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Chapter 1: Introduction

1.1 General Hypothesis
Lipolysis is the mechanism by which stored triacylglycerol (TAG) in
adipose tissue is hydrolyzed into glycerol and three free fatty acids. This occurs
when energy is needed in times of fasting or stress. One of the key products of
stimulated lipolysis is circulating free fatty acids (FFA). It has been established
that increases in FFA increase risk for development of diabetes (Randle et al,
1963). Researchers have demonstrated the reciprocal relationship between
glucose oxidation and fatty acid oxidation (the Randle cycle) was skewed towards
utilization of free fatty acids; the result was insulin resistance and T2D. The idea
that increased free fatty acids leads to insulin resistance has been confirmed by
many independent groups (Karpe et al., 2011). However, now, the mechanism by
which increased circulating FFAs lead to insulin resistance is thought to be
through generation of active lipid moieties, including: long chain acyl-CoA,
diacylglycerol (DAG), and ceramides, all of which may interfere with proper
insulin signaling (Delarue et al., 2007). Increases in circulating FFAs also result
in increased FFA uptake by the liver, skeletal muscle, and pancreas which leads
to ectopic fat accumulation in these organs. While it remains unclear whether this
is due to decreased adipose tissue metabolism or increased uptake of FFA (Karpe
et al., 2011), the resulting preferential usage of these FFA over glucose has been
repeatedly shown to result in peripheral insulin resistance which can lead to
diabetes, dyslipidemia, and cardiovascular disease (CVD).
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While the exact role of FFA in development of T2D is well established,
the link between lipolysis and T2D is not well defined. Many studies show that
increased liberation of FFA via increased lipolysis is associated with insulin
resistance and type 2 diabetes (T2D). While many publications suggest that
inhibition of lipolysis may increase insulin sensitivity, it remains unclear whether
suppression of lipolysis would be the best therapeutic option for treating insulin
resistance. For example, in both the murine overexpression and knockout model
of a key player in lipolysis, both increased and decreased lipolysis leads to
increased insulin sensitivity and increased FFA utilization (Haemmerle et al.,
2006 and Ahmadian et al., 2009). FFA levels are not increased by higer levels of
lipolysis; instead, there is a compensatory increase in FFA oxidation genes with
over-expression of this key lipolytic enzyme (Ahmadian et al., 2009). This
suggests another mechanism whereby increased circulating FFAs lead to insulin
resistance. While preliminary evidence links defects in lipolysis to T2D, there
remain gaps in the knowledge regarding the involvement of changes in lipolysis
with development of T2D.
To elucidate the role of genetic variation in lipolytic genes on FFA
mediated development of T2D, we sequenced the coding region of lipolytic genes
in 24 Amish individuals with extremely high and extremely low levels of TAG.
Our study subjects, the Old Order Amish, provide a unique opportunity to probe
the current gaps in knowledge, because rare variants with large phenotypic effects
are able to reach a higher frequency in the Amish due to the founder effect. We
hypothesized that variation in the coding region of one or more of the genes
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involved in the lipolysis pathway, adipose triglyceride lipase (ATGL),
comparative gene identification 58 (CGI-58), hormone sensitive lipase
(LIPE), monoglyceride lipase (MGL), Perilipin 1 (PLIN1), Perilipin 2
(PLIN2), Perilipin 3 (PLIN3), and Perilipin 4 (PLIN4) leads to changes in the
function of the proteins encoded by these genes.

Furthermore, we

hypothesized that these changes in protein function resulted in dysfunctional
lipolysis

and

eventual

development

of/resistance

to

diabetes

and

dyslipidemia. The specific aims of this thesis are:


Aim 1: Genetically characterize genes in the lipolytic pathway and
specifically characterize a 19 base pair deletion in LIPE Hypothesis:
Variants in the lipolytic pathway will lead to changes in lipid metabolism
and insulin sensitivity.



Aim 2: Identify the consequences of the 19 base pair deletion in LIPE
on the HSL protein. Hypothesis: The deletion will lead to decreased
mRNA and protein expression, resulting in decreased enzyme activity and
improper hydrolysis of substrates.



