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(General introduction

Jocken JWE, Blaak EE. Adipose tissue and skeletal muscle lipolysis in obesity and
insulin resistance: a critical review. Physiology & Behavior (submitted)
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General introduction |

Obesity is one of the major public health problems reaching epidemic proportions
in several countries. According to the World Health Organisation (WHOQ) obesity is
defined as a body mass index (BMI) of 30 kg/m” or greater, and overweight is de-
fined as a BMI between 25-30 kg/m~ (WHO, Geneva, Switzerland). The prevalence
of obesity is progressively increasing worldwide and reaches up to almost 10% in
both men and women in the Netherlands (199). Today, worldwide more then 1.1
billion adults are overweight, and 312 million of them are obese (82).

The obese state 1s characterized by increased fat storage in the form of triacylglyc-
erol (TAG), mainly in adipose tissue. Catecholamine resistance of adipose tissue
lipolysis might contribute to the development or maintenance of increased fat stores
and obesity (4). Moreover, an increased adipose tissue mass and a reduced insulin-
mediated suppression of lipolysis may lead to lipid overflow in the circulation. In-
appropriately elevated fatty acid (FA) levels have many adverse metabolic effects
and are associated with an increased risk for the development of insulin resistance,
type 2 diabetes and cardiovascular diseases (47).

Furthermore, lipid overflow may lead to increased storage of fat in non-adipose
tissues like muscle, liver and pancreas, also known as ectopic fat deposition. In-
creased storage of lipids (TAG) and in particular lipid intermediates (e.g. diacyl-
glycerol (DAG), ceramides) in skeletal muscle may 1nhibit insulin signal transduc-
tion, leading to insulin resistance (142). Beside an increased lipid overflow also
intrinsic disturbances in FA handling, oxidative capacity and lipolysis may contrib-
ute to mcrease muscle fat storage. So far, little information is available on the regu-
lation of muscle lipolysis and to what extent disturbances in this regulation may
contribute to the accumulation of TAG and lipid metabolites in muscle. Further-
more, increased delivery of FA to the liver increases hepatic glucose output (115)
and VLDL-TAG output (48), may reduce insulin binding to hepatocytes (186) and
thereby inducing hyperinsulinemia (72). Chronically elevated FA concentrations
may also reduce insulin secretion in type 2 diabetes mellitus (147). Finally, elevated
FA levels impair endothelial function and could therefore predispose to hyperten-
sion and cardiovascular diseases (117, 182).

The research described in this thesis focuses on the regulation of lipolysis in adi-
pose tissue and skeletal muscle of obese subjects. In addition, possible molecular
and genetic disturbances in the lipolytic pathway will be evaluated. The introduc-
tion of this thesis 1s composed of three main sections. At first, the regulation of en-
dogenous lipolysis by hormones, lipases and proteins that associate with the lipid
droplet is discussed (paragraph 1). The second section highlights disturbances in
adipose tissue (paragraph 2) and skeletal muscle (paragraph 3) lipolysis of obese
subjects. Third, it 1s questioned whether a blunted hpolysis is a cause or more a
consequence of the obese state (paragraph 4). Finally, an overview 1s given of dif-
ferent topics and chapters covering the present thesis (paragraph 5).

1. The lipolytic pathway

Almost 95% of the body’s fat is found in adipose tissue. Beside adipose tissue a
small amount of fat is stored 1n muscle, liver and pancreas (i.e. ectopic fat deposi-
tion). An increased fat accumulation in skeletal muscle may have profound meta-
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[ Chapter 1

bolic effects, since skeletal muscle makes up 30-65% of total body mass (180). In
adipose and non-adipose tissues fat is stored as TAG in intraceliular ipid droplets
that can be mobilized in a regulated way. This catabolic process 13 called endoge-
nous lipolysis and results in the release of FA and glycerol to meet tissue’s energy
need during high-energy demands (e.g. fasting and exercise). The aim of this sec-
tion is to provide a detailed overview and comparison of the lipolytic pathway In
adipose tissue (paragraph 1.1) and skeletal muscle (paragraph 1.2).

1.1 The lipolytic pathway in adipose tissue

The complexity of the lipolytic pathway in adipose tissue is 1llustrated in Figure 1.
in human adipose tissue the regulation of lipolysis depends on the balance between
lipolytic and anti-lipolytic hormones. Catecholamines (e.g. adrenaline and
noradrenaline) are the major lipolytic hormones that regulate lipolysis through
lipolytic B-adrenoceptors (B, B2 and B3) and the antilipolytic a»-adrenoceptor. The
balance between f§- and cn-adrenoceptor mediated signal transduction determines
the net effect of catecholamines on lipolysis (102). In human subcutaneous adipose
tissue the lipolytic effect of catecholamines seems to be mediated by both 3;- and
f.-adrenoceptors (7). In contrast to rodents, the contribution of the [33-adrenoceptor
to human adipose tissue lipolysis is limited, although 1t may play a role in lipolysis
in visceral adipose tissue (7, 120, 167). Furthermore, the lipolytic effect of catecho-
lamines is more pronounced in intra-abdominal (visceral) compared with subcuta-
neous adipocytes. This can be explained by differences at the receptor and post-
receptor level (6, 44, 45, 70, 126, 154). These differences are of a primary nature
because they are already present in pre-adipocytes from the two depots (195).
p-adrenoceptors are linked to stimulatory G-proteins (Gs) that activate adenylate
cyclase (AC) resulting in an increased production of cyclic adenosine monophos-
phate (cAMP). This in turn activates protein kinase A (PKA) leading to the reversi-
ble phosphorylation of hormone-sensitive lipase (HSL) and the lipid droplet associ-
ated protein perilipin. In adipocytes two perilipin 1soforms are identified: perilipin
A (MW ~62kDa; dephosphorylated) is the predominant isoform, whereas perilipin
B (MW ~46 kDa) is a minor isoform (10% of total). Perilipin C and D are almost
exclustvely expressed in steroidogenic cells (33, 57, 171). Phosphorylation of per-
ilipin increases lipase access to the lipid substrate allowing translocation of phos-
phorylated HSL to the lipid droplet and subsequent TAG hydrolysis. In contrast to
B-adrenoceptors, dy-adrenoceptors are coupled to inhibitory G-proteins ((Gi) that
inactivate AC resulting in a decreased cAMP content and a subsequent reduced
PKA activation. Recently, the lipolytic picture has been revisited by the identifica-
tion of a new lipase; ‘Adipose TriGlyceride Lipase’ (ATGL) (214). In paragraph
1.3 the revised lipolytic pathway and the regulation of HSL and ATGL activity will
be discussed in more detail.

Beside catecholamines, also natriuretic peptides (NP) and tumor necrosis factor
alpha (TNF-a) have lipolytic effects in adipocytes, as extensively reviewed elsew-
ere (107, 129). Bnefly, atrial natriuretic peptide (ANP), the most potent lipolytic
NP, acts through a lipolytic pathway distinct from catecholamines. In contrast to
catecholamines and ANP, the lipolytic response of TNF-a, produced by macro-
phages and adipocytes, increases only after hours of incubation of 3T3-L1 and hu-
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man adipocytes (40, 161, 162). This suggests that stimulation of lipolysis by TNF-a
1s indirect and serves as a chronic regulator of lipolytic tone. Several distinct
mechanisms have been proposed for the lipolytic effect of TNF-a (107).

ADR
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Figure 1. The PKA-dependent lipolytic pathway in adipocytes. This figure represents a schematic
diagram of several control points in the lipolytic pathway in adipocytes. (1) Catecholamines act at
adrenoceptores (ADR) that either stimulate or inhibit adenylate cyclase (AC), a reaction that is
mediated by stimulatory (Gs) or inhibitory (Gi) G proteins. (2) Insulin binding to specific insulin
receptors (IR) leads to the activation of insulin-like receptor substrates (IRS), activating phosphatidyl
inositol 3 kinase (PI3K) and subsequent phosphorylaytion of phosphodiesterase 3B (PD3B) by protein
kinase B (PKB). PDE3B inactivates the cAMP produced by AC upon conversion to 5’ AMP. (3) cAMP
produced by AC activates protein kinase A (PKA). PKA phosphorylates and aclivates at least two
substrates: hormone-sensitive lipase (HSL) and perilipin (P). HSL and perilipin phosphorylation leads
to the translocation of HSL from the cytosol to the surface of the lipid dropley, (4) Insulin can activate
protein phosphatases resulting in the subsequent dephosphorylation of HSL. (5) An interaction between
phosphorylated HSL (HSL-p) and lipatransin (L) occurs at the surface of the lipid droplet. (6) Instead of
phosphorylation and translocation, an activator protein (i.e. CGI-58), activates adipose triglyceride
lipase (ATGL). The role of ATGL in adipose tissue lipolysis is under debate. (7) Interaction of HSL
with adipocyte fatty acid binding protein (AFABP) favours a rapid evacuation of fatty acids (FA)

resulting from the hydrolysis of TAG. (8) Glycerol is released from the adipocyte by aquaporin 7
(AQP7).

Insulin, the most potent antilipolytic hormone in human adipose tissue, exerts its
antilipolytic effect through binding to specific cell-surface insulin receptors causing
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tyrosine phsophorylation and activation of the receptor. This leads to interaction
with insulin-like receptor substrates (IRS-1 and IRS-2) (206) activating phosphati-
dyl inositol 3-kinase (PI3K) (135, 151, 152). Subsequently protein kinase B (PKB)
(208) phosphorylates phosphodiesterase 3B (PDE3B) (31, 122). PDE3B inactivates
cAMP by converting it into 5’AMP resulting in a decrease of intracellular cAMP
content (Figure 1). cAMP degradation is the main mechanism whereby insulin an-
tagonizes catecholamine-induced lipolysis. Beside cAMP degradation, additional
mechanisms exist via which insulin can antagonize catecholamine-induced lipoly-
sis. For instance, insulin can inhibit AC (84) and may internalise B-adrenoceptors in
human adipocytes (35). In addition, insulin can activate a protein phosphatase re-
sulting in subsequent dephosphorylation of HSL (Figure 1) (184). There are major
differences in insulin action between adipose tissue depots. The antilipolytic effect
of insulin is blunted in visceral compared with subcutaneous adipocytes. Several
functional differences between both depots have been identified at the level of the
insulin receptor and post-receptor signalling (17, 209, 212).

Beside insulin, some other molecules pocess antilipolytic activity via G1 protein
coupled receptors; e.g. prostaglandines, nicotinic acid and adenosine (3, 157). How-
ever, their role in lipolysis regulation is probably minor. Furthermore, adrenome-
dullin, produced by endothelial and vascular smooth muscle cells, shows an mhibi-
tory effect on lipolysis induced by the non-selective 3-agonist isoprenaline in hu-
man adipocytes (67). A nitric oxide (NO)-dependent inactivation of the f3-
adrenergic agonists has been suggested for this effect (67).

The final step in the lipolytic pathway is the efflux of FA and glycerol into the cir-
culation. FA are transported across the membrane by passive diffusion (66). In ad-
dition, several FA transporters facilitate the transport of FA through the plasma
membrane (19). Nevertheless, their role in efflux of FA is poorly documented. On
the other hand, aquaporin-7 (AQP7) appears to be one of the main channels for
alycerol release from adipocytes (73).

1.2 The lipolytic pathway in skeletal muscle

As illustrated in Figure 2, skeletal muscle lipolysis is differently regulated than
adipose tissue lipolysis. In skeletal muscle, only the {3;-adrenoceptor subtype is of
importance for regulation of catecholamine-induced lipolysis (64, 116). In addition,
no effect of ANP on in vivo skeletal muscle glycerol release has been observed,
suggesting catecholamines are the major lipolytic hormones in skeletal muscle (10).
Furthermore, HSL protein expression has been demonstrated in human skeletal
muscle. This represents HSL in myocytes and not HSL originating from interlaced
adipocytes (77, 104, 106). HSL expression is higher in muscles containing pre-
dominantly type 1 and 2a fibers, and HSL expression correlates with the muscle
TAG concentration and oxidative capacity (106). The effect of catecholamines on
skeletal muscle HSL phosphorylation and activity will be discussed in paragraph
1.3.1. Beside HSL, ATGL may play a pivotal role in skeletal muscle lipolysis, since
ATGL deficient animals show significant TAG accumulation 1n skeletal muscle
(Table 1) (63). Accordingly, ATGL mRNA expression has been demonstrated in
skeletal muscle of rodents (214). However, up to now, ATGL protein expression in
human skeletal muscle has not been shown.

14)
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Figure 2. The lipolytic pathway in myocytes. Catecholamines and contraction can phosphorylate and
activate hormone-sensitive lipase (HSL). (1) The effect of catecholamine on HSL phosphorylation and
activation is mediated by adrenoceptors (ADR) and PKA. At the present it is unclear which of the PK A
phosphorylation sites are important in mediating the effect of catecholamine on muscle HSL activity.
(2) During muscle contraction intracellular caleium (Ca") concentration increases. Calcium can
phosphorylate HSL through activation of two kinases. (3) Calcium/calmoduline-dependent kinase [l
(CaMKII) rather inhibits than promotes HSL activity, (4) In contrast, protein kinase C (PK.C)
phosphorylates and activates HSL through the ERK pathway. (5) Furthermore, muscle contraction
increases AMPK activity resulting in an increased HSL phosphorylation but no increased HSL activity.
(6) In addition to HSL, the recently discoverd adipose triglyceride lipase (ATGL) and its co-factor CGI-
58 might play a role in skeletal muscle lipolysis. (7) In contrast to adipose tissue, perilipin is not
expressed in muscle. It is suggested that the predominant lipid droplet associated proiein in skeletal
muscle is adipocyte differentiation-related protein (ADRP/adipophilin/ADPH). (8) AQP7 is expressed
in skeletal muscle and might mediate glycerol efflux from skeletal muscle.

Muscle lipolysis is to lesser extent under hormonal control of insulin but may be
more regulated by substrate supply (207). This seems to be suppotted by recent
studies showing no apparent suppression of in vivo skeletal muscle l1polysis by ei-
ther insulin or glucose in lean and obese subjects (18, 128). However, in type 1 dia-
betic subjects combined hyperinsulinemia and hyperglycemia but not hyperinsu-
linemia alone, suppresses human skeletal muscle lipolytic activity in vivo (150).
The molecular basis for this tissue-specific variation in lipolysis regulation by insu-
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lin is not known. Different phosphodiesterase subtypes in adipose tissue and skele-
tal muscle could be involved (36).

