body weight gain were measured each week. OGTT was performed on 6-week old mice 

following a 6h food withdrawal and ITT was performed on 12-week old mice. (a) Glycemia of 

male mice during OGTT. Inset depicts area under the curve for glycemia. (b) Corresponding 

plasma insulin levels of male mice during OGTT. Inset depicts area under the curve for 

insulinemia. * P<0.05 vs WT. (c) Glycemia during ITT on male mice. Inset depicts area above 

the curve (AAC).  (d) Glycemia during OGTT on female mice. Inset depicts area under the 

curve for glycemia. * P<0.05 vs WT. (e) Corresponding plasma levels for female mice. * 

P<0.05 vs WT. (f) Blood glucose levels during ITT on female mice. Inset depicts area above 

the curve (AAC) for insulinemia. * P<0.05 vs WT. (g) Body weight gain of male mice over 24 

weeks. (h) Cumulative weekly food intake of male mice over 16 weeks. (i) Body weight gain 

of female mice. (j) Cumulative weekly food intake of female mice. * P<0.05 vs WT. For all 

the studies on male and female mice, each group has 6-9 mice.  

Supplementary Figure 2. Increased glucose uptake in soleus muscle and visceral fat from 

HFD fed ABHD6-KO mice.  ABHD6-KO and WT mice were fed HFD for 12 weeks. Then 

the mice were sacrificed, and soleus muscle and visceral fat were removed, and used for 

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

insulin (100 nM), as detailed in Methods. (a) Glucose uptake in visceral fat of male mice. (b) 

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

mice. (d) Glucose uptake in soleus muscle of female mice.  * P<0.05 vs WT.  
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Supplementary Figure 3. Body composition, tissues weights and liver histology of HFD-

fed ABHD6-KO mice. After 10 weeks of HFD, body composition of male and female 

ABHD6-KO, HZ and WT mice was analyzed by Echo-MRI, and then the mice were sacrificed 

and fat and liver tissues were removed for further analysis. (a) Lean mass of male mice. (b) 

Fat mass of male mice. (c) Liver weight of male mice. (d) Visceral fat weight of male mice. (e) 

Lean mass of female mice. (f) Fat mass of female mice. (g) Liver weight of female mice. (h) 

Visceral fat weight of female mice. (i) H-E staining of female liver. Black arrows indicate 

lipid droplets. (j) Appearance of female ABHD6-KO and WT mice. * P<0.05 vs WT (n= 7-10 

mice).  

Supplementary Figure 4. Plasma adipokine profile in HFD-fed female ABHD6-KO and 

WT mice. Female ABHD6-KO and WT mice (n=8, each) were fed HFD and sacrificed. Blood 

was collected by heart puncture and plasma was used for analysis. Plasma adipokines were 

measured using Mouse Adipokine Antibody Array and adipokine levels were expressed as 

relative expression compared to the control provided by the supplier. (a) Adipokines with 

significant changes. (b) Adipokine levels with no significant difference. * P<0.05, ** P<0.01 

vs WT (n= 6 mice). 

Supplementary Figure 5. Increased energy expenditure and locomotor activity in HFD-

fed ABHD6-KO and WT mice during dark and light phases. Male and female ABHD6-

KO, HZ and WT mice (n=10, each) were fed HFD for 6 weeks, and at the end of the feeding 

period mice were placed in metabolic cages at room temperature (RT) for 3 days. After 

acclimatization for the first two days, volume of O2, CO2 as well as locomotor activity 

measurements were made on the 3rd day and based on these parameters, respiration exchange 

ratio (RER) and energy expenditure (EE) were calculated. In parallel, metabolic cage 

measurements were also made with HFD fed male ABHD6-KO and WT mice under 

thermoneutral (30°C) conditions. Results shown were calculated for light and dark phases 

separately, during the 3rd day. (a) Volume O2 and (b) Volume CO2 (expressed as liters /kg 

body weight/ h); (c) RER; (d) Energy expenditure (expressed as kcal/ kg metabolic mass/h); (e) 

Locomotor activity (arbitrary units). Metabolic mass was calculated as lean mass + 0.2 × fat 

mass for each mouse. * P<0.05 vs WT. 
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Supplementary Figure 6. Lack of difference between ABHD6-KO and WT mice in their 

response to anxiety and depression tests. Male and female ABHD6-KO and WT mice (8-10 

wk old) on normal chow diet were subjected to anxiety (elevated plus maze and open field) 

and depression (forced swimming) tests, as described in Methods. (a) Elevated plus maze. (b) 

Open field. (c) Forced swimming.  

Supplementary Figure 7. Expression of different adipose browning related genes in 

visceral, inguinal and brown adipose tissues from HFD-fed ABHD6-KO mice. Female 

ABHD6-KO and WT mice (n=7, each) fed HFD for 10 weeks were sacrificed, and visceral, 

inguinal and brown fat tissues were removed and total RNA was extracted and the expression 

of various browning related genes was assessed by real-time PCR. All gene expressions in 

visceral, inguinal and brown adipose tissues are normalized to 18S mRNA. (a) TBX1. (b) 

CD37. (c) TREM26. (d) Cox8b. (e) Cox7a1. (f) PPARβ. (g) PPARγ. (h) CPT1. (i) CIDEA. * 

P<0.05 vs WT. 

Supplementary Figure 8. Increased expression of UCP1 and other adipose browning 

related genes in HFD-fed male ABHD6-KO mice under thermoneutrality conditions.  

ABHD6-KO and WT mice (5 weeks age) were fed HFD for 8 weeks, and then the mice were 

placed under thermoneutrality conditions (30ºC) for 3 days, and sacrificed. Visceral, inguinal 

and brown fat were isolated and expression of various adipose browning related genes was 

measured by RT-PCR. All gene expressions are normalized to 18S mRNA. (a) UCP1. (b) 

PGC1α. (c) PRDM16. (d) PPARα. (e) PPARγ. (f) AP2. * P<0.05 vs WT. 

Supplementary Figure 9. Increased fatty acid oxidation in brown fat of HFD fed  

ABHD6-KO female mice.  ABHD6-KO and WT mice were fed HFD for 12 weeks. Then 

the mice were sacrificed, and soleus muscle and visceral fat were removed, and used for 

measuring fatty acid oxidation using [1-14C]-palmitate. Incubations were at 30ºC in modified 

Krebs-Henseleit buffer containing 5% fatty acid-free BSA, 5 mM glucose, 1 mM [1-14C]-

palmitate for 1h (soleus muscle) or 2h (adipose tissues). After the incubation, complete 

oxidation was determined by acidifying the incubation medium and measuring the released 
14CO2. Palmitate oxidation is expressed as nmol/ mg tissue. (a) Inguinal fat. (b) Visceral fat. (c) 

Brown fat.  (d) Soleus muscle. * P<0.05 vs WT. 
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Supplementary Figure 10. Expression of additional browning related genes in visceral 

adipose from HFD-fed mice treated with WWL70 or ABHD6 ASO.  Treatment of mice 

with WWL70 or ABHD6 ASO was as described under Figure 4. Additional browning related 

gene expression was examined by RT-PCR in visceral adipose and the results were 

normalized to 18S RNA. (a) Expression of UCP2, Cidea, Cox7a1, PPAR and PPAR in 

vehicle and WWL70 treated mice. (b) Expression of Cidea, Cox7a1, UCP2, ELOVL3, TBX1 

and TREM26 in control ASO and ABHD6 ASO treated mice. * P<0.05 vs WT. 