Aim 3: Identify the pathological effect of the 19 base pair deletion in
LIPE on human adipose tissue. Hypothesis: The deletion will result in
decreased lipolysis,smaller lipid droplets, and fat cell. Also, the deletion
will lead to increased inflammation and improper insulin signaling.



Aim 4: Identify a mechanism whereby the 19 base pair deletion in
LIPE exerts the phenotypic effect. Hypothesis: This variant exerts it’s
effect by down regulating PPARγ and other downstream genes.

3

1.2 Overview of dissertation work
We used a candidate gene approach to uncover the undefined role of
genetic variation in lipolytic genes (ATGL, CGI-58, HSL, MGL, PLIN2, PLIN3,
and PLIN4) on their protein function, and subsequently the role of these variants
on human diseases caused by dysfunctional lipolysis. After sequencing all of the
exonic regions of these genes we prioritized those variants most likely to be
deleterious. The variant predicted to be most deleterious was a 19 base pair
deletion in LIPE which results in the first HSL loss-of-function mutation in
humans. The mutation is associated with dyslipidemia, glucose
intolerance/diabetes, lipodystrophy, and insulin resistance. This discovery
provides a unique opportunity to probe the biology of HSL in humans and
discover the mechanisms that link abnormalities in lipid metabolism to insulin
resistance and diabetes. This model is important because the systemic phenotypes
of individuals with the 19 base pair deletion do not completely mirror those of the
HSL knockout mouse, demonstrating that this naturally occurring mutation in
humans may expand what is currently known about HSL (which is in large part
based on the HSL knockout mouse). Our research suggests that HSL plays an
integral role in providing endogenous ligands to the nuclear receptors responsible
for the majority of adipocyte insulin sensitization and regulation of adipogenesis
(mainly PPARγ). In the DD homozygotes we have observed clear defects in
adipose tissue function which suggest an impairment of PPARγ function.
Interestingly, the ID heterozygotes have systemic insulin resistance as well as
mild lipodystrophy, but lack measurable differences in gene expression at the
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level of adipose tissue. This indicates that the underlying mechanism(s) for
insulin resistance is not the lack of HSL activity in adipose tissue and suggests
that the primary defect resides in non-adipose tissue. Our results suggest an
unsuspected role for HSL in non-adipose tissues, regulating systemic insulin
sensitivity. Because HSL haploinsuficiency affects human and not mice,
additional experiments will have to be done in humans to identify the primary
tissue site responsible for the systemic insulin resistance and to uncover the
underlying molecular mechanism in that tissue.
We have observed that absence of HSL leads to many adipocyte
abnormalities, including decreased fat cell size, decreased basal and stimulated
lipolysis, and decreased adipocyte insulin sensitivity. In search of a mechanism
by which HSL exerts its effect on adipose tissue insulin sensitivity, we found two
lines of evidence that HSL regulates PPARγ which is a major player in insulin
sensitization. One group proposed that HSL can modulate PPARγ by providing
ligands or proligands for the receptor (Shen et al, 2007). The other group provides
evidence for the role of HSL to provide retinoic acid derived endogenous ligands
to nuclear receptors (Strom et al., 2009). Therefore, a plausible mechanism
whereby HSL deficiency in AT affects both lipid and glucose metabolism is
through the inability to produce endogenous ligands necessary to sustain PPARγ
or other NR action (figure 1.1). Finally, our work has implicated
thiazolidinedione (TZD) as a more effective treatment of diabetes in patients with
the 19 base pair deletion.