Beside lipases also lipid droplet associated proteins are expressed in skeletal mus-
cle. Perilipin protein expression has been demonstrated in human skeletal muscle,
although levels were substantially lower than those observed in adipose tissue (65).
It may be argued that this perilipin expression is originating from interlaced adipo-
cytes. The predominant lipid droplet associated protein in human skeletal muscle
has been suggested to be Adipose Differentiation-Related Protein (ADRP) (human
orthologue called Adipophilin (ADPH)) (144). In contrast to its function in adipo-
cytes, skeletal muscle ADRP might play a role in hormone-stimulated lipolysis
(145). Finally, AQP7 expression has been demonstrated on the surface of human
type 1 and 2 muscle fibers (202). However, more research is needed to elucidate the

physiological role of muscle AQP7 expression in glycerol efflux from skeletal mus-
cle.

Table 1. Phenotypic characteristics of lipase and lipid droplet associated protein deficient animals

S T ot

HSL /- ATGL-/- (63) Perilipin -/-  ADRP -/~ (26)

Body weight = (132, 138, 140, ) =(125, 193) ==
143, 159,213)
Fat mass | =WAT (138, 213) TWAT L (125, 193) =
tBAT (138) 1BAT
Lean body mass = = t(125, 193) =
Whole-body insulin sensitivity $ (132, 159) } L (164, 193) =
= (140, 200) =(125)

b (143)
AT insulin sensitivity $ (132)

= (140)
SM insulin sensitivity { (132)

= (140)
Basal lipolysis } (138) = t (125, 193) =
Catecholamine-induced | (132, 138) | L(125, 193) =
lipolysis
TAG hydrolyse activity ) (WAT) (138) ) (WAT)

= (BAT) | (BAT)

| (SM, liver)

DAG hydrolyse activity s (WAT) (132) } (WAT) (125)

= (M)

= (liver)

AT, adipose tissue; SM, skeletal muscle; TAG, triacylglycerol; DAG, diacylglycerol; WAT, white
adipose tissue; BAT, brown adipose tissue.
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Figure 3. The classic lipolytic picture revisited The first ester bound in a TAG molecule is
predominantly hydrolyzed by the recently discovered adipose triglyceride lipase (ATGL), providing
DAG substrate for the subsequent action of hormone-sensitive lipase (HSL) resulting in the conversion
of DAG into MAG. HSL has also TAG hydrolyse activity, although lower than its DAG hydrolase

activity. Finally, monoacylglycerol lipase (MGL) 1s necessary for the complete hydrolysis of MAG into
one fatty acid (FA) and glycerol (G).

1.3 The lipolytic picture revisited: a new lipase enters the picture

For more than 30 years, HSL has been seen as the rate-limiting lipase for TAG hy-
drolysis. So far three isoforms of HSL have been 1dentified, ranging in size from 84
to 130kDa (78, 79, 118, 131) hydrolyzing all acylglycerols: (50, 137, 197). How-
ever, the activity against diacylglycerol (DAG) is higher than the activity against
TAG and monoacylglycerol (MAG), by 10-12 fold and 5-10 fold, respectively (49,
137). The rate-limiting role for HSL in TAG hydrolysis has been further challenged
by data from HSL deficient animals (Table 1). In these animals TAG lipase activity
in white adipose tissue (WAT) was reduced by only 50% and an increased DAG
accumulation was found in adipose and non-adipose tissues (e.g. skeletal muscle
and liver) (132, 138). These data indicated that HSL is not rate-limiting for TAG
breakdown, but for DAG breakdown, which suggested the existence of one or more
lipases primarily involved in TAG breakdown. Recently, three independent groups
1dentified a patatin domain containing lipase and called it respectively ATGL

[17
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(MW~56 kDa) (214); desnutrin (198); calcium-independent phospholipase A,
[zeta] (IPLA¢) (87). In contrast to HSL, this lipase exhibits high substrate specific-
ity for the hydrolysis of TAG. Together ATGL and HSL are responsible for more
than 95% of the TAG hydrolase activity present in murine WAT (170). Additional
known or unknown lipases appear to play only a quantitatively minor role in fat cell
lipolysis. Finally, monoacylglycerol lipase (MGL; MW~33kDa) is necessary for the
complete hydrolysis of MAG into one FA and glycerol molecule (51). In contrast to
HSL and ATGL, MGL is not under hormonal control. Taken together, in the re-
vised lipolytic picture every step requires its own distinct lipase, as illustrated in
Figure 3. Next the regulation of HSL (paragraph 1.3.1) and ATGL (paragraph
1.3.2) activity and their respective role in human lipolysis will be discussed in more
detail.

1.3.1 Regulation of HSL activity

In adipose tissue catecholamines increase HSL activity by reversible phosphoryla-
tion and translocation from the cytosol to the lipid droplet. (23, 34, 83). PKA phos-
phorylates HSL on at least three serine residues: Ser’™, Ser”™ and Ser®®. Muta-
tional exclusion of Ser”” and Ser®® completely abolishes activation and transloca-
tion of HSL, suggesting these sites to be the major PKA phosphorylation sites, at
least in adipocytes (2). Furthermore, Ser’® appears to be phosphorylated at a high
degree in unstimulated adipocytes and in vifro phosphorylation of this site does not
affect HSL activity, suggesting this site is involved in basal unstimulated lipolysis
(183). Moreover, phosphorylation of Ser’® prevents subsequent phoshorylation of
Ser®; suggesting that phosphorylated Ser’® has an antilipolytic effect (55).

Beside PKA also protein kinase C (PKC) 1s involved in the lipolytic action of
catecholamines. PKC increases HSL activity through phaslghory]ation of Ser®, at
least in 3T3-L1 adipocytes (58). Phosphorylation of Ser®” in primary adipocytes
remains to be demonstrated. Activation of both the PKA and PKC pathway in 3T3-
L1 adipocytes leads to HSL phophorylation at a similar degree. In contrast, perilipin
1s phosphorylated to a lower extent by PKC, explaining that the net effect of PKC in
3T3-L1 adipocytes 1s moderate (52). Interestingly, both the PK A and PKC pathway
do not nfluence one another and act synergistically in terms of lipolysis (52). It
remains to be determined which mechanisms are involved in this synergy

Like in adipose tissue the effect of catecholamines on HSL in skeletal muscle is
mediated by B-adrenoceptors and PKA (106). At the present, however, it is unclear
which of the PKA phosphorylation sites on HSL are important in mediating the ef-
fect of catecholamines on in vivo muscle HSL activity. Beside catecholamines, con-
traction can activate skeletal muscle HSL. Both stimuli have partially additive ef-
fects on HSL activity in muscle, indicating that catecholamines and contraction ac-
tivate HSL by at least partly different signalling mechanisms (103). During muscle
contraction HSL activation is triggered by an increased intramuscular calcium con-
centration and phosphorylation (105). From studies in adipocytes it is known that
calcium/calmoduline-dependent kinase II (CaMKII) phosphorylates HSL Ser’®”.
This rather inhibits than promotes HSL activity (54). Nevertheless, calcium might
also promote HSL activity via PKC mediated phosphorylation of HSL Ser®” (58).
Furthermore, HSL activity does not increase during exercise in adrenaline-deficient
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and adrenalectomised patients (9%). However, when adrenaline is infused to mimic
normal exercise levels, HSL activity increased. This suggests that beside contrac-
tion-related mechanisms, also adrenaline is important for HSIL activation during
exercise (981, Finally, it has been shown that the exercise induced rise in HSL activ-
ity 1s completely abolished after glucose ingestion, suggestimy that also hypergly-
cemia can play an important role in mediating muscle HSL activity (20:4).

Beside phosphorylation, proper action of HSL relies upon proteins that are not di-
rectly involved in the catalvtic proceses. It has been shown that the N-terminal do-
main  of HSL interacts  with  Adipocyte Fatty Acid Binding  Protein
(AFABP/FABP4/aP2), the major fatty acid binding protein (FABP) in adipocvtes
(Figure 1) (X8, 174, 178). AFABP/aP2 plays two roles in lipolysis. Firstly,
AFABP/aP2 favours a rapid evacuation of the FA to the circulation, which is inde-
pendent of physical association with HSL (17%). Secondlv, AFABP/aP2 with a
bound FA serves a regulatory role in lipolysis by associating with the activated
phosphorylated HSL on the surface of the lipid droplet (i.c. feedback inhibition)
(178). Consistent with a regulatory role of AFABP/aP2 in lipolysis is the observa-
tion that primary adipocytes isolated from AFABP/aP2 deficient mice exhibit de-
creased basal and catecholamine stimulated lipolvsis in most studies (27, 165, 194)
but not alt (172). FABP4/aP2 expression has also been shown in human skeletal
muscle (42). However, its role in skeletal muscle lipolvsis and FA efflux is unclear.
Finally, it has been shown in 3T3-L1 adipocytes that upon phosphorviation HSL
can interact with the protein lipotransin, which serves to dock the lipase at the outer
surface of the lipid droplet (187). Once lipotransin is bound, it can undergo a cycle
of ATP hydrolysis, permitting the dissociation of HSL and its direct association
with the lipid droplet. It is not known which of the HSL phosphorylation sites con-
trol the binding of HSL to lipotransin. Interestingly, lipotransin is highly expressed
in human skeletal muscle (187). It remains to be elucidated whether skeletal muscle
lipotransin is also a HSL-interacting protein.

[.3.2 Regulation of ATGL activity

Insufficient time has passed since the discovery of ATGL to fully understand the
nature of its regulation. However, from the limited data available, it appears that
ATGL 1s regulated differently than HSL. ATGL is tightly associated with the intra-
cellular lipid droplet of the adipocyte (87, 198, 214) and the amount of lipid droplet
associated ATGL is unaffected by f-adrenergic stimulation. In addition, ATGL can
be phosphorylated but in contrast to HSL this is not mediated by PKA (214). These
observations suggest that ATGL is not directly activated by phosphorylation and
translocation to the lipid droplet as demonstrated for HSL. Instead, an activator pro-
tein regulates ATGL activity: CGI-58 (comparative gene identification 58:; MW
=39 kDa) (111). CGI-58 is expressed in a wide variety of tissues (e.g. testis > adi-
pose tissue > liver = muscle) (111) and ATGL seems to be the sole target for CGI-
& mediated activation of lipolysis in adipose tissue (111, 170). Interestingly, in
adipose tissue CGI-58 binds to the intracellular lipid droplet by interaction with
pertlipm A (185, 210). In response to PKA stimulation, perilipin is phosphorylated
and CGI-58 1s released from the lipid droplet, thereby becoming available for bind-
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ing to ATGL and resulting in an increased TAG hydrolysis (185). The reversible
binding of CGI-58 to perilipin could potentially represent an indirect PKA-
dependent mechanism controlling ATGL activity. Interestingly, CGI-58 also inter-
acts with ADRP in cell lines lacking perilipin like CHO cells (210). Since ADRP 1s
the predominant lipid-droplet associated protein in skeietal muscle, the interaction
between CGI-58 and ADRP might play an important role in the regulation of ATGL
activity in skeletal muscle.

Furthermore, the role of ATGL in basal and catecholamine-stimulated lipolysis 1s
under debate. In murine adipose tissue it was shown that ATGL markedly augments
basal and isoprenaline~-stimulated lipolysis (214). Moreover, adipose tissue of
ATGL and HSL deficient mice showed residual basal lipolysis and dramatically
reduced isoprenaline-mediated lipolysis (Table 1) (63, 132, 138), suggesting that in
adipose tissue of rodents both HSL and ATGL are involved in catecholamine-
stimulated lipolysis. In contrast to murine adipose tissue, the role of ATGL 1 hu-
man adipose tissue lipolysis remains to be elucidated.

2. Adipose tissue lipolysis in obesity

The obese state 1s characterized by increased fat storage in adipose tissue. Catecho-
lamine resistance of lipolysis might be responsible for the development and mainte-
nance of increased adipose tissue stores and obesity, as will be discussed in para-
graph 2.3. Furthermore, increased adipose tissue mass increases circulating FA
levels in obesity. This might be due to mass action or a diminished inhibition of
adipose tissue lipolysis by insulin (see paragraph 2.1 and 2.2). As mentioned be-
fore, elevated FA levels have many adverse metabolic effects and are associated
with an increased risk for the development of insulin resistance, type 2 diabetes and
cardiovascular diseases. Finally, regional differences in the regulation of lipolysis
have implications for differences in body fat distribution between genders and obe-
sity-related metabolic abnormalities (see paragraph 2.4).

2.1 Fasting lipolysis

The obese state is often associated with elevated circulating fasting FA concentra-
tions (136). However, if all excess fat liberates FA at the same rate as in lean sub-
jects, circulating FA concentrations in obesity would be much higher than observed
(46). This indicates that the increased FA concentration in obesity i1s not propor-
tional to the increased fat mass. One possible explanation is that adipose tissue
lipolysis is considerably down-regulated in obesity, Indeed, in vivo after an over-
night fast, the systemic FA and glycerol flux expressed per unit fat mass has been
reported to be decreased in obesity in most (11, 24, 80, 81, 89) but not all studies
(12). However, data are not entirely consistent. Using in sifu microdialysis, no dif-
ference in subcutaneous adipose tissue lipolysis was observed between obese and
lean subjects after an overnight fast (18, 86, 166). In contrast fo in vivo and in situ
studies, in vitro studies showed that obesity is accompanied by increased basal
(non-stimulated) lipolysis in abdominal subcutaneous adipocytes when expressed
per number of cells, but nearly normal values are found when related to weight of
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the fat cell (108). One possible explanation for this apparent discrepancy is the
strong mfluence of adipocyte size on basal lipolytic rate, which increases with adi-
pocyte size (108).

It has been argued that a down-regulation of adipose tissue lipolysis is attributable
to the fasting hyperinsulinemia in obesity, which may be advantageous by prevent-
Ing massive increases in circulating FA levels. Likewise, fasting insulin concentra-
tions are inversely related to FA output from adipose tissue (94). Furthermore, li-
pase expression seems to be associated with hyperinsulinemia and insulin resis-
tance. ATGL and HSL mRNA expression is down-regulated by insulin in 3T3-L1
adipocytes (96, 97, 100). Secondly, HSL and ATGL mRNA expression 1s decreased
in animal models for insulin resistance (96, 188). Moreover, improvement of insulin
sensitivity, using the PPAR-y agonist rosiglitazone, results in significantly increased
ATGL (173) and HSL mRNA expression in adipose tissue of these mice (41). In
contrast to the effect of hyperinsulinemia and insulin resistance. there are indica-
tions that a decreased lipase expression and down-regulation of adipose tissue

lipolysis might be an early or even primary defect in obesity, as will be discussed in
more detail in paragraph 4.1.