Supplementary Figure 11. 2-MAG species levels in visceral and brown adipose tissues 

isolated from HFD-fed female ABHD6-KO and WT mice. Visceral and brown adipose 

tissues were processed for MAG species quantification as in Figure 5b, c. Levels of different 

species of 2-MAG are expressed per total tissue weight. (a) 2-MAG profile in visceral adipose. 

(b) 2-MAG profile in brown adipose. 

Supplementary Figure 12. WWL70 and 1-MAG induce browning related gene 

expression and increase oxygen consumption rate in mouse 3T3-L1 adipocytes in a 

PPAR dependent manner. (a) Browning related gene expression in 3T3-L1 cells. Fully 

differentiated 3T3-L1 cells were incubated in the presence of 10 M WWL70, 100 M 1-

oleoylglycerol (1-OG), 100 M 1-palmitoylglycerol (1-PG) or DMSO (control) for 24h and 

then the cells were processed for gene expression analysis by RT-PCR. The results are 

normalized to 18S RNA. n= 3 experiments with triplicate observations in each group. * 

P<0.05 vs DMSO. (b) Oxygen consumption rate (OCR) in fully differentiated 3T3-L1 cells 

incubated for 24h with 10 M WWL70 or 100 M 1-OG in the absence or presence of 1 M 

PPAR antagonist GW6471. OCR in these cells was monitored with different mitochondrial 

inhibitors (n=4 experiments with quadruplicate observations in each group). From these traces 

(c) basal, (d) maximal and (e) uncoupled oxygen consumption were calculated. 

Supplementary Figure 13. WWL70 and 1-oleoylglycerol increase oxygen consumption 

rate in human differentiated adipocytes in a PPAR dependent manner. (a) Original 

traces (in a representative experiment) of oxygen consumption rate (OCR) in differentiated 

human adipocytes, incubated overnight with 10 M WWL70 or 100 M 1-oleoylglycerol (1-
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OG) in the absence or presence of 1 M PPAR antagonist GW6471. (b) Basal respiration. (c) 

Maximal respiration. n= 3 experiments with quadruplicate observations in each group).   

Supplementary Figure 14. WWL70 and 1-oleoylglycerol induced browning-related gene 

expression in differentiated human adipocytes is inhibited by a PPARγ antagonist. Fully 

differentiated human adipocytes, were treated overnight with 10 M WWL70 or 100 M 1-

oleoyglycerol (1-OG) in the absence or presence of 1 µM PPARγ antagonist T0070907. Then 

the adipocytes were harvested and mRNA expression of browning-related genes was assessed 

by RT-PCR. Gene expressions were normalized to 18S RNA. (a) UCP1; (b) PGC1; (c) 

PRDM16; (d) PPAR and (e) PPAR. (n=5). * P<0.05 vs control; # P<0.05 vs corresponding 

WWL70 or 1-OG without T0070907 treatment. 

Supplementary Figure 15.  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-week old) were pair-fed HFD every day. Daily body weight gain was monitored and 

OGTT and ITT were performed at the end of the feeding period. (a) Body weight. (b) Daily 

food intake. (c) Glycemia during OGTT. Inset depicts AUC. (d) Insulinemia during OGTT. 

Inset depicts AUC. (e) ITT. Results of ITT were calculated as percentage of basal (0 min) 

glycemia. * P<0.05 vs WT. 

Supplementary Figure 16. Reversal of ABHD6-KO mediated effects on metabolic 

parameters and locomotor activity by a PPARα antagonist. Female ABHD6-KO and WT 

mice were fed HFD and treated with PPARα antagonist GW6471 for 8 weeks, as described in 

Figure 6. After the feeding period, the mice were placed in metabolic cages under 

thermoneutrality (30ºC) condition for 3 consecutive days. After two days of acclimatization, 

on the third day VO2, VCO2 and  locomotor activity were monitored, and RER was 

calculated for light and dark phases and for the complete 24 h period. (a) VO2. (b) VCO2. (c) 

RER. (d) Locomotor activity. (n=6, each group) * P<0.05 vs WT-vehicle; # P<0.05 vs KO-

vehicle.  

Supplementary Figure 17. Reversal of ABHD6-KO mediated effects on adipose tissue 

browning related gene expression by PPARα antagonist. Female ABHD6-KO and WT 

mice were fed HFD and treated with the PPARα antagonist GW6471 for 8 weeks, as described 
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under Figure 6. After the feeding period the mice were sacrificed and visceral, inguinal and 

brown adipose tissues were isolated to measure the expression of browning related genes. 

Liver and sloeus muscle were also isolated and palmitate oxidation was measured in liver, 

brown adipose, visceral adipose and muscle. Gene expressions are normalized to 18S RNA. (a) 

PGC1α. (b) PRDM16. (c) PPARα. (d) Palmitate oxidation in visceral adipose, brown adipose, 

liver, and muscle. (n=6, each group)  * P<0.05 vs WT-vehicle; # P<0.05 vs KO-vehicle. 
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Figure 12. Beneficial effects of deletion of ABHD6 in different tissues. The detailed beneficial 

effects are presented in the thesis. 

Lipid metabolism involving lipogenesis and lipolysis, two essential parts of glycerolipid/ free 

fatty acid cycle (GL/FFA cycle), produces many lipids and other metabolic signals to regulate 

cell function (Prentki and Madiraju, 2008, 2012). GL/FFA cycling is a continuous process of 

synthesis and breakdown of TG, DAG, MAG and several phospholipids. Some of the 

intermediates derived from the cycling, such as LPA and DAG (Eichmann and Lass, 2015; Lin 

et al., 2010), are well-known for their roles in regulating many biological processes. Except 

for 2-arachidonoylglycerol (2-AG) (Piomelli, 2003), other MAGs are not considered to 

mediate any signaling functions in cells. The reason for this is probably because DAG has 

been considered since several decades as the key neutral complex lipid with cell signaling 

properties and also perhaps because MAGs are short-lived lipid intermediates and their 

turnover inside the cells is quite rapid (Taschler et al., 2011). Moreover, even though there are 

two distinct isoforms of MAG, 1-MAG and 2-MAG, 2-MAG goes through rapid 

transformation to 1-MAG, probably non-enzymatically, making it difficult for precise 

quantification of each isoform. However, 1-MAG and 2-MAG exert totally different activities 

toward specific targets. For example, 2-AG is a strong agonist to CB1 and CB2 receptors 

(Jung et al., 2012), while 1-AG barely shows agonistic effects on these receptors. In addition, 

the relative amount of MAGs is quantitatively low and advanced technology is needed for 

their measurement. So far, LC/MS/MS is the most efficient way for lipid quantification, but 

the major problem is that this technique cannot differentiate the two different isoforms of 

MAG, unless it is associated with a specific chiral column to separate the two types of MAG.  