5

Figure 1.1: Proposed mechanism by which HSL deletion results in the
phenotype seen in individuals with the mutation.
This shows the mechanism by which loss of HSL would result in decreased
ligands provided by HSL. This would in turn lead to dysfunctional PPARγ with
signaling, leading to aberrant adipose tissue function, and dyslipidemia, ectopic
fat deposition, and insulin resistance.
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The HSL knockout mouse has provided important insights into the
function of HSL. However, because of the many aspects of intermediary
metabolism that differ greatly in mice and humans, this genetic experiment of
nature provides a unique opportunity to elucidate the functional role of HSL in
humans. This will provide key insights into mechanisms underlying
dyslipidemia, diabetes and their cardiovascular complications.
1.3 Type 2 Diabetes (T2D)
Insulin signaling is a tightly regulated process, often dysregulated in T2D.
Initiation of insulin signaling is caused by the binding of insulin to one of the two
α-subunits of the insulin receptor. The β-subunits are then activated by tyrosine
auto-phosphorylation, which leads to a cascade of
phosphorylation/dephosphorylation events regulating many different cellular
processes (White et al., 1994 and Itani et al., 2000). The primary event includes
tyrosine phosphorylation of insulin receptor substrates (IRS). IRS interacts with
phosphatidylinositol-3-kinase (PI (3) K) resulting in generation of 3, 4, 5phosphoinositol and downstream activation of protein kinase C (PKC) and protein
kinase B (PKB). This activation triggers the translocation of glucose transporter 4
(GLUT4) to the cell membrane and subsequent uptake of glucose into the cell
(Czech et al., 1999).
Type 2 diabetes is characterized by an initial decline in sensitivity to
insulin, followed by dysfunctional beta cell function and eventual hyperglycemia.
Insulin resistance (IR) occurs when higher levels of insulin are needed to trigger
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normal biological effects. Both impaired insulin action and impaired insulin
secretion contribute to pathophysiology of the disease (Dinneen et al., 1992).
1.4 Nuclear receptors regulate acquisition of insulin sensitivity
Nuclear receptors (NR) are a superfamily of proteins all of which are
regulated by a ligand (hormone or otherwise). They all contain both a DNA
binding domain and a ligand binding domain. NRs function as either hetero- or
homo-dimers and are involved in the regulation of almost all aspects of human
biology (Olefsky, 2001). Ligands bind to NRs, like RXRα, and PPARγ to
promote hetero/homodimerization allowing them to bind response elements and
modulate expression of certain genes. It has been difficult thus far to define the
exact roles of each NR because of the large number of dimerization partners and
numerous downstream targets of these NRs.It is clear that PPARγ is essential for
transcription of many genes involved in insulin sensitization. In fact,
thiazolidinediones (a class of anti-diabetic drug) are PPARγ agonists, which result
in increased insulin sensitivity for diabetic patients. In addition, PPARγ and its
downstream effectors play an important role in adipogenesis, lipid metabolism,
and glucose metabolism.
AT specific PPARγ knockout mice have improper lipid storage and
inability to clear lipids after high fat challenge which leads to dyslipidemia,
insulin resistance and glucose intolerance/diabetes (Gray et al., 2005). While the
global RXRα knockout mouseis embryonic lethal, the adipose tissue specific
knockout shows impaired adipocyte differentiation and resistance to obesity
(Szanto et al., 2004). Both of these models provide additional evidence in
8

support of the importance of nuclear receptors in the acquisition of insulin
sensitivity.
1.5 Factors that contribute to insulin resistance
Many factors contribute to the development of insulin resistance. The
phenomenon of IR is highly correlated with obesity and sedentary lifestyle.
Early insulin resistance results in increased insulin secretion by β-cells. Glucose
production is highly regulated by insulin and vice versa. T2D results when the
interplay between the two is disrupted and beta cells are unable to compensate for
insulin resistance (Stumvoll et al., 2005). It appears that the numbers of glucose
transporters in individuals who are insulin resistant are unchanged; however, the
ability of insulin to cause the translocation of GLUT4 is severely altered
(Kennedy et al., 1998). Acute exercise is able to rescue and increase the amount
of GLUT4 at the plasma membrane (Kennedy et al., 1998).
T2D has become a major epidemic in recent years, likely in part due to the
increasing incidence of obesity and decline in engagement in physical activity.
The vast majority of individuals with diabetes mellitus have type 2 diabetes.
Cardiovascular risk is increased up to four fold in individuals with T2D (Zimmet
et al., 2001). Major risk factors for diabetes include body mass index (BMI) ≥ 25
kg/m2, family member with diabetes, hypertension, low levels of high density
lipoprotein cholesterol (HDL-C), high triacylglycerides (TAG), elevated
hemoglobin A1c, decreased physical activity , and ethnicity (increased risk in
Hispanics, African Americans, Native Americans, and Asians) (American
Diabetes Association, 2010). However, there is still a portion of diabetes risk that
9