2.2 Insulin sensitivity of adipose tissue lipolysis

An impaired sensitivity to the antilipolytic effect of insulin might have profound
metabolic effects during fasting and postprandial conditions. A characteristic of the
obese insulin resistant state is hypersecretion of insulin, even under normal physio-
logical circumstances. Moreover, a stronger insulin resistance of adipose tissue
lipolysis in obesity has been shown in a number of in vivo studies. A diminished
suppressive effect of insulin on whole-body FA and glycerol turnover during a
stepwise euglycemic hyperinsulinemic clamp was shown in obese and non-obese
insulin resistant subjects (1, 24, 91), type 2 diabetic subjects (59, 61), and even glu-
cose tolerant first-degree relatives of patient with type 2 diabetes (62). In addition,
in vivo adipose tissue HSL and lipoprotein lipase (LPL) are not suppressed nor-
mally by insulin postprandially in obese subjects (29). This insulin resistance of
adipose tissue lipolysis might be regarded as a biological adaptation prevailing hy-
perinsulinemia in obesity (46).

In contrast to insulin resistance of adipose tissue lipolysis, some in vivo studies
show that plasma FA and glycerol turnover expressed per kilogram fat mass is nor-
mally suppressed by insulin in obese subjects (60, 158). Moreover, in vitro experi-
ments with isolated subcutaneous adipocytes display similar dose-response curves
of insulin with respect to antilipolysis in non-obese first-degree relatives of type 2
diabetic subjects (38), obese and lean control subjects (5, 121), suggesting lipolysis
1s normally sensitive for insulin. Therefore, more in vivo research is needed on the
effect of insulin on adipose tissue lipolysis under different insulin resistant condi-
tions to resolve this apparent controversy.

2.3 Catecholamine-induced lipolysis

In vivo a blunted whole-body catecholamine-induced lipolysis has been observed in
obese subjects (14, 15, 28, 81, 89, 205). In vitro studies suggest that the site of this
catecholamine resistance is abdominal subcutaneous adipose tissue (155). Some
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(81) but not all (20, 166) ir sifu microdialysis studies support this. However, real irn
vivo evidence for the presence of catecholamine resistance in subcutaneous adipose
tissues of obese subjects is lacking. Several receptor and post-receptor defects n the
lipolytic signal transduction pathway are likely to be involved in the observed
catecholamine resistance. First, in vitro (155) and in vive (168) studies suggest that
catecholamine resistance of abdominal subcutaneous adipose tissue lipolysis is re-
stricted to the f}.-adrenoceptor, which may be due to a decreased number and func-
tion of Pr-adrenoceptors (155). Secondly, a decreased HSL expression and activity
In subcutaneous adipose tissue of obese subjects (110, 119), or the presence of a
catalytic inactive form of HSL might partly explam the blunted lipolysis in this adi-
pose tissue depot of obese subjects (112, 1353). Likewise, HSL deficient mice show
a blunted isoprenaline-induced lipolysis 1n adipocytes (Table 1) (132, 138). These
animals are lean despite the fact that they show increased lipid storage (i.e. DAG)
and signs of impaired insulin sensitivity in adipose tissue (132, 138). However, as
illustrated in Table 1, data of HSL deficient mice with respect to adipose tissue and
whole-body nsulin sensitivity are conflicting (140, 143, 159, 200). Differences in
genetic background of HSL deficient mice and study design (in vitro vs. in vivo)
might contribute to this apparent discrepancy. In contrast to HSL, the expression of
ATGL protein in adipose tissue of obese subjects has not yet been investigated.
However, ATGL deficient mice show mild obesity and have a reduced isoprena-
line-induced lipolysis, suggesting ATGL might contribute to the catecholamine re-
sistance and increased TAG storage in obesity, at least in mice (63). In contrast to
murine adipose tissue, the exact role of ATGL in human adipose tissue lipolysis is
unknown. So, more research is needed to find out whether ATGL is involved in
basal and/or catecholamine-induced lipolysis in human adipose tissue and whether
ATGL expression i1s impaired in obesity.

2.4 Body fat distribution

Regional differences 1 adipose tissue lipolysis could contribute to differences in
body fat distribution between genders. Gluteal adipocytes from women tend to be
larger than those from men, and when they are, higher basal lipolytic rates are
found (126, 156, 201). However, basal lipolytic rates in adipocytes from equal size
have been repoted to be comparable between sites and gender (114). Furthermore,
in vivo fasting FA release (expressed per kg fat mass) from upper-body adipose tis-
sue (1.e. abdominal subcutaneous) is significantly higher than lower-body (e.g.
gluteal) FA release in both men and women (92, 192). These data indicate that re-
gional differences in fasting lipolytic rate are not a mechanism for differences in
body fat distribution between men and women. Instead, differences in catechola-
mine-induced lipolysis might be mvolved, since in vifro and in vivo studies demon-
strated a less pronounced lipolytic effect of catecholamines in the lower-body de-
pots in women compared with men (90), most probably due to an increased number
of az-adrenoceptors (156). Furthermore, upper-body adipocytes are more sensitive
to catecholamine stimulation than lower-body adipocytes in both men and women
(201).

In contrast to upper-body obesity, lower-body obesity has been associated with a
more favourable metabolic profile (25, 69, 179, 196). Indeed, upper-body fat is the
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major contributor to circulating FA and the major source of excess FA release in
obesity (99, 124, 133). Moreover, abdominal subcutaneous adipocytes have greater
basal lipolytic rate than visceral adipocytes of equal size (70). Therefore, the upper-
body subcutaneous fat region is more likely to be implicated in the increased SyS-
temic FA concentrations than upper-body visceral fat. Accordingly, FA released by
the visceral depot contributes only a small percentage to circulating FA (133).
However, increasing amounts of visceral fat probably result in a greater hepatic FA
delivery, contributing to hepatic insulin resistance (133).

3. Skeletal muscle lipolysis in obesity

Beside an increased TAG storage in adipose tissue, the obese state is characterized
by increased intramuscular TAG (IMTAG) storage (177). A strong link between
mcreased IMTAG stores and skeletal muscle insulin resistance has been shown in
lean and obese subjects (85, 101, 139, 141). Recent studies, however, have indi-
cated that the accumulation of lipid intermediates (e.e. DAG and ceramides), and
not TAG per se, might be the direct link with skeletal muscle insulin resistance,
through interference with insulin signaling (142). Increased lipid storage in skeletal
muscle of obese subjects may be due to an imbalance between FA uptake and oxi-
dation. Weight reduction does not seem to improve skeletal muscle FA oxidation,
suggesting this disturbance to be a primary factor leading to the development of
increased IMTAG stores in obese and type 2 diabetic subjects (16, 175, 176). Al-
though conflicting data are around in literature, mitochondrial dysfunction might be
responsible for this diminished oxidative capacity (8, 22). Beside lipid overflow and
a reduced FA oxidation, disturbances in the regulation of skeletal muscle lipolysis
may play an important role in the increased accumulation of lipids and lipid inter-
mediates in skeletal muscle of obese subjects, as will be discussed next,

3.1 Fasting and catecholamine-induced lipolysis

/n situ microdialysis has shown that fasting glycerol release is comparable from
gastrocnemius muscle of lean and obese subjects (18). However, marked differ-
ences 1n lipolytic activity among skeletal muscle group are found during fasting
conditions (65). The highest lipolytic activity is found in muscles with a high por-
tion of slow-twitch oxidative type 1 fibers, these muscle may need an endogenous
source of fatty acids to a greater extent (e.g. endurance performance) than muscles
with a relatively high content of fast-twitch, glycolytic type 2 fibers.

Although in vivo evidence is rare, a blunted increase in interstitial glycerol and local
blood flow has been shown in gastrocnemius muscle of obese compared with lean
subjects during local infusion of the B,-agonist salbutamol (13). These data suggest
a blunted catecholamine-induced lipolysis in skeletal muscle of obese subjects. Dif-
ferences in muscle fiber type composition and B>-adrenoceptor sensitivity between
lean and obese subjects might partly explain the blunted catecholamine-induced
lipolysis in skeletal muscle of obese subjects (74, 134). At the present, however, it
1s not known whether downstream disturbances in the lipolytic pathway are respon-
sible for this blunted catecholamine-induced lipolysis in skeletal muscle of obese
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subjects. A reduced HSL expression, phosphorylation and activity are likely to be
involved. Beside HSL, ATGL might be involved in skeletal muscle lipolysis. At the
present ATGL protein expression in human skeletal muscle has not been shown and
its role in lipolysis is under debate. However, it is tempting to speculate that an im-
balance between ATGL and HSL expression might resuit in incomplete lipolysis
and enhanced accumulation of lipid intermediates in skeletal muscle of obese nsu-
lin resistant subjects. In accordance, HSL deficient mice show an increased DAG
storage and signs of impaired skeletal muscle insulin sensitivity (Table 1) (132,
138), while ATGL deficient mice that have increased TAG accumulation n skeletal
muscle show improved insulin sensitivity (Table 1) (63). This highlights the impor-
tance of lipid intermediates in the development of insulin resistance.

4. Impaired catecholamine-induced lipolysis in the obese insulin re-
sistant state: cause or consequence?

An 1mpaired catecholamine-induced lipolysis might be a primary causative factor in
the development of increased fat storage in adipose and non-adipose tissues of
obese subjects (see paragraph 4.1). Alternatively, it might be more a secondary
consequence of the obese state, a protective mechanism preventing excessive FA
outflow in the circulation (see paragraph 4.2).

4.1 A blunted lipolysis as cause for obesity

It has been shown that an impaired catecholamine-induced lipolysis did not improve
after weight reduction (15), is a feature of childhood onset obesity (21, 37) and is
already present in adipocytes from first-degree relatives of obese subjects (71).
These data indicate that catecholamine resistance of lipolysis may be an important
early, even primary factor, for the development of increased fat stores in obesity.
More evidence that a blunted lipolysis may be an early primary factor in obesity
comes from polymorphisms in genes encoding key proteins of the lipolytic path-
way. As will be discussed next, these polymorphisms are associated with a blunted
catecholamine-induced lipolysis in adipocytes from obese subjects.

Several Bz-adrenoceptor gene (ADRBZ2) polymorphisms affect receptor fiinction ir
vitro (56, 127). One 1s located at codon 16 substituting arginine for glycine
(Argl6Gly). Two others are located at respectively codon 27 and 164 substituting
glutamic acid for glutamine (GIn27Glu) and isoleucine for threonine (Thr164lle). Ir
vitro studies showed that genetic variation in codon 16, 27 and 164 of the ADRB?2
gene 15 associated with a blunted catecholamine-induced lipolysis and obesity, al-
though this has not been confirmed in all subsequent studies (76, 109, 160). More
recently, specific ADRB2 gene haplotypes have been associated with receptor ex-
pression, in vifro sensitivity to catecholamine-induced lipolysis and obesity (32, 39,
93).

f-adrenoceptors signal via G-proteins. /n vitro studies indicated that allele 825T in
exon 10 of the gene that encodes the G-Protein Ps-subunit (GNB3) is associated
with a decreased amount of Gpj in adipocytes, thereby inhibiting signaling through
B1-, B2-, and az-adrenoceptors. This resulted in decreased catecholamine action in
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1solated subcutaneous adipocytes of male and female obese subjects (163). Fur-
thermore, this allele is associated with obesity in several, but not all, studied popu-
lations (9, 68, 181).

TAG and DAG hydrolysis is mediated by HSL and the recently discovered ATGL.
A decreased HSL expression and activity has been found in adipose tissue of non-
obese first-degree relatives of obese subjects, suggesting a decreased HSL expres-
ston to be an early even primary defect in obesity (71, 110, 119). A HSL promoter
vanant, -60C>Q, has been associated with a 40% reduced promoter activity in vitro
(190). This polymorphism has opposite effects on adiposity in different populations
(53, 191). Furthermore, a dinucleotide (CA), repeat polymorphism in intron 6 of the
HSL gene is associated with obesity, type 2 diabetes and a decreased in vitro
catecholamine-induced lipolytic response in abdominal subcutaneous fat cells, be-
ing more pronounced in men than in women (75, 113, 123). Nevertheless, this
polymorphism is unlikely to result in functional conformational changes or to act
alone.

Furthermore, genetic variation in the PNPLAZ2 gene, encoding ATGL, 1s associated
with fasting FA and glucose levels, and type 2 diabetes, suggesting a role for the
PNPLA2 gene 1n the pathway of the metabolic syndrome. (169). However, indi-
viduals with mutations in the PNPLA2 (ATGL) and ABHDS (CGI-58) gene have
neutral lipid storage disorders but are not obese, (43, 111). At the present the role of
ATGL in human lipolysis is unclear and it is not known whether polymorphisms in
the PNPLA2 and ABHDS5 gene are associated with a blunted in vitro and in vivo
lipolysis in obesity.

Finally, perilipin protects the lipid droplet from being hydrolyzed by lipases. A
polymorphism in intron 6 of the Perilipin (PLIN) gene (11482G>A) is associated
with decreased perilipin protein content and an increased in vitro basal and catecho-
lamine-induced lipolysis in adipocytes from obese compared with lean female sub-
jects (130). However, data on perilipin A and B expression in human subcutaneous
adipose tissue of obese subjects are conflicting (95, 203). In contrast to human data
(130), perilipimn deficient mice showed a blunted catecholamine-induced lipolytic
response 1n tsolated adipocytes, due to a diminished HSL translocation (Table 1)
(125, 189, 193). The reason for this apparent discrepancy between mice and human
is not clear at this time. Furthermore, additional intronic polymorphisms in the
PLIN gene have been reported to be associated with the obese phenotype and resis-
tance to weight loss following a low-energy diet (30, 148, 149).

Taken together, there are indications that early genetic defects in the lipolytic path-
way contribute to catecholamine resistance of lipolysis and excessive fat accumula-
tion in obesity. However, evidence for the association of genetic variation with a
blunted in vivo catecholamine-induced lipolysis is lacking.