Based on previous work, we have developed a method to effectively separate and measure 1-

MAG and 2-MAG, by combination of thin layer chromatography (TLC) and high performance 

lipid chromatography (HPLC) (Zhao et al., 2014). We first separate 1-MAG and 2-MAG by 

TLC and then scrape the bands corresponding to 1-MAG and 2-MAG, and then perform 

saponification of 1-MAG and 2-MAG to release FFA, and finally use HPLC to quantify 

different fatty acid species. We could calculate the quantity of different MAG species based 

on the released fatty acids in both types of isoforms (1- and 2-MAGs). Even though this 

technique needs larger amount of sample as compared to LC/MS/MS, this developed method 
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is efficient and gives reliable and reproducible quantitative data in the absence of specialized 

chiral column-equipped LC/MS/MS availability. By using this method, we have successfully 

measured different MAG species and total MAG in INS832/13 ß-cell line and mouse islets as 

well as in white and brown adipose tissues. The newly developed method to quantify 1-MAG 

and 2-MAG is very important, as only 1-MAG was found to functions as a competent lipid 

signal, while 2-MAG had less or no such function. As the quantity of 1-MAG and 2-MAG is 

similar and 2-MAG does not response well to various treatments, measurement of total MAG 

would mask the changes in 1-MAG. Based on the results presented in this thesis, we provide 

evidence that MAGs, in particular long chain saturated 1-MAG species generated in the 

lipolysis process play important role in regulating insulin secretion in ß-cells, white, beige and 

brown adipocyte function and whole body energy homeostasis (Figure 12).  

As a new comer in the class of the lipid signals, many questions related to 1-MAG are yet to 

be answered: how is MAG regulated inside the cells? What are possible and established roles 

of MAG, and how MAG mediates these functions? In the following parts, we will discuss 

these questions in detail. 

Regulation of cellular MAG levels  

As short-lived lipid intermediates, MAGs are mainly derived from hydrolysis of phospholipids 

or TG and partially through intestinal absorption during food digestion. The levels of MAG 

within cells are regulated by different synthesizing and degrading enzymes and it has been 

shown that MAG levels vary in pancreatic islets isolated from different diabetic mouse 

models , and this may be closely associated with variation in different metabolic enzymes 

(Delghingaro-Augusto et al., 2012; Tiano et al., 2011). However, in these initial studies, the 

importance of MAG as a signal was not realized. The most known enzymes implicated in 

MAG metabolism are the classical monoacylglycerol lipase (MAGL), ABHD6, ABHD12 and 

acyl CoA: monoacylglycerol acyltransferase (MGAT). We will discuss the relative 

contribution of different enzymes in MAG levels control and their implications in our study 

(Figure13). 
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tissues. All these evidences clearly indicate that ABHD6 is a bona fide MAG hydrolyzing 

enzyme. Besides its role in hydrolyzing MAG, a recent report has proposed that ABHD6 also 

functions as a physiological lysophospholipase in mouse liver; however, compared to MAG 

hydrolysis activity, the lysophospholipase activity of ABHD6 is quantitively much lower 

(Thomas et al., 2013). Considering that both in beta cells and in white adipocytes, the 

observed effects of ABHD6-KO, i.e., elevated glucose stimulated insulin secretion and 

browning phenomena, respectively, could be reproduced by exogenous MAG addition to 

isolated cells, the phenotype we observed in our ABHD6-KO mice is possibly  contributed 

by MAG accumulation rather than LPA or LPC accumulation. Also LPA inhibits GSIS rather 

than stimulating as MAG does (Rancoule et al., 2013). However, we cannot rule out the 

possibility that the observed effects upon ABHD6 inhibition or suppression are in part 

mediated by other lipids than MAG and in particular that LPA or LPC may have some effects 

on insulin secretion or browning of white adipocytes.  

As a MAG lipase, the preferable substrate for ABHD6 is MAG with long-chain saturated fatty 

acid at sn-1 position. We have compared activity of ABHD6 with several MAG species, and 

we found that hydrolysis of 1-palmitoylglycerol (1-PG) by ABHD6 is higher than hydrolysis 

of 1-OG (Article 1, Fig 1E). Also, this may be the reason why the MAGs with long chain 

saturated FFAs accumulate after inhibition or deletion of ABHD6. Besides, existing evidence 

suggests that TG hydrolysis by ATGL in the absence of co-activator ABHD5 produces 1,3-

DAG (Eichmann et al., 2012), which could be further hydrolyzed by HSL to generate 1-MAG, 

which is the major substrate for ABHD6.  

Compared to ABHD6, MAG lipase (MAGL) is the classical MAG lipase and highly expressed 

in different tissues, especially in adipocytes, liver, muscle and brain. To our surprise, MAGL 

is not expressed in beta cell lines, rat and human islets, and weakly expressed in mouse islets 

(Zhao et al., 2014). Some reports indicate that this enzyme is mainly located in the cytoplasm 

and is regarded as the rate-limiting step in MAG hydrolysis (Zechner et al., 2012). Mice 

deficient in MAGL show modestly reduced glycerol and FFA circulating levels. Also it has 

been shown that MAG accumulates in adipocytes, liver and brain of these mice (Taschler et al., 

2011). However, the adipocytes isolated from MAGL KO mice do not show any variation in 

glycerol release in basal conditions, and the decrease in glycerol and FFA release is only 
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observed when stimulated with isopropanol, a classical activator of lipolysis. This observation 

suggests that MAGL may mainly contributes to stimulated lipolysis rather than basal lipolysis, 

while  ABHD6 contributes to basal and also stimulated lipolysis. Presently we do not know 

why such difference exists in the contribution of these enzymes to basal and stimulated 

lipolysis. Basal lipolysis much slower compared to stimulated lipolysis. However, which 

process is responsible for the generation of signaling lipid molecule(s) is currently unknown. 

In our Article 3, we have shown that exposure of fully differentiated adipocytes to WWL70 

induces browning of white adipocytes, while the MAGL inhibitor JZL184 has limited effect. 

This raises an interesting topic regarding the different roles of basal and stimulated lipolysis in 

the browning of white adipocytes, and perhaps only lipid signals produced from basal lipolysis 

contribute to the browning of white adipocytes, and stimulated lipolysis may only contribute 

to provide FFA for energy supply.   

The differences in the contribution to lipolysis by ABHD6 and MGAL may help explain the 

different phenotypes of the corresopnding KO mice in response to HFD. In the present work, 

we have shown that mice deficient in ABHD6 are resistant to diet-induced obesity with greatly 

increased thermogenesis, while there have been discrepant results with respect to the effect of 

MAGL KO in DIO mice. One report indicates that MAGL-KO mice fed 74% fat diet, are not 

protected from obesity as compared to control mice (Taschler et al., 2011). However, recent 

report shows that whole body MAGL-KO mice gain less body weight when fed 45% high fat 

diet, due to reduced intestinal fat absorption (Douglass et al., 2015). In either case, MAGL-KO 

does not appear to increase non-shivering thermogenesis, as in the case of ABHD6-KO mice, 

even though MAG accumulation is observed in white adipocytes in both the KO mice. It is 

possible that the intracellular MAG elevated in ABHD6-KO mice is functionally more capable 

of inducing the observed metabolic changes, probably because of its compartmentalization in 

the cells whereas MAG that builds-up in MAGL-KO mice is not capable of this metabolic 

function as it likely accumulates in an intracellular location that is not relevant for signaling. 

Thus, ABHD6 is thought to be a plasma membrane protein (Blankman et al., 2007a). Besides, 

it seems that deletion of MAGL leads to accumulation of MAG with unsaturated FFA, while 

deletion of ABHD6 leads to the accumulation of MAG with long-chain saturated FFAs. 