can be attributed to genetics. In support of a strong genetic component of T2D,
heritability estimates for T2D range from ~30-70% (Almgren et al., 2011 and
Temelkova-Kurktschiev et al., 2012) and concordance rates for twin and adoption
studies of dizygotic and monozygotic twins range from 17-37% and 50-70%,
respectively (Almgren et al., 2011).
1.6 Lipid Metabolism
Lipid metabolism is an intricate balance of breakdown and storage of
lipoproteins. TAG catabolism begins in the mouth, where oral lipases begin
breaking down TAG. This continues in the stomach where fatty acids (FA) are
absorbed by intestinal cells and are either re-esterified to TAG and packaged as
chylomicrons (which enter plasma component quickly) or sent to the liver to be
packaged into very low density lipoprotein (VLDL) (Iqbal et al., 2009).
Postprandially, lipoprotein lipase (LPL) is the rate limiting enzyme which
catabolizes the triglyceride core of chylomicron and VLDL into FFA and the
chylomicron remnant. The remnant is then shuttled to the liver for degradation
(Iqbal et al., 2009). LPL is the major regulator (often called the gatekeeper) of
FFA uptake in adipose tissue (where they are stored as neutral lipids), skeletal
muscle (where they are oxidized into cholesteryl ester), and macrophages (where
they are stored as TAG) (Wang et al., 2009).
VLDL is also broken down by LPL into intermediate density lipoprotein
(IDL) and FFA. IDL can form either HDL or low density lipoprotein (LDL) by
either exchange of TG for cholesterol esters or further hepatic lipase delipidation
respectively (Hu et al, 2008). LDL is the major contributor to serum cholesterol
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and atherosclerosis in humans (Gouni-Berthold et al., 2002). Transportation of
these lipoproteins is essential for both delivery and uptake into the liver and
intestine as well as delivery to more peripheral tissues, where they are needed for
the synthesis of steroids and hormones (Higashijima et al., 1987). Unused energy
in the form of lipids is stored in adipose tissue which can be hydrolyzed in times
of fasting or stress when energy is needed again. Proper regulation of this system
is essential for proper packaging, transport, and usage of lipids.
1.7 Dyslipidemia, dysfunctional adipose tissue, and lipodystrophy
Changes in lipid metabolism can have a myriad of deleterious effects.
Dyslipidemia occurs when an aberrant amount of lipid accumulates in the
circulation. Abnormal lipid accumulation is a major risk factor in the
development of CVD (Adams et al., 2004). Macrophages take up cholesterol in
the form of oxidized low density lipoprotein which results in plaque formation
and a subsequent inflammatory reaction causing swelling of arterial walls and
atherosclerosis (Montecucco et al., 2008). Clinically, dyslipidemia is described as
having a total cholesterol of >200 mg/dL, LDL cholesterol >130 mg/dL, HDL
cholesterol <40 mg/dL for men and <50mg/dL for women, and/or fasting
triglycerides of >150 mg/dL. There are many different causes of dyslipidemia
including hormonal (ex. hypothyroidism), metabolic (ex. diabetes), renal (ex.
glomerulonephritis), liver (ex. primary biliary cirrhosis), lifestyle (ex. Physical
inactivity), medications (ex. diuretics and beta blockers), and of course genetics
(National Cholesterol Education Program (NCEP) Expert Panel on Detection,
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Evaluation, and Treatment of High Blood Cholesterol in Adults (Adult Treatment
Panel III), 2002).
Dysfunctional adipose tissue results in the inappropriate storage/usage of
free fatty acids. The result of this dysregulation can be either over storage as is
seen in obesity, under storage as is seen in lipodystrophy, or spillover of FFA into
other tissues as seen in ectopic fat accumulation. All of these are major risk
factors for the development of insulin resistance and diabetes. Improper
maintenance of adipose tissue function results in the increase of both circulating
lipids and inflammatory markers (Hajer et al., 2008).
It is usually accepted that excess of fat (as observed in obesity) is
deleterious to lipid and glucose metabolism. In the past several years, it has
become apparent that deficiency of fat is equally as detrimental to these processes
(Parker et al., 2011). Lipodystrophy results when there is a localized (i.e. in the
limbs) wasting of body fat. Lipodystrophy can be either global or localized;
however, when localized there is usually hypertrophy of fat in other areas. This
adipose tissue atrophy is linked to many metabolic problems, including diabetes
(Vigouroux et al., 2011). Many rare syndromic body fat disorders have been
described which result in dyslipidemia along with varying other phenotypes (see
section 1.10).
1.8 Complex genetics of T2D and dyslipidemia
Variations in over 120 loci have been shown thus far to modify risk for
dyslipidemia and T2D, two potent risk factors for CVD (Smushkin et al., 2010,
Teslovich et al., 2010, and Voight et al., 2010). Although there have been
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significant increases in the understanding of the genetic component of these
disorders, the underlying mechanisms and pathways, especially those that link
them, are not well understood. Two reasons for the difficulty in elucidation of the
genetic contributors to these disorders and the mechanisms by which they exert