4.2 A blunted lipolysis as biological adaptation to hyperinsulinemia

Alternatively, a blunted catecholamine mediated lipolysis can be more a conse-
quence of obesity, decreasing FA outflow from adipose tissue so the body is not
swamped with excess FA that can worsen the insulin resistant state. An increased
adipose tissue mass in obesity may deliver more FA nto the circulation, resulting in
increased circulating FA concentrations when compared with lean subjects. How-
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ever, this is not found in all studies and observed circulating FA concentrations
were lower than expected if all excess fat had been liberating FA (99, 146). As
mentioned before in paragraph 2.1 and 2.2, tracer studies have shown that fasting
FA release per unit fat mass is almost halved in obese compared to lean subjects,
and this decrease was associated with fasting hyperinsulinemia (24). Likewise, fast-
ing insulin concentrations are inversely related to FA output from adipose tissue
(94). Furthermore, chronically high insulin levels, like observed in obese insulin
resistant subjects, inhibit B-adrenoceptors from activating PKA (211). Nevertheless,
it seems unlikely that the blunted catecholamine-induced lipolysis observed 1n obe-
sity is just due the confounding influence of hyperinsulinemia. Indeed, a blunted in
situ lipolytic response to catecholamine stimulation in abdominal subcutaneous adi-
pose tissue of obese women was still observed when the confounding influence of
hyperinsulinemia was excluded using a pancreatic hormonal clamp (81). However,
it should be mentioned that both primary disturbances and secondary adaptational
responses might coexist in obesity.

5. Outline of the thesis

This thesis describes a variety of human in vifro and in vivo studies designed to in-
vestigate lipolytic regulation n adipose tissue and skeletal muscle of obese subjects.
The first step n this thesis was to elucidate whether in vivo beta-adrenoceptor me-
diated lipolysis is blunted in abdominal subctaneous adipose tissue (chapter 2) and
forearm skeletal muscle (chapter 5) of obese compared with lean men. Local adi-
pose tissue and forearm skeletal muscle lipolyis was investigated using the meas-
urment of arterio-venous concentration differences in combination with [Hs]-
glycerol tracer methodology before and during (-adrenergic stimulation with the
non-selective B-agonist isoprenaline. A pilot study was performed initially to de-
termine the time period necessary for obtaining a steady-state in glycerol enrich-
ment in both arterialized and venous blood draining from adipose tissue and skeletal
muscle, since a lack of isotopic equilibration may explain previous discrepant find-
ings on glycerol uptake (chapter 2 and 5). Recently, the lipolytic picture has been
revisited by the identification of a new lipase called ATGL (214). However, the role
of ATGL and HSL in basal and catecholamine-induced lipolysis in human is under
debate. For this reason, we looked in chapter 3 at the respective role of HSL and
ATGL on in vitro basal and catecholamine-induced lipolysis m human adipocytes
of lean and obese subjects, using RNA interference methodology. To explain our in
vivo findings on the molecular level, and to look at the respective role of fat mass
and insulin resistance on adipose tissue ATGL and HSL mRNA and protein expres-
sion we studied a group of subjects with a broad range of insulin sensitivity and fat
mass (chapter 4). Skeletal muscle HSL protein expression and phosphorylation at
different serine residues was investigated in obese compared with lean subjects
(chapter 5). Beside HSL, ATGL might play a pivotal role in skeletal muscle lipoly-
sis, since ATGL deficient animals show significant TAG accumulation in skeletal
muscle (63). For this reason we investigated whether ATGL protein is expressed in
human skeletal muscle (chapter 6). To elucidate its potential physiological role we
looked whether ATGL expression in human skeletal muscle 1s fiber type specific
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(chapter 6). Finally, we investigated whether the observed differences in the
lipolytic pathway between obese and lean subjects might be genetically determined.
Therefore we examined the effect of genetic variation in the Br-adrenoceptor gene
(ADRB2), the G-Protein Bs-subunit gene (GNB3) (chapter 7) and the HSL gene
(chapter 8) on in vivo lipolysis and fat oxidation in overweight and obese subjects.

In chapter 9, the results are discussed in a broader perspective and implications for
future research are given.
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Abstract

Background: Obesity is characterized by increased triacylglyc-
erol (TAG) storage in adipose tissue. There is in vitro evidence
for a blunted beta-adrenergically mediated lipolytic response in
abdominal subcutaneous adipose tissue (SAT) of obese sub-
jects, and evidence for this at the whole-body level in vivo. We
hypothesized that the beta-adrenergically mediated effect on
lipolysis in abdominal SAT is also impaired in vivo i obese
humans.

Methods: We investigated for the first time in vivo whole-body
and abdominal SAT glycerol metabolism during 3h and 6h
[QHS]-glycerol infusion. Arterio-venous concentration differ-
ences were measured in 13 lean and 10 obese male subjects
after an overnight fast and during intravenous infusion of the

non-selective beta-adrenergic agonist isoprenaline (20ng. kg
FFM™. min™).

Results: Lean and obese subjects showed comparable fasting
elycerol uptake by SAT (9.7+3.4 vs. 9.3+2.5 % of total release,
P=0.92). Furthermore, obese subjects showed an increased
whole-body beta-adrenergically mediated lipolytic response. In
contrast, obese subjects showed a blunted fasting lipolysis
(glycerol Ra: 7.3+0.6 vs. 13.1x0.9 wmol. kg FM™. min™,
P<0.01) and beta-adrenergically mediated lipolytic response per
unit SAT (Atotal glycerol release: 140+71 vs. 394112 nmol.
100g tissue . min", P<0.05) compared with lean subjects. Fi-
nally, net TAG flux tended to increase in the obese during beta-
adrenergic stimulation (A net TAG flux: 75+32 vs. 16x11 nmol.
100g tissue™ . min™*, P=0.06).

Conclusions: The present study demonstrates that beta-
adrenergically mediated lipolytic response in abdominal SAT is
decreased in obesity. This may be an important factor in the
development or maintenance of increased TAG stores in obe-
sity.
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Adipose tissue lipolysis in obesity]

Introduction

Obesity 1s characterized by excess fat storage in adipose tissue, in the form of tria-
cylglycerol (TAG). A blunted fat mobilization, due to decreased adipose tissue
lipolysis, might be an important factor contributing to the development or mainte-
nance of the expanded adipose tissue mass in obesity. Fasting lipolysis per unit lean
body mass has been reported to be increased in obesity, whereas a decrease is re-
ported when expressed per unit fat mass (8). The hormonal regulation of lipolysis is
still under debate. There is strong evidence, from both in vitro and in vivo studies,
for the existence of lipolytic resistance to catecholamines in obese subjects. A
blunted whole-body catecholamine-induced lipolysis has been shown in vivo in
obese subjects (2, 16). This impaired lipolysis did not improve after weight reduc-
tion (3). Furthermore, a decreased lipolytic response to catecholamines is a feature
of childhood onset obesity (6, 10) and is also present in adipocytes from first-degree
relatives of obese subjects (15). These observations suggest that catecholamine re-
sistance of lipolysis may be an important early, and perhaps primary factor, in the
development of obesity. /n vitro catecholamine resistance of lipolysis was reported
in subcutaneous adipocytes of men and women with upper-body obesity, in relation
with a decreased cell surface density of f.-adrenoceptors (26). We hypothesized
that in vivo beta-adrenergically mediated lipolytic response in abdominal subcuta-
neous adipose tissue (SAT) is blunted in obese subjects. If so, this might contribute
to the increased fat storage in this adipose tissue depot.

To obtain an accurate estimation of lipolyis, state-of-the-art [EHS]-glycerol fracer
methodology m combination with the measurement of arterio-venous concentration
differences across abdominal SAT was used. Obese and lean male control subjects
were investigated after an overnight fast and during catecholamine stimulation us-
mg the non-selective beta-adrenergic agonist isoprenaline (ISO). The primary out-
come measures of the present study were glycerol rate of appearance (Ra) and glyc-
erol exchange across abdominal SAT. A methodological issue that arises when de-
termining local adipose tissue glycerol release is that it has been suggested that adi-
pose tissue may also take up small amounts of glycerol (19, 27). A pilot study was
performed initially to determine the time period necessary for obtaining a steady-
state 1 glycerol enrichment in both arterialized and venous blood draining from
adipose tissue, since a lack of isotopic equilibration may explain previous discrep-
ant findings on glycerol uptake (9, 18).

Subjects, materials and methods

Subjects

Three lean (2F/ 1M; BMI<25kg/m’) subjects participated in a pilot experiment dur-
ing which [*Hs]-glycerol enrichment was measured during 6h infusion in order to
determine the ume required for obtaining an 1sotop1c steady-state. Thirteen lean
(BMI<25 kg/m*) and ten obese (BMI=30 ke/m”) non-smoking normotenswe male
subjects participated in the actual SAT lipolysis study during which [*Hs]-glycerol
was infused for a 3h period. Clinical characteristics of the subjects are summarized
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in Table 1. Body weight and body density were determined after an overnight fast,
as previously described (12). All subjects were in good health as assessed by their
medical history, free of any medication and spent no more than 3h a week 1n orga-
nized sports activities. The Medical Ethical Committee of Maastricht University
approved the study protocol, and all subjects gave their written informed consent
before participating in the study.

Table 1. Clinical characteristics of the subjects

Lean (n=13) Obese (n=10)

Age (yr) 43:£3 54+3
BMI (kg/m’) 23.00.5 31.920.6 *
FM (kg) 15.2+0.8 32.4%1.2 *
WHR 0.91+0.01 1.01+0.01 *
SBP (mmHg) 126+3 137+4
DBP (mmHg) IEY 833
HQMAu{ 1.8+0.2 N 34403 %

BMI, body mass index (kg/m°); FM, fat mass (kg); WHR, waist to hip ratio; SBP, systolic blood
pressure (mmHg); DBP, diastolic blood pressure (mmHg); HOMA, homeostasis model assessment
for insulin resistance; (*) P<0.05 obese vs. lean; Values are mean=SEM.,

Experimental protocol

Pilot study The time course 1n [“Hs)-glycerol enrichment was determined to investi-
gate when steady-state levels were achieved (n=3). Glycerol enrichment was meas-
ured in arterialized blood and blood draining the abdominal subcutaneous adipose
tissue (adipose vein) durmg pnmed (3 umol.kg ) constant infusion for 6h of {"Hs]-

glycerol (0.20 pmol. kg min ). Blood samples were taken simultaneously from
the two sites, at baseline before the start of the tracer infusion (t0) and ten time
points during glycerol infusion (t60, t90, t120, t150, t180, t210, t240, t330, t345,
t360).

Whole-body and SAT lipolysis study Glycerol enrichment and exchange across ab-
dominal SAT were investigated dunng pmned (3 umol.kg "} constant infusion of
[*H;]-glycerol for 3h (0.20 pumol. kg min ) Followmg a 120 min baseline period,

ISO was infused at a rate of 20 ng. kg FEM™'. min™' for 60 minutes. During the ex-
periment, heart rate was recorded continuously by means of a three-lead electrocar-
diogram (ECG). When heart rate increased more than 40 beats/min or in case of
ECG irregularities, ISO infusion was stopped (n=2, one lean and one obese subject).

Before the start of the tracer infusion an arterialized blood sample was taken for
background enrichment. Furthermore, blood samples were taken simultaneously
from the arterialized and adipose vein at three baseline time points (190, t105 and
t120) and at three time points during the [ast 30 min of ISO infusion (t150, t165 and
t180). Adlpose tissue blood flow (ATBF) was monitored continuously using the
xenon ( Xe) wash-out technique (21). ATBF results have been published previ-
ously in another context (13).
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Clinical methods

All subjects were asked to refrain from drinking alcohol and to perform no strenu-
ous exercise for a period of 24h before the study. Subjects came to the laboratory by
car or bus at 8 a.m. after an overnight fast. Three cannulas were inserted before the
start of the experiment. Artertalized venous blood was obtained through a 20-gauge
cannula inserted retrogradely into a superficial dorsal hand vein. The hand was
warmed in a hotbox, which was maintained at 60 °C to achieve adequate arterializa-
tion (1). In the same arm, a second cannula was inserted in a forearm antecubital
vein for the infusion of [*Hs]-glycerol tracer and the non-selective beta-adrenergic
agonist isoprenaline (ISO) at a rate of 20ng. kg FFM". min”. At this infusion rate
plasma [SO concentrations are comparable in lean and obese subjects (2). Finally,
after identification of the veins on the anterior abdominal wall with a fiber-optic
light source, a 10-cm 22-gauge catheter (Central venous catheter kit Seldinger tech-
nique, Becton Dickinson BV, Alphen aan den Rijn, The Netherlands) was intro-
duced anterogradely over a guide wire into one of the superficial veins and threaded
towards the groin, so that its tip lay just supertor to the inguinal ligament, to obtain
adipose tissue venous blood (11). This provides the drainage from the adipose tissue
of the abdomen, uncontaminated by muscle drainage and with only a minor contri-
bution from skin (11). The adipose vein was kept patent by continuous saline (9 g/L
NaCl) infusion at a rate of 80 mL/h. The subjects rested in a supine position for the
duration of the study.

Analytical methods

A small portion of blood was used for the measurement of oxygen saturation
(Y%oHbO,) to ensure adequate arterialization (ABL510, Radiometer, Copenhagen,
Denmark). Blood was collected in tubes containing EDTA and immediately centri-
fuged for 10 min at 3000 rpm, 4°C. The plasma was removed for the enzymatic
colorimetric quantification of free fatty acids (NEFA C kit, Wako, Neuss, Ger-
many), glycerol (Boehringer Mannheim, Germany) and triacylglycerol (Sigma, St
Louis, USA) on a COBAS FARA centrifugal spectrophotometer (Roche Diagnos-
tica, Basal, Switzerland). Plasma glucose concentration (ABX Diagnostics, Mont-
pellier, France) was measured on a COBAS MIRA automated spectrophotometer
(Roche Diagnostica). Plasma insulin was measured with a double antibody radio-
immunoassay (Linco Research Inc., St. Charles, Missouri, USA). Insulin sensitivity
was assessed by the homeostasis model assessment index for insulin resistance
(HOMAR), calculated from fasting glucose and insulin (23). Hematocrit was meas-

ured using a microcapillary system (Hirschmann Laborgerite GmbH & CoKG,
Eberstadt, Germany).

Isotope enrichment

To determine isotopic enrichment of glycerol, samples first were derivatized. 1 mL
acetone was added to 150 uL. plasma and each tube was vortexed for 2 min and cen-
trifuged for 20 min at 3500 rpm, 4°C. The supematant was transferred to a clean
tube and dried under nitrogen at 37°C and derivatized by adding 30 uL ethyl acetate
(cat. no. 45765, Sigma-Aldrich GmbH, Seelze, Germany) and 80 uL heptafluorobu-
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tyric acid anhydride (HFAA, cat. no. 63164, Pierce Biotechnology, Rockford, IL,
USA). The tubes were vortexed for 2 min and incubated for 1h at 70°C. Samples
were than rotated for 5 min at 3000 rpm, 25°C and evaporated under nitrogen at
room temperature. 70 pL of ethyl acetate was added before injection into the GC-
MS (Finnigan MAT 252, Bremen, Germany) for measurement of glycerol enrich-
ment. Stable isotope enrichment was analyzed by selectively monitoring the mass-
to-charge ratio (m/z) of molecular ions 253 and 257 for glycerol (4).