Whether these differences could explain observed phenotypes is currently unknown.  
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Besides the possible roles in basal and stimulated lipolysis, MAGL and ABHD6 may have 

different roles in hydrolyzing different MAG species. While both MAGL and ABHD6 can 

hydrolyze the two isomers of MAG, ABHD6 shows preferential activity towards 1-MAG and 

MAGL uses both 1-MAG and 2-MAG with equal efficiency (Navia-Paldanius et al., 2012b). 

In the studies that described MAGL-KO mice (Douglass et al., 2015) even though an increase 

in cellular MAG was demonstrated, whether 1-MAG or 2-MAG or both increased, was not 

shown. In our study, we observed a specific elevation in 1-MAG species in pancreatic islets 

and in both white and brown adipocytes. Our results also have shown that 1-MAGs possess 

higher activity than 2-MAGs in inducing insulin secretion (Article 1). In addition, MAGL is a 

cytosolic enzyme and therefore the MAG accumulation by MAGL inhibition is probably 

largely limited to cytosol. MAG localized in cytosol, probably has no access to the 

downstream targets we have studied, such as plasma membrane Munc13-1 or nuclear PPARs. 

In contrast, ABHD6 is a membrane-associated protein, and it locates predominantly in the 

plasma membrane and to a lesser extent in nuclear membrane. Thus when ABHD6 is 

suppressed, it is likely that MAG accumulates at plasma or nuclear membranes, where it 

efficiently binds and activates Munc13-1 or PPARs, respectively as we observed. It has been 

recently suggested that in neuronal nuclei, a DAGL dependent pathway for the generation of 

2-AG exists and that MAGL does not participate in controlling the levels of 2-AG produced 

intra-nuclearly, and that the nuclear 2-AG participates in the activation of PPAR (Garcia Del 

Cano et al., 2014). 

Besides ABHD6 and MAGL, ABHD12 is also reported as a MAG lipase by Cravatt group. It 

has been shown that loss of function of ABHD12 leads to a neurodegenerative disease in 

humans called polyneuropathy, hearing loss, ataxia, retinitis pigmentosa and cataract (PHARC) 

(Blankman et al., 2013). Similar to ABHD6, ABHD12 is also shown to be located in the 

plasma membrane but with its catalytic domain facing outside the cell. Thus the substrates of 

ABHD12, including MAG, likely build up on the outer surface of the cell but not inside the 

cells.  

Role of acyl coenzyme A: monoacylglycerol acyltransferase.  

MGAT is believed to be an essential and rate-limiting step for the absorption of fat in the 

small intestine. MGAT converts MAG into DAG, an important precursor of TG and 



 

 

 

241

phospholipid synthesis. So far, three isoforms of MGAT have been identified: MGAT1, 

MGAT2 and MGAT3. These isoforms show different tissue distributions, degrees of MGAT 

acyltransferase activity, and to a lesser extent, some DGAT activity. MGAT1 (Yen et al., 2002) 

was first identified and it is expressed mainly in stomach, liver, kidney, white and brown 

adipose tissue. However, MGAT1 was not identified in the small intestine, indicating other 

MGAT isoforms exist in this tissue. MGAT2 is highly expressed in the small intestine and 

shows high activity toward the two MAG isoforms (sn-1 and sn-2). Overexpression of 

MGAT2 in AV-12, COS-7, and Caco-2 cells led to a more than 70-, 30-, and 35-fold increase 

in the synthesis of diacylglycerol, respectively (Yen and Farese, 2003). MGAT3 encodes a 36-

kDa transmembrane protein that is highly homologous to MGAT1 and -2. It is also highly 

expressed in the small intestine (Cheng et al., 2003), and it specifically recognizes 2-MAG as 

substrate. 2-MAG is formed during intestinal fat breakdown and absorbed into enterocytes, 

where it is reacylated to TG, packed into chylomicrons and released into blood. All the MGAT 

isoforms share some degree of sequence homology with acyl-coenzyme A: diacylglycerol 

acyltransferase 2 (DGAT2), and they display some DGAT activity also. MGAT3 possesses 

higher DGAT activity compared to MGAT1 and MGAT2 (Cao et al., 2007). So far, several 

reports implicate MGAT in intestine and liver TG synthesis but no direct evidence has been 

shown indicating that MGAT activity is negatively correlated with MAG levels inside the 

cells. However, we can speculate that alteration of MGAT activity is associated with change in 

MAG levels in tissues where it is expressed. MGAT is very poorly expressed in islet and 

adipose tissues (Zhao et al., 2014), the two tissues that we have primarily studied; it is unlikely 

that it plays significant role in the regulation of insulin secretion and PPAR activation and 

adipose browning under normal conditions. However, it may be interesting to assess the 

relative expression level of MGAT in ABHD6 KO mice or MAGL-KO mice, to see if there is 

some compensatory increase in this enzyme to utilize the accumulating MAG in beta cells and 

adipose tissues. 

The identified and emerging roles of MAG in regulating biological processes 

MAGs and the endocannabinoid system 

Among the MAG species, 2-arachidonoylglycerol is identified as an endocannabinoid, an 

endogenous agonist of the CB1 and CB2 receptors. The endocannabinoid system regulates 
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food intake, body weight gain (Battista et al., 2012), nausea and vomiting(Parker et al., 2014), 

and this is of special interest under conditions of obesity. It is an important target to treat 

obesity since CB1 receptor blockers reduce food intake (Di Marzo and Matias, 2005). 2-AG is 

a CB1 and CB2 receptor agonist, and its level within cells is controlled by MAGL and 

ABHD6. Inhibition of MAGL by JZL184 raises 2-AG levels, and produces cannabinoid 

behavioral effects, such as analgesia, hypothermia and hypomotility (Long et al., 2009a). 

However, mice deficient in MAGL show about 40 fold increase in 2-AG levels in the brain 

without  any cannabinoid-like effects on food intake and body weight gain, and this may be 

explained by desensitization of CB1 and CB2 receptors (Taschler et al., 2011). ABHD6 also 

contributes to MAG hydrolysis in the brain, and selective blockade of ABHD6 by a specific 

inhibitor induces CB1-dependent long-term depression in specific neurons. ABHD6 is 

regarded as a member of the endocannabinoid signaling system (Marrs et al., 2010). However, 

we noticed that whole body ABHD6 KO mice do not display any endocannabinoid-like 

mediated effects. For example, these KO mice do not show elevated food intake or body 

weight gain, which is to be expected under conditions of endocannabinoid build-up and in 

stead, these KO mice show reduced food intake and body weight gain on high fat diet (Article 

1). Even though these findings may be partially explained by the desentizition of CB1 and 

CB2 receptors as brain 2-AG levels would be increased since the birth of the mice, such is not 

likely the case as these mice do not show any changes in pain sensitivity, which is to be 

expected under chronic desensitization of cannabinoid receptors. In addition to 2-AG, other 

MAGs levels are also elevated in islets and adipose tissues of whole body ABHD6 KO mice. 

It has been reported that a PPAR agonist, oleoylethanolamide, reduces food intake when 

administered either peripherally or intra-lateral hypothalamically (Soria-Gomez et al., 2010). 