their effects are 1) the small effects these common variants have on the
phenotypes and how little these variants explain the heritability of a trait, and 2)
the contribution of lifestyle factors to these traits.
1.9 The Old Order Amish
To more clearly isolate the genetic contribution to dyslipidemia and
diabetes and to elucidate novel pathways and mechanisms, we study the Old
Order Amish of Lancaster, PA. The Old Order Amish are a genetically
homogeneous, closed founder population who immigrated to the United States
from Central Europe in 1727. The Amish are ideal for genetic studies because
they keep detailed genealogical records. The Amish are geographically localized
in rural areas and many are farmers. They are well known for their simplistic
lifestyle and resistance to technology. They use the horse and carriage for
transportation, and do not use electricity or telephones in their homes. Their
strong religious beliefs are based on strict interpretations of the Bible which is one
reason the sect stays a distinct and closed entity. Marriage outside the sect is very
uncommon. The Amish generally have large sibships (averaging 7 to 9 siblings)
and usually live either in the same household or nearby their family. Additionally,
a high mean coefficient of consanguinity exists. Finally, there is homogeneity of
socioeconomic status and lifestyle in the Old Order Amish, which reduces effects
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of environmental influences and boosts the power to detect genetic components of
diseases and related traits (Khoury et al., 1987).
Broadly, the division of Endocrinology studies the molecular basis and
genetics of type-2 diabetes, obesity and insulin resistance. The division uses a
multidisciplinary approach to study complex diseases. By eliminating some of the
environmental variation (i.e. the homogeneous lifestyle of the Amish),
investigators in the division seek to identify more cleanly the genetic component
of complex dieses. Investigators in the division use molecular, genetic, statistical,
and epidemiological methods, including both candidate gene and genome wide
approaches. Investigators in the division for example identified through genomewide and candidate gene studies of well-phenotyped Amish subjects, genetic
variants with a large effect on gene product function, and then perform more
detailed hypothesis-driven phenotypic characterization of many family members
with the same large-effect variation to elucidate molecular mechanisms and
pathways. Investigators in the division of endocrinology have studied over 5,000
Amish subjects over the past 15 years; these studies have proven to be fruitful.
Recent examples include the identification of the first null mutation in
apolipoprotein CIII (APOCIII) which leads to low triglycerides and a cardio
protective phenotype (Pollin et al., 2008), a mutation in apolipoprotein B (APOB)
that is markedly enriched in the Amish and is a major determinant of LDL
cholesterol in this population (Shen et al., 2010), and a novel deletion in LIPE,
which encodes hormone sensitive lipase, the topic of this thesis. Studying the
effects of this mutation will allow for a greater understanding of the biological
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role of HSL in humans including its role in lipolysis and pathogenesis of T2D and
dyslipidemia.
1.10 Rare syndromic body fat disorders (RSBFD)
Recently, several monogenic forms of abnormal fat tissue development
(lipodystrophy) with secondary metabolic derangements leading to insulin
resistance and diabetes have been identified. It has been established that excess
adipose tissue (obesity) is often associated with insulin resistance and
development of T2D. Recently, the importance of normal amount and
distribution of white adipose tissue (WAT) has been shown to be critical in
maintaining whole body insulin sensitivity and energy homeostasis. This is
exemplified in individuals with “rare syndromic body fat disorders”. Congenital
generalized lipodystrophy (CGL) results in complete lack of adipose tissue.
Mutations in AGPAT2, BSCL2, CAV1, PTRF, and LMNA all result in CGL
through aberrant phospholipid synthesis, adipogenesis, fatty acid translocation,
caveolae biogenesis and premature cell death, respectively (Garg et al., 2011).
Other mutations responsible for most of the RSBFDs resulting in partial
lipodystrophy can be broadly classified as those impairing adipogenesis (PPARγ)
and those affecting the lipid droplet dynamic (PLIN1, cell death-inducing DFFAlike effector c [CIDEC], caveolin 1 [CAV1] and Cavin 1 [PTRF]) (Vigouroux et
al., 2011, Parker et al., 2011). Mutations in these genes have provided insights
into the importance of proper adipogenesis and maintenance of the lipid droplet
dynamic, on insulin sensitivity and propensity to develop T2D (table 1.1). In
additiona to the congenital forms of lipodystrophy described above, recently an
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acquired form of lipodystrophy in HIV patients taking highly active antiretroviral
therapy (HAART) has been discovered. This has become the most prevalent form
of lipodystrophy (Garg, 2011). We report here a variant which leads to
phenotypes much like those described in RSBFDs, which is also associated with
insulin resistance and increased propensity to develop T2D.
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Table 1.1: Summary of known rare syndromic body fat disorders.
Mutation