Calculations

The net exchange (flux) of metabolites across abdominal SAT was calculated by
multiplying the arterio-venous concentration difference of metabolites by adipose
tissue plasma flow. Plasma flow was calculated as ATBF x (1-hematocrit), with
hematocrit expressed as a fraction. A positive net flux indicates net uptake from
plasma, whereas a negative net flux indicates net tissue release.

The expected adipose vein enrichment was calculated as arterialized enrichment
multiplied by arterialized glycerol concentration divided by the measured adipose
vein enrichment.

The rate of appearance (Ra) of glycerol was calculated according te the following
steady-state equation:

Ra (umol. kg™ min"' )= TTR”' x F

TTR is tracer/tracee ratio and F js the isotope infusion rate (wmol.kg™ .min™).

The fractional extraction (fract) of glycerol across abdominal SAT was calculated
by dividing the arterio-venous concentration difference of [“H;]-glycerol by the ar-
terialized [2H5]—glycerol concentration. Abdominal SAT total glycerol uptake was
calculated as follows:

Abdominal SAT total glycerol uptake = fract x [glycerol,,] x ATBF
were the units are nmol.100g tissue™ .min’"'; [glyceroly ] 1s arterialized glycerol con-
centration (umol/L); and ATBF 1s adipose tissue blood tflow (mL.100g tissue'l.min“l).
Abdominal SAT total glycerol release was calculated from the formula:

Abdominal SAT total glycerol release = abdominal SAT net glycerol flux — ab-
dominal SAT total glycerol uptake

Statistical analysis

Baseline fasting values and changes (delta beta-adrenergic stimulation to baseline)
were compared between groups (obese vs. lean) using Student’s unpaired t-test.
Statistical calculations were performed with SPSS for Macintosh (versionll.0;
SPSS inc., Chicago, IL, USA). Data are presented as mean =+ standard error of the
mean (SEM). P<0.05 was considered statistically significant.

44



Adipose tissue lipolysis in obesity]
Results

Obese subjects had significantly higher BMI, fat mass, waist-to-hip ratio and fasting
circulating TAG and insulin levels compared with lean subjects (Tables 1 and 2).

Table 2. Circulating (arterialized) metabolite levels during baseline (fasting) and isoprenaline infusion
in lean and obese subjects

Lean " Obese

Baseline (n=13) [SO (n=10) Baseline (n=10) [SO (n=7)
TAG (umol/L) 701266 64864 1464190 1 16674217 *
FFA (umol/L) 66141 94253 638242 112482 *
Glycerol (umol/L) 1025 [18x7 106:+4 14710 *
Glycerol Ra 199+12 311228 22015 39130
Glycerol Ra/FM 13.1x0.,9 20.9x1.6 7.3+£0.6 7 12.9+1,1 *
Glucose (mmol/L) 5.3+0.1 5.4+0.1 5.5+0.2 5.4+0.]
Insulin (mU/L) 7.2+0.6 10.7+0.9 13.6=1.0 24023 %

ISO, Isoprenaline; FFA, Free Fatty Acids; TAG, Triacylglycerol; Ra, rate of appearance {jumol. min™);
Ra/FM, rate of appearance per kg fat mass (umol. kg FM™. min™); () P<0.05 basline obese vs. lean,

(*) P<0.05 change (delta) from baseline obese vs. lean using Student’s unpaired t-test; Values are
Mean+SEM.

Tracer/tracee ratio

In the pilot experiment, the tracer/tracee ratios (I'TR) obtained during a 6h [*Hs]-
glycerol infusion after an overnight fast were examined (n=3). Arterialized and adi-
pose vein TTR reached a steady-state after 1h of mnfusion (Figure 1). Mean values
are presented since all subjects (n=3) showed the same pattern. The measured adi-
pose vein enrichment was consistently lower than the expected enrichment, imply-
ing uptake of glycerol by adipose tissue. In the actual SAT lipolysis experiment (3h
[“Hs]-glycerol infusion) TTR also reached a steady-state after 1h and remained sta-

ble during ISO infusion. Data in lean and obese men were comparable (data not
shown).

Circulating metabolites

Beta-adrenergic stimulation with ISO increased arterialized TAG concentrations in
obese subjects, whilst in lean subjects TAG concentrations decreased during ISO
infusion (Table 2). Thus, the change in arterialized TAG concentrations from base-
line to ISO was different between obese and lean subjects (ATAG obese vs. lean:
100£37 vs. —45 £22, P<0.05, Table 2).

Furthermore, beta-adrenergic stimulation increased arterialized fatty acid and glyc-
erol concentrations in lean and obese subjects. The beta-adrenergic mediated 1in-
crease in arterialized fatty acid (AFFA 454468 vs. 271x46, P<0.05) and glycerol
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concentration (Aglycerol 40+8 vs. 1545, P<0.05) was more pronounced in obese
than m lean subjects (Table 2), suggesting a higher whole-body lipolytic response in
the obese. Indeed, beta-adrenergic stimulation increased whole-body glycerol Ra in
lean and obese subjects (Table 2), and this increase tended to be higher in the obese
(Aglycerol Ra obese vs. lean: 172+19 vs. 109+13 wmol. min~', P=0.07; Table 2).
Expressed per unit fat mass fasting glycerol Ra was significantly reduced in obese
compared with lean subjects (P<0.05, Table 2), as has previously been shown in
upper body obese women (16). Interestingly, the beta-adrenergically mediated in-
crease in glycerol Ra per unit fat mass was significantly blunted in the obese
(Aglycerol Ra per unit FM: 5.4+0.9 vs. 7.7+1.5 umol.kg FM ™' .min"', P<0.05, Table
2), suggesting a blunted lipolytic response per unit fat mass in obese subjects.

Finally, beta-adrenergic stimulation increased arterialized insulin concentrations in
lean and obese (Table 2), and this increase in circulating insulin levels was signifi-

cantly higher in obese than in lean subjects (Ainsulin 8.9+1.9 vs. 3.6x+0.6 mU/L,
P<0.05, Table 2).

Figure 1. Plasma glycerol
0.1 tracer/tracee ratio (TTR)

E during 6h primed constant
= 0.08 | infusion of [°Hs]-glycerol
= 006 (0=3) in arterialized blood
,_5_.}“ (M), blood draining from
gj 0.04 ) _ : abdominal subcutaneous
5002 __AM ¥ adipose tissue (adipose vein,

- VZ ®) and expected adipose
04 vein enrichment (O). The

Pla

O 00 90 120 150 180 210 240 330 345 360 |casured adipose  vein
Time (min) enrichment was consistently
lower than the expected

enrichment,

Abdominal SAT lipolysis

Glycerol uptake by abdominal SAT was observed in lean and obese subjects after
an overnight fast (Figure 2a). Fractional extraction of [*Hs]-glycerol from the circu-
lation (lean vs. obese: 16.6+4.5 vs. 13.9+6.7%) and total glycerol uptake expressed
relative to total glycerol release were very small (lean vs. obese: 9.7+3.4 vs.
9.3+2.5% of total release) with no significant difference between lean and obese
subjects (P=0.74 and P=0.92, respectively). Adipose tissue total glycerol uptake
increased during beta-adrenergic stimulation in lean and obese subjects, but this
increase was not significantly different between groups (A total glycerol uptake
obese vs. lean: 429 vs. 21+5, P=0.15, Figure 2a). The increased total glycerol up-
take during beta-adrenergic stimulation appeared to be partly explained by the in-
crease i ATBF (r=0.633, P<0.05).
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Fasting net glycerol and fatty acid release across abdominal SAT were comparable
between lean and obese subjects (Table 3). Beta-adrenergic stimulation increased
net fatty acid and glycerol release across abdominal SAT to a greater extent in lean
as compared with obese subjects, although changes were not significantly different
between groups (Table 3). In line with these findings, the beta-adrenergically medi-
ated increase in total glycerol release across abdominal SAT was blunted in the
obese (Atotal glycerol release obese vs. lean: 140+71 vs. 304+1172 nmol.100g tissue”
' min”’, P<0.05, Figure 2b), suggesting a blunted lipolytic response per unit ab-
dominal SAT in obese subjects. Finally, obese men tended to show an increased net
TAG flux across abdominal SAT during beta-adrenergic stimulation (A net TAG
flux obese vs. lean: 75+32 vs. 16=+11 nmol.100g tissue'l.min", P=0.06, Table 3).

Discussion

The present study was designed to investigate in vivo whole-body and abdominal
SAT lipolysis in obese and lean men. To our knowledge, this is the first study to

show in vivo that obese subjects have a blunted beta-adrenergically mediated
lipolytic response per unit adipose tissue.
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Table 3. Bleood flow and net SAT fluxes during baseline (fasting) and isoprenaline infusion in lean and
obese subjects

—

Lean Obese

Baseline (n=13) ISO (n=10) Baseline (n=10) ISO (n=7)
ATBF 22502 63212 14202 T 3.620.6
net SAT Fluxes (nmol.100g tissue '.min™")
TAG 25+8 43417 3429 113+62
FFA ~T80+160 -21012371 -486+101 -1824+667
Glycerol -229+49 -640+148 ~211£51 -486:128
Glucose 53+49 -69:x151 -143+96 -677x632

SAT, subcutaneous adipose tissue; ISO, [soprenaline; ATBF, adipose tissue blood flow (mL.100g
tissue™, min"'); FFA, Free Fatty Acids; TAG, Triacylglycerol. A positive net flux indicates net uptake
from plasma, whereas a negative net flux indicates net tissue release; (1) P<0.05 baseline obese vs. lean
using Student’s unpaired {-test; Values are mean+SEM.,

Methodological considerations

A point of discussion with studies on glycerol uptake and release using tracer meth-
odology is the infusion time of the labeled glycerol. In previous studies the infusion
time was relatively short (1-3h), opening the possibility that equilibration between
labeled glycerol and the adipose tissue glycerol pool is not complete (9, 19). We
investigated glycerol enrichment during a 3h and 6h period of [*Hs]-glycerol infu-
sion. Steady-state levels in labeled [zHg]-glyoerol were achieved 1n arterialized and
adipose vein enrichment after 1h and remained constant for the subsequent 5h.
Thus, our data support the use of a relatively short infusion time (1h) to study glyc-
ero] metabolism.

Glycerol uptake

The present data show a slight glycerol uptake by abdominal SAT of lean and obese
subjects. Glycerol uptake was not significantly different between lean and obese
subjects. Uptake and dilution of [2H5]~g1y06r01 across abdominal SAT has been
shown previously during 1h (19) and 7h (27) tracer infusion. In these studies the
dilution of the labeled glycerol was consistently greater than expected from the
measured net release of glycerol, indicating signhificant uptake of glycerol by adi-
pose tissue. In line with these studies, we observed a 2-5 fold higher glycerol en-
richment in artenalized compared to venous blood draining adipose tissue. The ob-
served enrichment in venous blood was universally lower than that predicted from
the net addition of glycerol to venous blood. This indicates that there must be ex-
change between enriched glycerol in the blood and the unenriched free glycerol
pool in adipose fissue, In contrast, some studies were unable to detect significant
uptake of glycerol by adipose tissue after 1h tracer infusion (9, 18). The reason for
this apparent discrepancy remains to be elucidated. It should be mentioned that
glycerol uptake 1s low in human adipose tissue as is the activity of the enzyme glyc-
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erol kinase (32). This enzyme is responsible for the phosphorylation of glycerol into
glycerol-3-phosphate, making 1t available for re-esterification.

Abdominal SAT lipolytic response to beta-adrenergic stimulation

A blunted ISO-induced increase in total glycerol release per unit abdominal SAT
was observed in obese men, indicating a blunted in vivo beta-adrenergic mediated
lipolytic response in abdominal SAT of obese subjects. Our data are consistent with
evidence of catecholamine resistance in vitro and in situ in obese subjects (2, 3, 16),
in children with obesity (6, 10) as well as in relatives of obese subjects (15). Defects
In catecholamine signal transduction have been observed at the (,-adrenoceptor
level, further downstream or directly involve hormone-sensitive lipase (HSL) (20,
22, 25, 26, 30). However, it is not possible from our experiments to determine at
what level the observed defect is located. Interestingly, catecholamine resistance is
observed in adipose tissue of first-degree relatives of obese subjects (15) and per-
sists after weight reduction (3), suggesting that catecholamine resistance may be a
primary defect in obesity. Furthermore, plasma insulin concentrations may play an
Important role in regulating lipolysis (17). Therefore, we cannot fully exclude that
the observed blunted lipolytic response per unit adipose tissue mass is a secondary
phenomenon, due to the higher degree of hyperinsulinemia during beta-adrenergic
stimulation in obese compared with lean subjects. However, this explanation seems
unlikely, since a blunted in siru lipolytic response in abdominal subcutaneous adi-
pose tissue of obese women was still observed when the confounding influence of
hyperinsulinemia was excluded using a pancreatic hormonal clamp (1 6).

In contrast to the present study, two in situ microdialysis studies performed in men
found no difference in the increase in interstitial glycerol with ISO administration
between lean and obese subjects (5, 29). A possible explanation for this may be that
in microdialysis studies interstitial glycerol is used as a measure of lipolysis. Since
glycerol is taken up by adipose tissue, interstitial glycerol concentration may not
reflect the overall rate of lipolysis. Rather, it may be the net result of TAG and
glycerol metabolism and thus reflects net glycerol turnover (31).

Whole-body beta-adrenergically mediated lipolytic response

Whole-body lipolytic response during ISO infusion was significantly higher in
obese subjects. This was reflected by a higher increase in circulating tatty acid and
glycerol concentrations during beta-adrenergic stimulation compared with lean sub-
jects. The difference between lean and obese subjects with respect to whole-body
beta-adrenergically mediated lipolytic response disappeared after correction for fat
mass. This suggests that the increased whole-body beta-adrenergically mediated
lipolytic response in obese individuals is directly linked to the increased adipose
tissue mass, as has been shown before (16). Increased release of fatty acids into the
circulation increases fatty acid delivery to the liver, resulting in an increased hepatic
VLDL-TAG output and hence increased circulating TAG levels during beta-
adrenergic stimulation, as was observed in the obese subjects. The control of whole-
body lipid metabolism is, to a large extent, dependent on the efficient regulation of
lipid metabolism in adipose tissue and the liver. Moreover, hepatic VLDL-TAG is a
precursor of TAG stored in adipose tissue (7, 14). As a consequence, a greater
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VLDL-TAG delivery to adipose tissue and greater lipoprotein lipase (LPL) medi-
ated hydrolysis might explain the tendency towards increased positive TAG flux
across abdominal SAT of obese subjects during beta-adrenergic stitmulation. Our
observation is in agreement with a study by Samra et al. (28) showing an increased
rate of action of LPL during epinephrine infusion. These in vivo {findings are in con-
trast with in vitro studies showing that LPL expression and activity are suppressed
by epinephrine (24, 33). Future studies are needed to elucidate whether an increased
TAG flux across SAT might contribute to the increased TAG storage in adipose
tissue of obese subjects.