We have observed that 1-oleoyl-glycerol, which accumulates in the adipose tissue of ABHD6-

KO mice, in fact activates PPAR very potently in in vitro transactivation assays. Thus, a 

possible increase in 1-oleoyl-glycerol or other MAG species in hypothalamic or other brain 

areas controlling food consumption in ABHD6-KO mice may be responsible for the reduced 

food intake in ABHD6-KO mice via PPAR activation. The role of ABHD6, 2-AG and 

additional MAG species in key brain areas controlling energy homeostasis remains to be 
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assessed and this aspect is currently being studied by collaborators of the Prentki group in 

various hypothalamic and brain reward areas. 

MAGs and insulin secretion 

The involvement of lipolysis-derived lipid signals in glucose stimulated insulin secretion is 

well-accepted, as inhibition of lipolysis by the pan-lipase inhibitor orlistat, or genetic 

manipulation of adipose triacylglycerol lipase (Peyot et al., 2009c), hormone sensitive lipase 

(Fex et al., 2009; Peyot et al., 2004; Roduit et al., 2001) reduce glucose stimulated insulin 

secretion. It has been speculated for a long time that DAG derived from lipolysis may be the 

lipid signal, as increasing 1,2-DAG levels by exogenous administration increases insulin 

secretion. However, the evidence from HSL KO mice does not support this hypothesis. Also, 

hydrolysis of TG produces 2,3-DAG or 1,3-DAG, other than 1,2-DAG. Therefore, other lipid 

species, generated in the lipolysis process, act as a metabolic coupling factor to promote 

insulin secretion. Comprehensive biochemical, pharmacological, cell and molecular biology, 

and genetic work during this thesis (Article 1) showed that MAG, especially 1-MAG species 

with long chain saturated fatty acids, is a lipid signal that contributes to glucose-signaling for 

insulin secretion. In the beta cells, ABHD6, rather than MAGL, is the main MAG hydrolase. 

Some of the key evidences in favor for a role of ABHD6-accessible MAG in GSIS was that 

decreasing activity of ABHD6 with a specific inhibitor or genetic manipulation, leads to 

increased MAG levels in ß-cells, and this is associated with enhanced GSIS. In contrast, 

increasing ABHD6 activity by overexpression, decreased glucose induced insulin secretion. 

Overall our results have identified MAG as a novel signaling metabolic coupling factor both 

for fuel and non-fuel induced insulin secretion in the ß-cell and that ABHD6 by regulating 

MAG levels, negatively controls insulin secretion (Article 1 and 2).  

MAGs and insulin sensitivity 

Elevated circulating levels of FFA is a major risk factor for insulin resistance, and there is 

much evidence for the view that activation of the DAG-Protein kinase C pathway contributes 

to FFA-induced insulin resistance in liver and muscle (Samuel and Shulman, 2012). However, 

the view that DAG accumulation in tissues is causally linked to insulin resistance is currently 

debated (Amati, 2012). As DAG and MAG have highly similar structures, whether MAG 
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participates in regulates insulin signaling pathway is not well elucidated. The major MAG 

lipases MAGL and ABDH6 are well-expressed in peripheral tissues, such as skeletal muscle, 

adipose and liver. Previous studies in MAGL-KO mice (Taschler et al., 2011) and the present 

work on ABHD6-KO mice suggest that these enzymes may regulate insulin sensitivity. Thus, 

deletion of MAGL in mice, increased MAG levels in various tissues and enhanced glucose 

tolerance and insulin sensitivity and protects from diet-induced obesity after a high fat diet 

(Douglass et al., 2015; Taschler et al., 2011). The authors suggested that the observed modest 

decrease in circulating FFA levels contributes to this process in MAGL-deficient mice. 

However, it does not rule out the possibility that MAG accumulation inside the tissues was in 

fact the main contributor to the improved insulin sensitivity of these mice. We speculate that 

MAG directly acts via the insulin signaling pathway to enhance insulin sensitivity because: (a) 

we observed that ABHD6 expression is increased with obesity and this may be a 

compensation phenomenon to limit insulin resistance; (b) decreasing ABHD6 activity by 

genetic deletion (Article 3) or by ABHD6-antisense oligonucleotides (ASO), or by the specific 

inhibitor WWL70 protects mice from high fat diet-induced insulin resistance (Thomas et al., 

2013); and (c) MAG accumulation in peripheral tissues is well-correlated to improved insulin 

sensitivity (Okuma et al., 2015). Thus, it would be of interest to test the view that MAG is a 

lipolysis-derived signal that controls insulin action and to determine the mechanisms involved. 

MGAT enzymes and activity are found to be induced in diet-induced obesity and ob/ob mice 

and in insulin-resistant human subjects with nonalcoholic fatty liver disease (Hall et al., 2012). 

In liver, MGAT1 expression is regulated by the nuclear receptor PPAR and is responsible for 

the lipid accumulation in diet-induced hepatic steatosis (Lee et al., 2012b). Knockdown of 

MAGT1 by ASO in mouse liver, caused reduced hepatic MGAT activity, greatly increased 

glucose tolerance and hepatic insulin signaling, even though this is accompanied with 

increased membrane and cytosolic DAG levels (Hall et al., 2014). MGAT2 is a tetrameric 

enzyme that heterodimerizes with DGAT1 (Zhang et al., 2014a) or DGAT2 (Jin et al., 2014), 

two essential enzymes of the last step in TG synthesis. Whole body and intestine specific 

deletion of MGAT2 reduces food intake, protects against diet-induced obesity, increases 

glucose tolerance, and reduces hypercholesterolemia and fatty liver (Nelson et al., 2011; 

Nelson et al., 2014; Yen et al., 2009). Mice deficient in MGAT2 also show increased energy 
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expenditure and higher body temperature, and a trend to elevated locomotor activity in light 

phase. These beneficial effects in whole body-MGAT2-KO mice are only partly reproduced in 

intestine-specific deletion of MGAT2, indicating that MGAT2 in other tissues, such as liver 

and adipocyte, may also contribute to regulate energy metabolism (Gao et al., 2013; Nelson et 

al., 2011). Liver specific MGAT2 KO mice also show increased insulin sensitivity. Overall, 

these MGAT KO studies in which MAG levels are elevated in various tissues, strongly 

support the view for a role of MAG in the control of insulin sensitivity and energy 

homeostasis, in accordance with the results in this thesis. 

In sum, reducing the activity of the MAG hydrolyzing or utilizing enzymes in mice (MAGL, 

ABHD6 and MGAT) results in beneficial effects on energy metabolism and increased insulin 

signaling and these effects cannot be explained exclusively by reduced circulating levels of 

FFA or tissue DAG levels, as knockout of either ABHD6 or MGAT do not affect FFA levels 

and MGAT1 suppression in liver actually increases membrane DAG content (Taschler et al., 

2011) (Article 3). All these evidences suggest that MAG is probably responsible for the 

increased insulin sensitivity, seen in these models. In accordance with this view, the ABHD6 

inhibitor WWL70 increased Akt phosphorylation levels in traumatic brain injury (TBI) mouse 

brain (Tchantchou and Zhang, 2013). In conclusion, MAG may directly regulate the insulin 

signaling pathway and direct testing of this hypothesis using in vitro and in vivo models are 

warranted.  