Date

Consequence

Authors

PPARγ Pro115Glu

10/98

Accelerated adipocyte differentiation;
obesity

Ristow et al.

PPARγ
Pro467Leu
Val290Met

12/99

1st loss of function mutation; insulin
resistance; early onset T2D and
hypertension

Barroso et al.

LMNA
Arg482Trp
Arg482Gln
Lys486Asn

02/00

Lack of Subcutaneous AT, increases
in intra-cavity fat depots

Shackleton et al.

PPARγ A553ΔAAAiT

7/02

No effect except when compound
with PPP1R3A C1984ΔAG

Savage et al.

PPARγ Phe388Leu

12/02

Partial lipodystrophy;
hyperinsulenemia,
hypertriglyceridemia,
hyperalphalipoproteinemia

Hegele et al.

AGPAT2
Glu172Lys Ala238Gly

06/03

Typical Berardinelli-Seip congenital
lipodystrophy

Magre et al.

BSCL2
F224_Y225Q271fsX288
G271fsX283

11/03

T2D, Fat loss from palms and soles

Simha and Garg

CAV1
Glu38X

4/08

Berardinelli-Seip congenital
lipodystrophy: absence of both
subcutaneous and visceral WAT;
severe insulin resistant and
dyslipidemia; mild hypocalcemia

Kim et al.

PTRF
Lys233fs
Glu176fs

1/09

Generalized lipodystrophy and
muscular dystrophy; muscle
hypertrophy; elevated serum creatine
kinase

Hayashi et al.

CIDEC
Glu186X

8/09

partial lipodystrophy; multiloculated
lipid droplets; insulin-resistant
diabetes

Rubio-Cabezas
et al.