In conclusion, the present study demonstrates that obese subjects have a blunted ix
vivo beta-adrenergically mediated lipolytic response in abdominal subcutaneous
adipose tissue. Therefore, a blunted lipolysis during beta-adrenergic stimulation
may be an important factor in the development or maintenance of increased TAG
stores in obesity.
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Abstract

Background: Hormone sensitive lipase (HSL) and adipose
triglyceride lipase (ATGL) regulate adipocyte lipolysis in ro-
dents. Objective: To compare the roles of these lipases for
lipolysis in human adipocytes.

Methods: Subcutaneous adipose tissue was investigated. HSL
and ATGL protein expression were related to lipolysis in iso-
lated mature fat cells. ATGL or HSL were knocked down by
RNA interference or selectively inhibited and effects on lipoly-
sis studied in differentiated preadipocytes or adipocytes derived
from human mesenchymal stem cells (WMSC). Setting and sub-
jects: Outpatient investigation. Subjects were all women, 12
lean controls, 8 lean with polycystic ovary syndrome and 27
otherwise healthy obese.

Results: Noradrenaline-induced lipolysis was positively corre-
lated with HSL protein levels (P<0.0001) but not with ATGL
protein. Women with PCOS or obesity had significantly de-
creased noradrenaline-induced lipolysis and HSL protein ex-
pression but no change mm ATGL protein expression. HSL
knock-down by RNAi reduced basal and catecholamine-
induced lipolysis. Knock-down of ATGL decreased basal
lipolysis but did not change catecholamine-stimulated lipolysis.
Treatment of hMSC with a selective HSL inhibitor during
and/or after differentiation into adipocytes reduced basal lipoly-
sis by 50% while stimulated lipolysis was inhibited completely.

Conclusions: In contrast to findings in rodents, ATGL is of less
importance than HSL in regulating catecholamine-induced
lipolysis and cannot replace HSL when this enzyme is continu-
ously inhibited. However both lipases regulate basal lipolysis in

human adipocytes. ATGL expression, unlike HSL, is not influ-
enced by obesity or PCOS.
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Introduction

Mobilization of lipids through lipolysis in fat cells is a key event in energy homeo-
stasis. Lipolysis is disturbed in many insulin resistant disorders such as obesity and
polycystic ovary syndrome (PCOS), which in turn are important risk factors for
type 2 diabetes mellitus (1). Lipolysis in fat cells is under intense hormonal control.
Hormone sensitive lipase (HSL) has for decades been regarded as the main regula-

fory step in mammal lipolysis (14). It is stimulated by catecholamines and other
prolipolytic hormones and inhibited by insulin.

Lipids are mainly stored in fat cells as triacylglycerols (TAG). When lipolysis is
stimulated, TAG are usually completely hydrolyzed into glycerol and free fatty ac-
ids (FFA). In rodents and humans there is also some partial lipolysis Ieading to the
formation of diacylglycerols (DAG) and FFA but not glycerol (2, 29). HSL hydro-
lyzes both TAG and DAG, although the affinity for the latter is ten-fold higher (9).
Therefore, incomplete hydrolysis of TAG to DAG during lipolysis may be due to
the lower substrate affinity of HSL to TAG, rather than the existence of a specific
T'AG lipase with a different regulation than HSL. The pivotal role of HSL in adipo-
cyte lipolysis was first questioned when data from HSL -/- mice were reported. The
animals showed normal weight, had markedly blunted stimulated fat cell lipolysis
but retained residual basal lipolysis (26, 32). Subsequent analysis demonstrated that
knockout animals displayed an accumulation of DAG in several tissues (12), sug-
gesting that although HSL may catalyze the rate-limiting step in TAG hydrolysis,
the major physiological substrates are DAG and not TAG. Recently, a novel tria-
cylglycerol-specific lipase has been isolated and termed adipose triglyceride lipase
(ATGL-the term used in this work) (34), desnutrin (33) and iPLA,C (15). The mur-
ine ATGL gene codes for a 486 amino acid long protein while the human homo-
logue, displaying 86% identity, codes for a 506 amino acid protein. Studies in ro-
dents have shown that ATGL is predominantly expressed in white and brown adi-
pose tissue although significant levels are also expressed in cardiac and skeletal
muscle. The enzyme displays substrate specificity for TAG but unlike HSL, activa-
tion of ATGL is not dependent on phosphorylation events. Further studies have
shown that ATGL expression is increased by fasting (33) and decreased by insulin
(16). Recently, the phenotype of mice homozygous for a null mutation in the ATGL
gene was described (11). In these animals both basal and catecholamine-stimulated
lipolysis were markedly decreased and this was true for both glycerol and FFA re-
lease (11). ATGL -/- mice display a slightly larger white adipose tissue (WAT)
mass but more importantly, a massive TAG accumulation in non-adipose tissue, in
particular heart muscle. This results in a rapidly developing heart failure and re-
duced life span. Furthermore, the animals display a defective cold adaptation indi-
cating that ATGL is essential to provide FFAs to fuel thermogenesis. A reduction in
FFA availability results in an increase in glucose utilization, which could explain
the increase in glucose tolerance and insulin sensitivity observed i these animals.
Finally, it was recently demonstrated in immortalized non-human cell lines that the
lipid droplet associated protein CGI-58 was essential for ATGL activity although
the molecular mechanisms remain to be elucidated (20). In summary, data from
animal studies suggest that ATGL is essential for basal and
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stimulated lipolysis and of major importance for energy homeostasis. Accordingly,
in a mouse fat cell line, overexpression of ATGL resulted in increased basal and
stimulated lipolysis, while inhibition by RNA interference (RNA1) had the opposite
effect (16). Gene knock-down of HSL only decreased catecholamine-stimulated
lipolysis. Similar results were obtained with FFA and glycerol measurements.
These results suggest a critical role for ATGL as a regulator of both basal (1.e. spon-
taneous) and stimulated lipolysis while HSL only determines stimulated lipolysis.

In contrast to these findings primarily obtained in rodents, the role of ATGL in hu-
mans is much less clear. An association between single nucleotide polymorphisms
in the ATGL gene and circulating levels of FFA, TAG and risk for type 2 diabetes
mellitus was recently demonstrated (27). Moreover, mutations in the CGJ/-58 gene
are associated with Chanarin-Dorfman Syndrome, a rare genetic disease character-
ized by excessive TAG accumulation in non-adipose tissues. Recently, the impor-
tance of ATGL in human lipolysis was indirectly determined using a selective in-
hibitor of HSL in adipocytes from healthy donors (17). It was found that catecho-
lamine or natriuretic peptide-stimulated lipolysis was completely inhibited whereas
basal lipolysis was only partially abrogated. This suggests that HSL is the major
rate limiting lipase in human lipolysis and that ATGL may above all play a role in
the regulation of basal lipolysis. Other human studies demonstrated that ATGL
mRNA, as opposed to HSL mRNA expression, is not regulated by obesity and that
the in vifro TAG hydrolase activity of ATGL, in the absence of CGI-58, is substan-
tially lower than that of HSL (22). Thus, the enzymatic contributions of HSL and
ATGL to TAG hydrolysis and thereby lipolysis may differ between humans and
rodents. However, the comparison between HSL and ATGL is incompiete so far in
man since there is no information on ATGL protein levels or effects of genetic ma-
nipulation of lipase expression in relation to lipolysts m human fat cells.

In the present study, we have compared the physiological roles of HSL and ATGL
in human fat cell lipolysis. This was done through parallel determinations of protein
level, adipocyte lipolytic activity, and modulation of HSL and ATGL levels using
RNAI technology. We also compared their expression in conditions with altered
lipolysis namely obesity and polycystic ovary syndrome, which are two conditions
with decreased expression and function of HSL (1).

Material and Methods

Subjects

One cohort consisted of obese women who underwent bariatric surgery or gall stone
operations (n=19) or were investigated as healthy volunteers (n=8). Obesity was
defined as a body mass index (BMI) >30 kg/m’. The second cohort consisted of 12
healthy lean women with BMI<25 kg/m’. The third cohort was composed of 8
young lean women diagnosed with polycystic ovary syndrome (PCOS). The latter
diagnosis was defined as infertility in combination with ovarian cysts detected by
ultrasound investigation. The PCOS women were otherwise healthy. We chose to
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study young and lean PCOS women because we have previously shown that they
have blunted catecholamine-induced lipolysis without being insulin resistant (8).
These cohorts were investigated for lipolysis regulation and comparison of HSL and
ATGL protein expression. Except for the 19 operated women, abdominal subcuta-
neous adipose tissue was obtained by biopsy under local anesthesia. For the oper-
ated women, abdominal subcutaneous adipose tissue was obtained from the surgical
incision at the beginning of surgery, which was performed under general anesthesia.
We have previously shown that lipolysis regulation in isolated adipocytes is identi-
cal whether the tissue is obtained during general surgery or by local biopsy (19).
Clinical data for the subjects in cohort 1-3 are summarized in Table 1. All subjects
were examined at 8 a.m. after an overnight fast. Their height and weight were
measured. Venous plasma samples were drawn for the analysis of insulin, glucose,
S-testosterone and sex hormone binding globuline (SHBG) by the hospital’s accred-
ited clinical chemistry laboratory. From these measures, the testosterone/SHBG
ratio and HOMA index [plasma glucose (mmol/l) times plasma insulin (mU/1)] di-
vided by 22.5 (7) were calculated. HOMA is an indirect measure of in vivo insulin
sensitivity. A fourth cohort consisted of six otherwise healthy women (age 43+2.8
years and BMI 25+2.8 kg/m”) who underwent cosmetic abdominal subcutaneous
liposuction. These subjects did not have clinical signs of diabetes or other diseases,
which may influence adipocyte function. The adipose tissue from these individuals
was used to 1solate preadipocytes and human mesenchymal stem cells (hMSC) for
subsequent RNA interference studies and investigations of HSL inhibition. Subjects
from all four cohorts included in this study were healthy and free of medication.
The studies were approved by the ethical committee at Karolinska Institutet and

explained in detail to each of the subjects, fiom whom informed consent was ob-
tained.

Table 1. Antropometric data and relevant values on subjects from cohorts 1, 2 and 3

T

Lean Ler.-m PCOS

Obese Lean PCOS P o s b

(n=27) (n=12) (0=8)  ANOVA  rese PCOS  Obese
Age (years) 38+1.6 31+] 301.3 0.01 0.02 069 0.0l
BMI (kg/m?) 4l.8£1.2 226405  229+1.0 <0.0001 <0.0001 089 <0.000]
z::z;tmne’! SHBG ) 068£0.009 001920004 0.076£0.010 0.0  0.008 0.008 0.64
P-Insulin (mU/I) 19.64£2.2  5.0+0.58 8.1x1.1  0.0001 <0.0001 050 0.006
P-glucose (mmol/Il) 5.9+0.3 4,7+£0.11 4.8+0.07 0.004 1.003  0.85 0.022
HOMA index 5.7£1.0 1.1+0.11 1.840.3  0.0006 0.0004 0.73 0,04

Data is presented as mean=SE. Statistical significance between the three groups was calculated by
ANOVA and by Student’s t-test for comparisons between two groups.

Lipolysis assessment in mature fat cells and predipocyte cultures

Lipolysis experiments in mature fat cells were performed as described in detail pre-
viously (22). In brief, cells were incubated in an albumin—containing buffer (pH

[57



| Chapter 3

7.4) for 2 hrs at 37°C with air as a gas phase without (basal) or with 1 111crea5111g cOon-
centrations of the natural catecholamine 10 M noradrenaline or 10~ M 1soprena-
Iime (a non-selective 3-adrenoceptor agonist). Following incubation, medium was
removed and kept at ~20°C for subsequent measurement of glycerol concentration
(an index of lipolysis) using a bioluminescence method (13). Lipolysis was then
expressed as noradrenaline- or 1soprenaline-mduced glycerol release at maximum
eftective concentration divided by basal. When stated, lipolysis was also expressed
as absolute values (umol of glycerol/2h/107 cells or pmol of glycerol/2h/g lipids).
We preferred to use the relative expression of lipolysis because it correlates
strongly with the protein expression of HSL in human fat cells (18). Lipolysis in
human pread1pocyte cultures was performed as described previously (4) with or
without 10™ M isoprenaline. Glycerol release was expressed per gram protein. Pro-
tein content was assayed spectrophotometrically using BCA Protein Assay Reagent
Kit (PIERCE, Rockford, IL, USA) on 96-well microtiter plates with BSA as a stan-
dard., Glycerol was measured by bioluminescence (13) and fatty acid release by
chemiluminescence (24).

Studies of hMSCs

Human MSCs were obtained from adult adipose tissue and differentiated into the
adipogenic lineage as described in detail elsewhere (3). We have previously shown
that these cells display lipolytic activity comparable with differentiated human
preadipocytes. hMSC derived from two different donors were used. Functional as-
sessment of adipocyte differentiation was performed by determining glycerol-3-
phosphate dehydrogenase (GPDH) activity as described previously (31). Cells from
two wells were washed with phosphate buffered saline (PBS) (pH 7.4) and har-
vested 1n pre-chilled 25 mmol/l1 Tris-HCl buffer containing 1 mmol/l EDTA (pH
7.4} and 1 mmol/l 2-mercapto-ethanol. After sonication, aliquots of the cell extracts
were added to an assay mixture containing 100 mmol/l triethanolamine-HCl buffer
(pH 7.5), 2.5 mmol/l EDTA, 0.12 mmol/l NADH and 0.1 mmol/l §-mercapto-
ethanol and GPDH activity was measured spectrophotometrically, at 340 nm. The
reactions were started by adding 0.2 mmol/l dihydroxyaceton phosphate. The
GPDH activity was related to the total protein content in each well and expressed as
mU/ug of total protein. Total protein lysates were obtained from cells in two wells
using a lysis buffer that contained 1% Triton X-100, 50 mmol/l Tris-HCI (pH 7.6),
150 mmol/l NaCl and phenylmethylsulfonyl fluoride (PMSF, 1 mmol/l), supple-
mented with protease inhibitors. Lipolysis experiments were performed on differen-
tiated cells as described previously (31). In brief, cells were washed with
DMEM/NUT MIX.F-12 medium and then incubated in duplicates for 3 h at 37°C
with DMEM/NUT.MIX.F-12 medium contammg 20 g/l BSA The following con-
centrations were used for each agent; 10° M i1soprenaline, 10 > M noradrenaline, 10
* M yohimbine, 10° M dibutyryl cAMP (dcAMP) and 10™ M atrial natriuretic pep-
tide (ANP). Incubation without drugs was made to determine basal lipolysis. The
selective HSL inhibitor 4-1sopropyl-3-methyl-2-[1-(3-(S)-methyl-piperidin-1-y1)-
methanoyl]-2H-1soxazol-5-1 BAY (21) has previously been described in detail (17)
and was used at the concentration of 1 uM. Following incubation, medium was re-
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moved and kept at ~20°C for subsequent measurement of glycerol concentration (an
mdex of lipolysis) using a bioluminescence method (13).