MAG and adipose browning  

Non-shivering thermogenesis is mainly conducted by brown and beige adipocytes (Cohen and 

Spiegelman, 2015). In the process of formation of beige adipocytes, dramatic change in the 

lipid droplet-associated proteins occurs in order to facilitate the process of lipolysis. Multiple 

evidences support the notion that increased lipolysis is associated with increased browning of 

white adipocytes. Some physiological stimuli, such as cold exposure and exercise, increase 

browning of white adipocytes as well as lipolysis (Hao et al., 2015). However, it is still 

unclear whether lipolysis is a causing factor or a consequence of browning of white adipocytes. 

Studies of various browning agents reveal that lipolysis is a driving force to induce browning 

of white adipocytes. Adrenergic stimulation is a classical stimulation for increasing lipolysis 

by increasing cyclic AMP levels and hence the protein kinase A-mediated phosphorylation of 
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HSL and perilipin. Consistent with this, adrenergic stimulation also greatly increases 

browning of adipocytes (Bonet et al., 2013); Adenosine is well-known to induce browning of 

human adipocytes, and acute exposure of human adipocytes to adenosine increases lipolysis, 

which precedes the formation of beige adipocytes (Rines et al., 2015). In contrast, RFamide 

peptide QRFP 43 (Mulumba et al., 2015) inhibits lipolysis, decreases non-shivering 

thermogenesis by decreasing browning of white adipose tissue and thus causes obesity in mice. 

α-Lipoic acid treatment increases lipolysis in adipocytes and promotes beige adipose features 

in subcutaneous adipocytes from overweight/obese subjects (Fernandez-Galilea et al., 2015). 

All these evidences imply that lipolysis is not a consequence of browning of white adipocytes 

and more likely a cause for the browning process. However, the specific lipid species 

involving in this process is poorly identified. 

Based on the observations made on MGAT-KO and ABHD6 KO mice, we propose that 

lipolysis generated MAG may directly induce browning of white adipocytes and regulate 

energy homeostasis. It has been observed in our and other laboratories that mice deficient in 

MGAT2 (Nelson et al., 2011) and ABHD6 show greatly increased energy expenditure and 

slightly higher body temperature with browning of white adipocytes. We observed that MAG 

induces browning of mouse and human adipocytes in a cell-autonomous manner. Exposure of 

fully differentiated mouse and human adipocytes to 1-oleoylglycerol elevated UCP1 level, a 

marker for browning of white adipocytes. In agreement with this, increasing MAG levels by 1-

oleoylglycerol addition or by specific ABHD6 inhibitor WWL70 increased oxygen 

consumption rate (OCR), particularly the uncoupled respiration, in 3T3-L1 mouse cells and 

fully differentiated human adipocytes, indicating that increased MAG levels induce browning 

of white adipocytes and that the elevated UCP1 protein is indeed fully functional in 

uncoupling mitochondrial respiration and probably in heat production. Furthermore, MAG-

induced white adipose browning is not dependent on signals from the central nervous system, 

as similar browning effect is observed in ABHD6-ASO mice on high fat diet. It is well-

accepted that ASO cannot enter the brain, and thus it will not affect ABHD6 in the brain 

(Thomas et al., 2013). Thus, overall our results indicate that ABHD6 is a new player in 

adipose browning and strongly support the view that lipolysis derived MAG is a signal for 

adipose browning.  
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MAG, cell growth and tumorigenesis 

A potential link between obesity and several cancers is established and it is well-accepted that 

tumor cells display dysregulated lipid metabolism to provide large amounts of FFA for 

membrane synthesis and signaling molecules (Benjamin et al., 2012). Alteration in the level of 

enzymes involved in lipid metabolism and transport are associated with tumorigenesis. Some 

reports have already shown that increased levels of MAGL and ABHD6 are observed in some 

cancers, such as Ewing tumors (Li et al., 2009; Max et al., 2009). MAGL is regarded as a 

biomarker for several cancers and inhibition of MAGL by genetic deletion decreases cancer 

growth, and overexpression of MAGL in nonaggressive cancer cells increases tumor growth 

(Nomura et al., 2010). This effect of MAGL on tumor growth is largely ascribed to the change 

of FFA levels. However, overexpression or deletion of MAGL not only modulates FFA but 

also MAG levels. Whether endogenous MAG can directly regulate tumorigenesis is still 

unknown.  Some reports indicate that 2-AG can have direct anticancer effect, suggesting that 

various MAG species may play a role in tumorigenesis (Massi et al., 2013). More 

experimental results are warranted to directly test this hypothesis and to determine if ABHD6 

plays a role in the control of cell growth at large.  

Possible downstream targets for MAG in regulating cell function 

As described above, MAG can regulate many cell functions, such as insulin secretion and 

browning of white adipocytes. Based on the work done in our other laboratories, MAGs can 

function as agonists for CB receptors, the exocytotic regulator Munc13-1, the non-selective 

calcium channel TRPV1, and the GPR119 receptor. Also, MAGs may also be implicated in 

activating nuclear receptor of the PPAR family and specific PKC enzymes.  

MAG and CB1 and CB2 receptors  

The endocannabinoid system, consisting of endocannabinoids (2-arachidonoylglycerol and 

anandamide), and associated synthesizing and degrading enzymes, together with cannabinoid 

receptors (predominately CB1 and CB2), functions both centrally and peripherally to regulate 

satiety and energy metabolism, and over-activation of this system is associated with obesity 

(Boyd, 2006). The CB1 receptor is widely distributed, and is expressed not only in the central 

nervous system, but also in peripheral tissues, such as adipocytes, skeletal muscles, 



 

 

 

248

gastrointestinal tract, liver and the pancreas, while the CB2 receptor is expressed in immune 

cells, spleen and tonsils. One of the MAG species, 2-arachidonoylglycerol (2-AG) was first 

identified as an endocannabinoid in 1995, and it is shown to be present in the bloodstream 

with high affinity for CB1 and CB2 receptors (Sugiura et al., 1995). Manipulation of 2-AG 

levels by pharmacological inhibitors or genetic mouse models with deletion in the 

synthesizing or degrading enzymes, established the endocannabinoid role of 2-AG. Except 2-

AG, other MAG species do not show any effect on CB1 and CB2 receptors. Our data show 

that changes in insulin secretion in response to glucose in ß-cells and its modulation by 

variations in ABHD6 expression levels, best correlate with long chain saturated 1-MAG 

species and not with 2-MAG species or 2-AG itself, which discounts a role of 2-AG as a 

metabolic coupling factor in GSIS. Similarly adipose tissue of ABHD6-KO mice show 

increased levels of 1-MAG species and minor changes in 2-MAGs levels, which does not 

favor the view that 2-AG controls adipose browning. However, we cannot discount the 

possibility that variations in 2-AG levels in critical brain areas contribute to phenotypic 

characteristics of ABHD6 KO mice that show slightly reduced appetite, a protection from high 

fat diet body weight increase and enhanced physical activity. 

MAG and transient receptor potential vanilloid subfamily, member 1 (TRPV1) 

TRPV1, a molecular integrator of inflammatory mediators, plays crucial roles in initiating 

neurogenic inflammatory response and transducing the pain in conjunction with emerging 

roles in energy metabolism (Szallasi et al., 2007). TRPV1 was the first protein to be cloned in 

the large TRP family and similar to other TRP channels, TRPV1 has a putative six-

transmembrane-spanning protein, and its pore region is localized between transmembrane 

domains 5 and 6. TRPV1 is a non-selective calcium channel, which accounts for many 

functions within the cells. 

TRPV1 can be activated by many agents, such as capsaicin and anandamide. Among all the 

activators, MAG, especially the ones with unsaturated fatty acid chain, can activate TRPV1 

with about half of the affinity of capsaicin. Feeding mice with a combination of MAGs with 

mono- and poly-unsaturated fatty acid side chains was shown to increase UCP1 levels in 

brown adipocytes and prevent diet-induced obesity (Iwasaki et al., 2011), and it was suggested 

that TRPV1 mediates this effect. However, there was no direct evidence for this claim and this 
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does not contradict our data indicating that MAG induced browning is mediated by PPAR 

and PPAR.  

In our own studies, we noticed that the stimulating effect of MAG on insulin secretion in 

INS832/13 cells is antagonized by a specific TRPV1 antagonist AMG9810, indicating the 

MAG partially acts via TRPV1 to promote insulin secretion in INS cells. INS832/13 cell line 

is a cancer cell line, derived from tumors of rat pancreatic islets and thus does not truly 

represent normal beta cells, with respect to the expression several genes. Also, the effect of the 

inhibitor on GSIS may be non-specific. We tested GSIS in TRPV1 KO mice and found it to be 

unaltered in vivo and ex-vivo. Thus, even though TRPV1 function is discernable in INS cells, 

it is very poorly expressed in the beta cells of mouse and rat islets, and because of this the 

above drug effects are not seen in mouse and rat islets. Hence, MAG and ABHD6 suppression 

effects in normal ß-cells are not mediated by TRPV1 but rather via munc13-1. Consistent with 

this view we report that the glucose induced rise in cytosolic Ca2+ is unaltered in islet from 

beta-cell specific KO mice.  

MAG and G protein-coupled receptor 119 (GPR119) 

As a novel endocannabinoid receptor, GPR119 is regarded as a promising drug target for 

treating obesity and T2D. It is predominantly expressed in the gastrointestinal tract and in the 

endocrine pancreas, to a lesser extent, in the brain (Godlewski et al., 2009). Activation of 

GPR119 reduces food intake and body weight gain possibly through changes in incretin and 

insulin secretion (Overton et al., 2006). Some endogenous lipid ligands, such as oleoyl-

lysophosphatidylcholine and oleoylethanolamide (OEA), have been shown to activate 

GPR119, and promote insulin secretion in the islets (Ning et al., 2008). Recently, some MAG 

species such as 2-oleoylglycerol, 1-oleoylglycerol, 2-palmitoylglycerol and 2-

linoleoylglycerol were shown to act as ligands of GPR119, and administration of 2-

oleoylglycerol to humans was found to increase incretin secretion (Hansen et al., 2011). 

Whether GPR119 activation contributes to insulin secretion changes and benefic effects on 

energy homeostasis in ABHD6-KO mice is a possibility to consider. 

MAG and Munc13-1 
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Exocytosis processes in different cells, such as neurotransmitter release, insulin secretion and 

catecholamine release, are regulated by the core of membrane fusion machinery. This 

machinery consists of “SNARE complex”, including syntaxin-1, SNAP-25 and synaptobrevin 

(Leung et al., 2007). Munc13-1 is a synaptic protein that regulates the SNARE complex 

assembly and it is regarded as the major protein that determines the priming of synaptic 

vesicles (Guan et al., 2008). Munc13-1 is essential for fusion competence of neurotransmitter 

and insulin granules (Augustin et al., 1999; Sheu et al., 2003). It was suggested that Munc13-1 

functions as a DAG receptor, and is responsible for DAG-induced augmentation of transmitter 

release (Rhee et al., 2002). However, unlike the DAG binding site C1-domain seen in classical 

PKC enzymes, the C1 domain of Munc13-1 is occluded by a conserved tryptophan side chain 

and requires a considerable conformational change for DAG binding. As a consequence, DAG 

binds Munc13-1 C1 domain with lower affinity compared to PKC, and possibly other lipid 

ligands are more important for Munc13-1 function (Shen et al., 2005). We proposed that since 

MAG has a similar structure as DAG and of special importance, it possesses only one fatty 

acid chain and thus may have easier access to Munc13-1 C1 domain, then MAG is more 

important than DAG for Munc13-1 regulation. Our in vitro assays supported this hypothesis 

and MAG shows better affinity than DAG to C1-domain of Munc13-1, and thus Munc13-1 is 

also a MAG receptor and likely responsible for MAG-induced increased insulin secretion in 

INS cells, and rodent and human islets (Zhao et al., 2014). Moreover, MAG can induce the 

translocation of Munc13-1 from cytosol to plasma membrane. However, there is little 

evidence regarding the role of MAG in neurotransmitter release. We speculate that increasing 

MAG levels by specific inhibitors or by genetic manipulation of MAG degrading enzymes 

may also play crucial roles in regulating neurotransmitter release.  

MAG and protein kinase C  

PKC belongs to a super family of protein kinase enzymes that function in signal transduction 

through phosphorylation of serine and threonine residues on target proteins. PKC enzymes are 

divided into 3 subgroups, classical PKC, novel PKC and atypical PKC (Quest, 1996). It is well 

accepted that DAG can activate classical and novel PKC by binding to their C1 domains. 

DAG-activated PKC in muscle and liver are thought to be responsible for insulin resistance 

seen in obesity and T2D (Samuel and Shulman, 2012). Our results showed that MAG can bind 



 

 

 

251

to the C1 domain of Munc13-1; however, whether MAG also binds to PKC C1-domain and 

affect PKC activity is still unknown. This is an interesting avenue of research to pursue to 

enhance our understanding of the biochemical basis of insulin resistance. 

MAG and the peroxisome proliferator-activated receptors 

PPARs are a group of nuclear receptors that control cell functions through regulating other 

gene expressions. Among all three PPAR, PPARα and PPARγ are already shown to be drug 

targets, as PPAR and PPAR agonists are already in the drug market. However, great 

concerns with their use in humans have recently being raised (Cariou et al., 2012). Recent 

studies have shown that agonists of PPARα and PPARγ can trigger browning of white 

adipocytes (Wang et al., 2013b). To better understand how PPARs act within cells, the 

identification of the endogenous ligands is of special importance. Besides FFA, more 

endogenous ligands exist in the lipolysis process, as decreasing ATGL activity in the heart, 

brown adipocytes and islets greatly reduced PPARα and PPARγ activity, indicating the 

existence of some endogenous ligands produced downstream of TG hydrolysis (Mottillo et al., 

2012). Still we do not know whether other specific lipid based metabolites, other than FFA, 

could function as physiological ligands of PPARs. With luciferase gene reporter assay in 293T 

cells, we have shown that MAG can transactivate PPARα and PPARγ, but not PPARβ, 

indicating that MAG produced in the lipolysis process may be a novel ligand for PPARs 

(Article 3). Furthermore, using PPAR-Gal4 assay, we have confirmed direct binding effect of 

1-MAG and PPARα and PPARγ (Article 3). Of special interest, it seems that MAG could 

function as the natural/ physiological PPARα and PPARγ dual agonist. In the adipocytes from 

HFD-fed ABHD6 KO mice, PPAR and PPAR levels and also MAG levels are elevated, 

resulting in increased UCP1 expression and browning of white adipocytes. PPARα and 

PPARγ antagonism by specific inhibitors curtails the browning effects induced by 1-

oleoylglycerol and the ABHD6 inhibitor WWL70. In vivo administration of PPARα antagonist 

to female whole body ABHD6-KO mice completely diminishes the browning effect in 

adipocytes and decreased non-shivering thermogenesis and partially restored body weight gain 

(Article 3). All this data strongly supports the view that lipolysis-derived MAG controls 

adipose tissue browning via PPAR and PPAR. 
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Conclusion and therapeutic implication 

The results presented in this thesis clearly indicate that ABHD6-accessible 1-MAG plays 

important roles in regulating insulin secretion by activation of Munc13-1 in beta-cells and 

regulates adipose tissues function as related to thermogenesis. 