Protein expression of HSL and ATGL

Approximately 300 mg of WAT was crushed and lysed in protein lysis buffer (1%
Triton-X 100, Tris-HCL pH 7.6 and 150 mmol/L NaCl, 4°C), supplemented with
protease inhibitors (I mmol/L. PMSF and Complete® (Boehringer Mannheim,
Mannheim, Germany), and homogenized using a microtome. The homogenate was
centrifuged at 14,000 rpm for 30 min, and the infranatant was collected and saved.
Protein content was assayed using BCA Protein Assay Reagent Kit (PIERCE,
Rockford, IL, USA) as described above. In order to test if proteins remained in the
fat cake following our protein extraction procedure we performed the following
control procedure. The fat cake was removed and subjected to methanol-CHCl; ex-
traction (23), which effectively collects al proteins. These extracted proteins were
dissolved in the same lysis buffer as above. Protein levels in fat cake extracts were
below the detection limit of our assay. Thus, there are insignificant amounts of Ii-
pases left in the fat cake. One hundred micrograms of total cellular protein was
loaded on polyacrylamide gels and separated by standard [2% SDS-PAGE (sodium
dodecyl sulphate-polyacrylamide gel electrophoresis). Gels were transferred to
PVDF (polyvinylidine fluoride) membranes (Amersham Pharmacia Biotech, Little
Chaffore, U.K.). For HSL and p-actin detection, blots were blocked for ] h at room
temperature in Tris-buffered saline with 0.1% Tween-20 and 5% non-fat dried milk.
This was followed by an overnight incubation at 4°C in the presence of antibodies
directed against HSL or protein B-actin (SIGMA, St Louis, USA). The human-
specitic HSL antibody was a generous gift from C Holm (Lund University, Swe-
den) and has been characterized elsewhere (8). For the detection of ATGL, an affin-
ity purified polyclonal antibody was raised in rabbit against a 15 amino-acid peptide
(amino-acids 386-400, GRHLPSRLPEQVERL) of human ATGL. To test antibody
specificity we expressed ATGL protein in COS cells by transfection with cDNA
coding for human ATGL. For detection of ATGL the following conditions were
used. Blocking was performed in phosphate buffered saline (PBS) supplemented
with 4% BSA. This solution was used for antibody incubation after addition of
0.1% Tween-20 while PBS+0.1% Tween-20 was used as wash solution. All incuba-
tions with the ATGL antibody were performed at room temperature. Secondary o-
rabbit antibodies conjugated to horseradish peroxidase were from Sigma (St. Louis,
MO). Antigen-antibody complexes were detected by chemiluminescence using a kit
of reagents form Pierce (Supersignal; Rockford, Rockford, IL) and specific bands
were detected using a Chemidoc XRS system (BioRad, Germany). Images were
analyzed using the Quantity One Software supplied by the manufacturer (BioRad).
To control for differences in loading etc, B-actin was used as a control protein and
values for HSL and ATGL were expressed as the quotient to B-actin in relative
units (RU). Furthermore, proteins from two subjects were ran on all gels in order to
ensure similar exposure times etc to further improve nterexperimental comparison.



[Chapter 3

RNA interference

RNAI in human preadipocytes was essentially performed as described previously
using short interfering RNA oligonucleotides (siRNA) (25). For each oligonucleo-
tide, optimal transfection conditions were determined in separate titration experi-
ments using different amounts of siRNA oligonucleotides (Qiagen GmbH, Hilden,
Germany) and transfection reagent RNAiFect® (Qiagen GmbH, Hilden, Germany).
Cells at day 12 of differentiation (a time-point where the cells are almost fully dif-
ferentiated) were transfected with or without ATGL or HSL siRNAs (Qiagen
GmbH, Hilden, Germany). The siRNA sequences were (sense strand): ATGL 5°-
CGG CGA GAA UGU CAU UAU, HSL 5°-GCC UGC UUC AAA CCA AAG A
To control for unspecific RNA1 effects, control cells were transfected with non-
silencing siRNA oligos without known similarities to human sequences (Qiagen
GmbH, Hilden, Germany). Cells were incubated for 24 h, a time-point where a sig-
nificant gene silencing effect was observed. Conditioned cell media aliquots were
then analyzed for glycerol content, while cells were lysed for RNA or protein 1sola-
tion as indicated above to confirm gene silencing.

RNA analysis

Total RNA from preadipoyte cultures was extracted using the RNeasy mim kit
(Qiagen, Hilden, Germany). RNA concentration and purity was assessed spectro-
photometrically. A bioanalyser (Agilent 2100, Agilent Technologies, Kista, Swe-
den) was used to confirm RNA integrity. One microgram of total RNA was reverse
transcribed using a kit (Omniscript RT, Qlagen) and random hexamers (Invitrogen,
Tastrup, Denmark). To minimize methodological errors due to variation in cDNA-
synthesis, cDNA-synthesis was performed simultaneously for all subjects included
in the analysis. PCR conditions and primers for HSL, ATGL and 18S have previ-
ously been described (22). The primer pairs were selected to yield a single amplicon
based on dissociation curves and analysis by agarose l\%el electrophoresis. Quantita-
tive real-time PCR was performed in an 1Cycler 1Q™ (Bio-Rad Laboratories Inc.,
Hercules, CA, USA). In RNAIi experiments, ATGL and HSL mRNA levels were
significantly reduced to less than 20% of that in control cells and each condition
was repeated at Jeast three times with cells from different donors. Experiments
where gene silencing was not efficient were discarded and not used for further
analysis.

Statistical Analysis

Values are given as meanzxstandard error (SE). They were compared with Student’s
unpaired t-test, ANOVA, post-hoc tests and linear regression analysis using stan-
dard software packages. A P-value of 0.05 or less was considered to be statistically
significant. It is difficult to find young, lean and otherwise healthy women with
PCOS. Prior to recruitment, we made a power calculation for the comparison of
lean, young women with or without PCOS based on previous fmdimgs with HSL
protein expression and hipolysis (8). We can detect a 20% difference between
groups in either result with P<0.05 and with a power of 80% by investigating, as
performed 1n this study, 12 control and 8 PCOS subjects.
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Drugs and chemicals

Bovine serum albumin (BSA) fraction V (lot no. A-9418), glucose, glycerol kinase,
and noradrenaline, were obtained from Sigma Chemical (Sigma, St. Louis, MO,

USA). All chemicals used were of the highest grade of purity that was commer-
cially available.

Results

Clinical datra

The clinical findings in cohort 1-3 are shown in Table 1. The obese subjects were
insulin resistant and somewhat older than the other groups. Healthy lean and PCOS

women had almost identical BMI, age and insulin sensitivity but the PCOS subjects
had a 4-fold higher testosterone/SHBG ratio.

Methodological experiments

Similar concentrations of protein (3-6 ug/ul) were obtained in the tissue exfracts.
However, no protein was detected in the extracts from the fat cake (detection limit
is 0.01 ug/ul). From these findings we calculated that <0.2% of all protein in adi-
pose tissue following extraction for Western blot remained in the fat cake. In West-
ern blot analysis of tissue extracts a single band at 56 kD was detected which disap-
peared after preincubation of the antibody with the immunizing peptide. This band
corresponds to the predicted molecular mass of human ATGL protein. Specificity
of the antibody was further confirmed by Western blot of protein lysates from COS
cells transfected with cDNA coding for human ATGL. We used these cells to en-

sure the specificity of the antibody since COS cells lack ATGL. Here, a single 56
kD band was observed (Figure 1A).

Glycerol release following down regulation of HSL and ATGL by RNA interference
We used RNA interference to determine the effects of selective lipase down-
regulation on basal and catecholamine (i.e. isoprenaline)-stimulated lipolysis in dif-
ferentiated human preadipocytes. This system was chosen since we have recently
developed efficient RNAi protocols in these cells (25) and since freshly isolated
mature fat cells display a limited survival in vitro (hours). Lipolysis was determined
as glycerol release. We also attempted to measure FFA release using a sensitive
chemiluminescence method as well as gas chromatography, but the concentrations
were below threshold sensitivity for the assays (data not shown). To control for
non-specific effects of siRNA, scrambled non-silencing oligonucleotides were used
to transfect control cells under otherwise identical conditions. Using either siRNA
directed against HSL or ATGL we were able to down regulate HSL and ATGL
mRNA in the same order of magnitude (1542.5 and 1244 Y, respectively, n=4,
Figure 1B). There was no effect of ATGL oligonucleotides on HSL mRNA eXPres-
sion or vice versa (Figure 1B) nor of control (scrambled) oligonucleotides (data not
shown). Moreover, down regulation of mRNA resulted in a clearly observable re-
duction of the cognate protein down to about 30 % (35+3.5 and 3242.5 %, for HSL
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and ATGL vs control, respectively, P<0.01, n=4, Figure 1C). Following down-
regulation of HSL, a 35% decrease of both basal (P=0.028, Figure 1D) and 1so-
prenaline-stimulated lipolysis (P=0.017, Figure 1E) was observed.
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Figure 1. Effect of HSL and ATGL gene knock-down in human differentiated preadipocytes. A. Westemn
blot analysis of protein extracts from COS cells transfected with an expression vector coding for human
ATGL. Control cells were transfected with empty vector. Biots were probed with the ATGL antibody
described in materials and methods. A single band of 56 kD was detected. B-E. Differentiated human
preadipacytes were transfected with scrambled confrol (C), ATGL or HSL siRNA oligonucleotides as
indicated. B. Effects on mRNA expression by siRNA transfection. Cells were transfected with the
indicated siRNAs and expression of HSL and ATGL mRNA was determined by quantitative real time
PCR. Levels were related to those of cells transfected with control oligonucleotides, P values were
calculated with Student’s t-test and asterisks denote P<0.01, n=4 C, Resulis at the mRNA level were
confirmed at the protein level by Western blot analysis probing the blots with the indicated antibodies.
A representative example from one out of four independent experiments is shown. D-E. Lipolysis was
measured as glycerol release in the basal state and after incubation with isoprenaline. Glycerol release
(mmol/mg protein) in cells transfected with scrambled siRNA oligonucleotides was (mean+SE) 4+1.5
in the basal state and 16:£4.5 in the isoprenaline—stimulated state. Mean lipolysis in control cells was set
at 100% and glycerol release in cells transfected with specific RNA) was exptressed relative to control.
D. Effect of siRNA treatment on basal lipolysis as indicated. E. Effect of siRNA on isoprenaline-
induced lipolysis. Results in graphs ate mean£SE of four independent experiments. Asterisks in D-E
denote P<0.05 by post-hoc analysis of HSL or ATGL vs control. ANOVA for all three groups showed
P<0.01.
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In contrast, RNAi knock-down with siRNA oligonucleotides specific for ATGL
decreased basal lipolysis by 40% (P=0.018, Figure 1D) but had no effect on iso-
prenaline-induced lipolysis (P=0.73, Figure 1E).

Lipolysis in hMSC

The role of HSL for lipolysis in adipocyte precursor cells was examined using the
selective HSL inhibitor BAY at the maximum effective concentration (Figure 2).
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Figure 2. Effect of HSL inhibition on basal and stimulated lipolysis of adipocytes differentiated from
AMSC. Human MSCs were proliferated and differentiated into the adipose lineage followed by a three-
hour incubation with or without the indicated prolipolytic agents. One micromolar BAY was added at
different time points. Cells were incubated with BAY during the entire differentiation process and BAY
was then either retained (bay-bay) or omitted (bay-con) during the lipolytic stimulation. In addition
cells were acutely incubated with BAY only during the lipolytic assessment (con-bay). Cells not
exposed to BAY at any step (con-con) served as control cells. Lipolysis was expressed as glycerol
release and related to basal levels of glycerol release in con-con cells. C; basal conditions without
exogenous lipolytic stimulus (basal glycerol release), Iso; Isoprenaline, NA+Y; noradrenaline and the
a2-adrenergic receptor inhibitor yohimbine, dcAMP; dibutyryl cAMP, ANP; atrial natriuretic peptide.
Results are based on five independent experiments using hMSC from two different donors. Error bars
are SE. Asterisks denote P<0.05 by t-test analysis vs basal glycerol release in con-con, ANOVA in each
of the five conditions showed P<0.01 for the overall difference.

This inhibitor does not influence any other lipase apart from HSL, including ATGL.
We chose to use a recently established cell system based on hMSC isolated from
human adipose tissue. These cells can be efficiently differentiated in vitro into adi-
pocytes and display all the morphological and functional characteristics of human
adipocytes (3). Furthermore, these are the only human cells that can be used to
block HSL from the earliest stage of differentiation since preadipocytes are commit-
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ted to the adipogenic lineage. hMSC were allowed to proliferate and then differenti-
ate into fat cells. Thereafter, a 3-hour lipolysis experiment was performed. Inhibiton
of HSL with BAY after adipose differentiation (con-bay) reduced basal lipolysis by
half and almost completely counteracted lipolysis stimulated by isoprenaline,
noradrenaline and the a2 adrenergic receptor inhibitor yohimbine, a cyclic AMP
analogue (dcAMP) and atrial natriuretic peptide (ANP, which stimulates lipolysis
via the cyclic GMP pathway) compared with control cells not exposed to BAY
(con-con, Figure 2, P<0.05, n=5). Almost identical results as with con-bay treated
cells were obtained with hMSC-derived adipocytes continuously exposed to BAY
during the entire experiment, i.e. during the differentiation process as well as the
lipolytic experiment (bay-bay). In contrast, cells exposed to BAY during differen-
tiation but not during the lipolytic assessment (bay-con) displayed a lipolytic re-
sponse that was very similar to control cells (con-con). BAY treatment did not in-
fluence adipocyte differentiation of hMSCs according to measurements of GPDH
activity (not shown).