Thus, collectively our results demonstrate that ABHD6 regulates fuel homeostasis, white 

adipose browning and brown adipose function. The mechanism of adipose tissue browning 

appears to involve 1-MAG acting as an intrinsic cell autonomous signal that causes PPAR 

and PPAR activation in adipose tissues. ABHD6 inhibition may provide a unique therapeutic 

approach for both lean and obese T2D. Indeed, we have shown that ABHD6 inhibition in the 

low dose streptozotocin lean model of T2D restores normal glucose tolerance via enhanced 

insulin secretion (Zhao et al., 2014). Subsequently we have shown in obese mice with 

hyperglycemia and marked glucose intolerance that ABHD6 deficiency reduces body weight 

gain, improves glucose homeostasis and insulin action together with mild reduction in appetite 

and enhanced locomotor activity. Targeting ABHD6 offers a novel avenue to develop both 

anti-obesity and T2D drugs. 

3. Perspectives 

The exciting observations made from whole body and tissue specific ABHD6 KO mice place 

1-MAG as a crucial regulator of glucose and insulin homeostasis and energy metabolism via 

binding with some receptors, such as PPARα, PPARγ and Munc13-1 (Figure 12 and 13) to 

exert its functions. Much is still unknown regarding the role of ABHD6-accessible MAG and 

further work is required in this regard. 

As MAG is a key metabolic coupling factor in fuel and non-fuel-induced insulin secretion, 

whether increasing MAG levels in pancreatic islets could reverse the insulin secretion defects 

observed in T2D? It is well-known that the islets isolated from type 2 diabetes models secrete 

less insulin in response to both fuel and non-fuel stimulation. Under situations of T2D, the 

MAG levels in these islets are likely decreased, as impaired GL/FFA cycling occurs in these 

islets and increased intracelluar TG leves. Also, ABHD6 level in these islets may be increased 

similar as in muscle, liver and adipose in response to high fat diet feeding (Article 3). Based 

on these observations, we hypothesize that decreased MAG level is at least partially 
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responsible for the insulin secretion defect in islets from diabetic animals and thus restoration 

of MAG levels by decreasing ABHD6 activity may be a valuable avenue to treat T2D. In 

order to directly test this hypothesis, we will place inducible beta cell specific ABHD6 KO 

mice on HFD, and we will induce ABHD6 deletion by tamoxifen injection only when 

hyperglycemia occurs in both control and beta cell specific KO mice. 8 weeks after tamoxifen 

injection, we will assess insulin secretion and MAG levels as well as specific MAG species. 

We expect to see that beta cell specific ABHD6 mice could reverse the insulin secretion defect 

and restore normal glycemia after deletion of ABHD6.  

Besides the role in beta cells, we will use adipose tissue specific ABHD6 KO mice to further 

explore the browning mechanisms. In order to focus on the browning aspect, we will employ 

adiponectin-cre to generate adipose tissue specific KO mice. And we will characterize the 

phenotype of these mice and role of PPARs in the browning process. Of special importance, 

we will measure brown fat mass in control and adipose tissue specific ABHD6 KO mice. 

Moreover, in the adipose tissue isolated from whole body ABHD6 KO mice, we have noticed 

greatly increased browning effect, while there is no significant increase in fatty acid oxidation. 

However, these measurements were made using tissue explants and need to be verified by 

using isolated adipocytes to avoid uneven distribution of substrates. We also need to verify if 

there is any change in mitochondrial content in the beige adipocytes from ABHD6-KO mice. 

Besides this, we will also use positron emission tomography, which has been successfully 

applied to human studies to quantify the FFA flux (Noll et al., 2015). We will also assess the 

involvement of ABHD6-assessible MAG in adipokine secretion. Adipose tissues communicate 

with other organs in large part by adipokines. Since adipokines regulate insulin sensitivity and 

inflammation it is important to understand the role of ABHD6 and MAG in this process as 

these factors alter the phenotype of white adipocyte. Our results indicated that whole body 

ABHD6 KO mice do show altered plasma FGF21, resistin and IGFBP1, suggesting altered 

adipokine secretion (Article 3). 

Furthermore, as we have shown direct binding effect of MAG with PPARα, it will be highly 

interesting to investigate its role in liver, as high PPARα activity is observed in the liver. It has 

been reported that decreased fatty acid oxidation is one of the reported mechanisms for fatty 

liver (Reddy and Rao, 2006). As increasing MAG levels activate PPARα to increase fatty acid 
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oxidation, liver specific ABHD6 KO mice are likely protected from fatty liver and insulin 

resistance by the elevated MAG.  

Also, increasing locomotor activity is an efficient way to increase energy expenditure, and in 

female ABHD6 KO mice, locomotor activity is increased. What is relative contribution of 

increased locomotor activity to energy expenditure? At present we did not test this hypothesis 

directly. As locomotor activity is largely regulated by CNS, we examined if these KO mice 

suffer from anxiety or depressive behavior and found such is not to be the case. It has been 

reported that increased exercise is associated with elevated irisin secretion, and irisin is 

reported as a strong browning agent at least in rodent models (Bostrom et al., 2012). So 

whether increased irisin levels could be causing the observed browning effects in ABHD6 KO 

mice needs to be examined.  However, we speculate that irisin may play minor, if any, effect 

on browning effect. The reason for this is that increased heat production in male ABHD6 KO 

mice is not associated with elevated locomotor activity In order to directly examine this we 

will measure irisin levels in both male and female ABHD6-KO mice in light and dark phases.  

Besides the role of ABHD6 in MAG hydrolysis, MAGL and MGAT also contribute to total 

MAG metabolism. Thus, it will be interesting to assess the relative contribution of different 

enzymes in MAG depletion in various cell types, and how this affects the physiological 

functionality of the corresponding cell, its insulin sensitivity. 

The fact that ABHD6 KO mice show reduced food intake suggests a possible CNS role of this 

enzyme in energy homeostasis. It will be of interest to assess the role of this enzyme in various 

brain areas regulating food intake and reward in particular the arcuate and ventromedial nuclei 

of the hypothalamus and the nucleus acumbens. We are currently studying this in 

collaboration with neurophysiologists.  

Considering the beneficial effects in inhibiting of ABHD6 in glucose and energy metabolism, 

search for more specific and powerful inhibitor for this enzyme may provide novel choices to 

develop different class of drugs against obesity and T2D. Currently, our lab is screening for 

more specific and potent inhibitors of ABHD6 with the possible development of these 

inhibitors as anti-diabetic drugs.  
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