Lipolysis and lipase protein expression in lean controls, obese and lean PCOS sub-
jects

In order to compare lipolysis and HSL or ATGL levels in subjects with different
lipolytic capacity we investigated lean, obese and PCOS-subjects. Catecholamine-
induced lipolysis (in mature adipocytes) and protein expression (in adipose tissue)
of ATGL and HSL were determined. The maximal lipolytic capacity expressed as
noradrenaline-stimulated lipolysis over basal, was significantly and markedly
blunted in obese and PCOS compared with adipocytes from lean subjects (9.2+1.7;
2.7+0.2; 3.0+£0.7 for lean, obese and PCOS, respectively, meantSD, £<0.0001,
Figure 3A). Basal rate of glycerol release was similar in lean controls and PCOS
subjects but slightly increased in the obese (P=0.056, graph not shown). HSL pro-
tein levels were 50-65% decreased in PCOS and obese subjects (Figure 3B,
P=0.0022). Post-hoc analysis of HSL data revealed a significant difference between
lean versus obese (P=0.0005) and PCOS versus lean (P=0.046) but there was no
sighificant difference between obese and PCOS. In contrast there was no difference
in ATGL protein levels between the three groups (£=0.96, Figure 3C). The mean
value for obese and PCOS was identical (1.75 RU). The value for lean controls was
10% lower than that for obese subjects. B-actin expression was similar in the three
eroups and used to correct values to enable comparison between blots.

Since obese women were somewhat older than lean and PCOS women, values for
lipolysis and protein expression were also corrected for age in the ANOVA analysis
(1.e ANCOVA). This did not alter the outcome of the results. We also excluded the
obese undergoing general surgery. The results with the remaining 8 obese investi-
gated as the lean and PCOS women were the same as for the whole group except

that this obese subgroup had almost the same mean age as the two other groups
(30.5 years).

The expression of HSL and ATGL protein from the obese, lean and PCOS subjects
was plotted against maximal lipolytic capacity (expressed as noradrenaline/basal
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lipolysis). There was a positive correlation between HSL levels and lipolysis (Fig-
ure 3D, P<0.0001, R=0.72). In contrast, we observed no significant correlation be-
tween ATGL protein expression and lipolysis although a slight negative trend was
observed (graph not shown, P=0.15, R=-0.23). We also expressed noradrenaline-
induced glycerol release in absolute values corrected for either per g lipids or per
10" cells, and correlated this with lipase expression. When expressing lipolysis per
¢ lipids, results did not differ from those obtained using noradrenaline over basal
lipolysis (graph not shown).
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Figure 3. Lipolysis and protein expression in lean (n=12), obese (n=27) and lean PCOS (n=8)
subjects. A. In vitro lipolysis on freshly isolated mature fat cells was performed on lean, obese and
PCOS subjects as indicated using noradrenaline. Lipolysis was measured as glycerol release and
expressed as maximum noradrenaline lipolysis/basal glycerol release (Max NA/basal). Data are
presented as mean+SE. B-C. Western blot analysis was performed on subcutaneous adipose tissue from
the same subjects as in A. The blot was probed with antibodies directed against B. HSL or C. ATGL
and corrected for B-actin in order to enable comparison between blots. Error bars are SE. Results 1n A-
C were first compared by ANOVA giving P<0.01 in A and B. Asterisks denote statistically significant
difference (***=P<0.001 and *=P<0.05) for post-hoc analysis of obese or PCOS vs lean subjects. D.
HSL expression was plotted against lipolysis (Max NA/basal) for all subjects and examined by linear
regression analysis. Results were analyzed by linear regression (£<0.0001, R=0.72).

However, no correlation between lipolysis and lipase expression was obtammed using
glycerol release per number of fat cells (graph not shown). Basal glycerol release
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did not correlate with ATGL or HSL expression. Furthermore, insulin or HOMA
levels did not correlate with either ATGL or HSL expression.

These data were obtained by combining the results from two separate Western blots
corrected for protein expression by f-actin to allow companson between blots.
However, the same results were obtained if the gels were analyzed separately
(graphs not shown).

Discussion

The role of ATGL for human fat cell lipolysis is not clear. Previous comparisons of
MmRNA and enzyme activity for HSL and ATGIL have demonstrated clear differ-
ences in their regulation and hydrolase activity. In this work we have assessed the
relative importance of ATGL and HSL protein for human fat cell lipolysis. We
compared the protein levels and lipolysis in two independent conditions with altered
HSL function and lipolysis, 1.e. subjects with obesity and PCOS. We also deter-
mined the effect of gene knock-down of the two enzymes and inhibition of HSL
during and/or after adipogenesis. With regard to ATGL expression we developed a
human-specific ATGL antibody which was very selective since it recognized only
one protein band with the expected molecular size on extracts from adipose tissue
or cells transfected with cDNA coding for human ATGL. The selectivity of the
HSL antibody is well documented. Some protein extraction methods do not suffi-
ciently remove lipid droplet associated proteins (including lipases) from the fat cake
of adipose tissue protein extracts. Methodological experiments revealed that no or
insignificant amounts of protein remained in the fat cake using our protein extrac-
tion protocol. In addition, the HSL inhibitor has no effect on other lipases at the
concentration used 1n this study.

Due to the difficulties in recruiting lean PCOS subjects the number of these women
and their matched controls was limited. However, our power calculation prior fo
recruitment showed that the number of subjects was large enough to significantly
detect the observed differences. Although there was a small difference in age be-
tween obese and the other two study groups, age correction of results and a sub-
group analysis showed that there was no significant effect of age on these results.
We found a positive correlation between HSL, but not ATGL, protein levels and
lipolytic capacity in response to catecholamines. This indicates that HSL is more
important in promoting catecholamine-stimulated lipolysis at least when consider-
ing complete hydrolysis of TAG into glycerol and FFA. There may also be incom-
plete lipolysis resulting in the formation of DAG from TAG (2) and the DAG pool
in human adipose tissue, although small (~1 % of all lipids), is subject to rapid turn-
over (5). We can therefore not exclude the possibility that ATGL, with its’ high
affinity to TAG, 1s more important than HSL for the regulation of incomplete
lipolysis (TAG to DAG) resulting in release of FFA but not glycerol that occurs in
human fat cells. In order to answer this question it is necessary to measure DAG
and FFA. Unfortunately, although we have developed among the most sensitive
assays for the measurements of glycerol (end product in DAG analysis) and FFAs
in human fat cells, the amounts of FFAs released from our primary cultures and the
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intracellular levels of DAG were below the detection limit of our methods. There-
fore, at present, such experiments cannot be performed. However, our results are

valid for complete hydrolysis of TAG or DAG, which always results in the release
of glycerol.

Little is known regarding the regulation of ATGL expression in man although adi-
pose tissue mRNA expression was not altered by obesity. This was 1 contrast to
HSL mRNA, which was significantly down-regulated in this condition (22). We
presently compared activation of basal lipolysis with lipase protein expression in
subcutaneous adipose tissue of lean, obese and lean PCOS women. Noradrenaline-
induced lipolysis and HSL expression 1s decreased in the latter two states as re-
viewed (1). Obesity is associated with insulin resistance and some PCOS women
are also insulin resistant. The PCOS subjects included in this study displayed no
insulin resistance, presumably because they were young and lean. This confirms
findings in a similar cohort of PCOS women investigated previously (8). We could
also confirm previous findings from our laboratory, namely that lean, non-insulin
resistant PCOS and obese insulin resistant women have a blunted catecholamine-
induced lipolysis and reduced HSL expression (6, 8). More important 1s the con-
comitant observation that ATGL protein expression is not altered at all in obesity or
PCOS. These results give further support to the notion that ATGL plays a less 1m-
portant role in regulating catecholamine-stimulated lipolysis in human fat cells. It 1s
possible, though, that there is not a simple one-to-one relationship between HSL
expression and lipolysis activation. Firstly, there was a considerable dispersion In
the relationship between HSL and lipolysis in Figure 3D. Secondly, although
lipolysis activation was almost identical in obese and PCOS (Figure 3A), HSL ex-

pression was slightly but not significantly lower in obese than mn PCOS women
(Figure 3B).

Although the data discussed so far favour HSL over ATGL 1n lipolytic regulation
by catecholamines they only provide indirect evidence for this hypothesis. How-
ever, direct proof is obtained from the RNAI experiments. We have recently opti-
mized conditions for RNAI in primary cultures of human adipocytes (25) and we
are currently perfecting a similar approach in hMSC-derived adipocytes. These
studies demonstrate that gene knock-down of HSL results in decreased basal as well
as catecholamine-stimulated lipolysis whereas siRNAs directed against ATGL only
inhibit basal glycerol release. It may appear strange why an 85% reduction 1n
mRNA for either ATGL or HSL only reduces basal lipolysis by 35-40% and stimu-
lated lipolysis by 35% (the latter for HSL). It should be noted though, that sSIRNA
only inhibit protein expression transiently and have no effect on protein degrada-
tion. The endogenous half-lives of ATGL and HSL proteins are not known. Moreo-
ver, although protein expression for both lipases was clearly reduced using their
cognate siRNA oligonucleotide, protein levels in these primary cultures were still
easily detectable. As discussed above, there is probably a non-linear relationship
between the amounts of lipase (HSL and ATGL) present in the adipocyte and the
lipolytic activity. Thus, considerable lipolytic activity is present in cells where li-
pase expression has been reduced by approximately 70 %. It would of course be of
interest to assess the effects of double knock-down by RNAI. At present, however,
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this is not feasible because of off-target effects that are yet be resolved m our cellu-
lar system. The ideal experiments would be to induce long-term stable reductions of
these lipases. Unfortunately such experiments are presently impossible to perform
due to the lack of established human fat cell lines, The use of plasmid vectors 1s
also not an option because the transfection efficiency is too low in human adipo-
cytes. Nevertheless, basal and isoprenaline-induced lipolysis were simultaneously
measured. It is evident that for ATGL the obtained reduction of this lipase only af-
fects basal lipolysis. Even if data with double knock-down could be generated, the
outcome would in no way change the present interpretation of our single knock-
down experiments.

The RNAI results obtained in these primary human cells contrast findings in a mur-
ine preadipocyte cell line (16). We used the same protocols (decreasing gene ex-
pression of ATGL or HSL with siRNA and measuring basal and isoprenaline-
induced glycerol release). The earlier study (16) also reported data on fatty acids.
As mentioned above, we were not able to measure these lipids although we used an
ultra sensitive bioluminescence assay. Nevettheless, the murine study showed that
ATGL is important for basal and stimulated lipolysis while HSL 1s mainly required
for stimulated lipolysis in adipocytes. This is not the only regulatory aspect of
lipolysis that is subject to major species differences when results of human and
murine fat cells are compared (for reviews see (1)). For example, rodent adipocytes
utilize the B3-adrenoceptor for catecholamine-induced lipolysis whereas human fat
cells respond mainly to the prolipolytic fl-and 2- and the antilipolytic 02A-
adrenoceptors. Moreover, human fat cells display a unique prolipolytic response to
natriuretic peptides (30). Overall, this warrants caution in interpreting data obtained
from murine fat cell models and extrapolate them to the human level.

The strongest evidence for a superior role of HSL among lipases in regulating hu-
man fat cell lipolysis can be obtained from our studies in hMSCs. When these cells
were subjected to complete HSL inhibition during proliferation, differentiation and
lipolysis experiments, basal lipolysis was inhibited by 50 % while stimulated
lipolysis (using a range of different agonists) was almost completely blunted. Iden-
tical results were obtained if HSL was temporarily inhibited only during the lipoly-
sis experiment. Conversely, hMSC-derived adipocytes exposed to the HSL inhibitor
during the entire differentiation process but where the HSL inhibitor was withdrawn
immediately before the lipolytic experiment displayed essentially the same lipolytic
activity as control cells. These data suggest that ATGL cannot replace HSL during
chronic inhibition of the Iatter lipase and that HSL can immediately re-establish its
lipolytic role when it is disinhibited. This 1s independent of the route of stimulation
by either catecholamines, by direct activation of protein kinase A or through activa-
tion of cGMP.

Detailed clinical characteristics were available for cohort 1-3 (partly summarized in
Table 1) but not for cohort 4. It could be argued that the results obtained in cells
from cohort 4 could be influenced by specific clinical conditions of the donors.
However, we find this less likely since all donors were requested to be otherwise
healthy and free of medication. Moreover, these immature cells from the stroma-
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vascular portion of adipose tissue were isolated and differentiated in vitro for 2-3
weeks thereby avoiding confounding environmental factors normally present when
freshly isolated fat cells are used. In fact, we have previously shown that this SYS-

tem 1s efficient in establishing primary and secondary causes to alterations in fat
cell function (17, 31).

On the basis of the present and previous (17, 22) comparisons of ATGL and HSL in
man we propose the following model on their respective roles in lipolytic regulation
in human fat cells. HSL is of greater importance than ATGL in regulating complete
hydrolysis of TG (to glycerol) following catecholamine or natriuretic peptide stimu-
lation in normal conditions and obesity or PCOS. However, both lipases are impor-
tant for the regulation of basal complete hydrolysis of TAG to glycerol. We admit
that we cannot preclude the possibility that ATGL may have roles in lipolysis,
which are not revealed until more is known regarding the details of this lipase (e.g
phosphorylation, intracellular localization and protein-protein interactions). In fact,
recent data suggest that the regulation of enzyme activity of HSL and ATGL is
more complex than previously recognized (10). However, such more advanced
studies of lipase function/activity can, for the moment, only be performed in fat cell
lines and not in primary cells used in the present work. Furthermore, specific ATGL
inhibitors that are essential for a detailed enzymatic analysis are not yet available.
In addition, we cannot excluded the possibility that our use of different human fat
cell models, which was mandatory to answer all questions raised in the present
work, could obscure some differences regarding ATGL versus HSL function. Fj-
nally, this study has only examined HSL and ATGL. It 1S possible that additional
lipases are active in human fat cells that may have yet undefined roles in the regula-
tion of lipolysis. However, the importance of such lipases is doubtful since HSL and

ATGL are responsible for >95% of triacylglycerol hydrolase activity in mouse fat
cells (28).

In summary, this study suggests that in contrast to findings in rodents, HSL is more
important than ATGL in regulating catecholamine-induced lipolysis in human fat
cells under normal and insulin resistant conditions. However, both ATGL and HSI.
regulate basal lipolytic activity of human fat cells. The role of these lipases in par-
tial hydrolysis of TG to DAG remains to be defined.
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