PTRF
c.160delG, c.362dupT

3/10

generalized lipodystrophy; sudden
cardiac; long-QT syndrome;
bradycardia; tachycardia

Rajab et al.

PLIN1
Leu404AlafsX158Val
398GlyfsX166

12/11

Lipodystrophy; decreased adipose
tissue; hypertriglyceridemia; fatty
liver

Gandotra et al.
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1.11 Importance of the role of lipolysis in diabetes and dyslipidemia
Adipose tissue lipolysis is an important metabolic pathway for the
maintenance of energy homeostasis through the degradation of TAG and the
release of free fatty acids into circulation. Impairment in lipolysis has been linked
to ectopic fat deposition, cellular lipotoxicity, and recently insulin resistance (Cusi
et al., 2010). When dietary substrates are not present, FFAs stored as TAG are
the main source of energy (Holm et al., 2003). Under physiological conditions,
FFA release from adipose tissue is tightly regulated, allowing appropriate
availability of FFAs to meet the energy requirements of other tissues. Increased
adiposity can result in excess FFA release relative to tissue needs. The resultant
higher FFA concentrations can induce muscle and hepatic (Lafontan et al., 2009)
insulin resistance, endothelial and pancreatic β-cell dysfunction (Bezaire and
Langin, 2009), increased VLDL triglyceride production in the liver, and higher
HDL levels (Cusi et al., 2010). Increased FFA can result in insulin resistance
because in the stored from (TAG) they can accumulate in the liver and lead to
inhibition of IRS-2 dependent PI3K phosphorylation. Also, FFAs induce PKC
translocation, inhibiting IRS and INSR through serine phosphorylation (Delarue
et al., 2007). FFA levels are also increased by cytokines, mainly tumor necrosis
factor alpha (TNFα) and interleukin 6 (IL-6) causing improper pre-adipocyte
development and promoting inflamed adipocytes, both of which lead to
dyslipidemia and type 2 diabetes (Plomgaard et al., 2008).
In addition, it was reported that obese patients have an increased
sympathetic activity which increased lipolysis as well (Alverez et al., 2002, Davy
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2004, and Vaz et al, 1997). Thus, although adipose tissue is an excellent site for
storage of energy and can provide FFAs at times of fuel demands, appropriate
regulation of its function is necessary for optimal health in humans. It is currently
unknown exactly how this process is regulated or the impact of alterations in this
pathway on human disease.
1.12 Physiological and molecular post-translational regulation of lipolysis
Lipolysis is tightly regulated by hormones (Rodbell, 1963). During fasting or
stress, catecholamnines are the major hormones that stimulate lipolysis. The
binding of these hormones to β-adrenergic receptors results in increased adenyl
cyclase activity. Stimulation of adenyl cyclase leads to increased cyclic
adenosine monophosphate (cAMP) levels, activating cAMP dependent protein
kinase A (PKA). PKA phosphorylates HSL and Perilipin(a lipid droplet surface
associated protein), resulting in the release of CGI-58 (an ATGL co-lipase) and
the translocation of HSL from the cytosol to the lipid droplet surface. This
phosphorylation event at serine 552, 563, 649, and 650 promotes not only the
activation of the enzyme, but the translocation of HSL to the lipid droplet (Watt et
al., 2008) (figure 1.2). In the fed state (basal lipolysis) insulin is the most potent
antilipolytic hormone, inhibiting lipolysis by binding to the insulin receptor,
thereby decreasing cAMP levels and thus decreasing lipolysis (Ahmadian et al.,
2009). As stated above, it is widely accepted that basal lipolysis and circulating
FFA levels are increased in the adipose tissue (AT) of insulin resistant subjects
(Bickerton et al, 2008). However, some reports have shown over time a reduction
in lipolysis in the AT of obese subjects which is likely a mechanism to prevent
19

against lipotoxicity caused by the previously increased rate of lipolysis (Lafontan
et al., 2009). Again, these studies make it unclear whether decreases in lipolysis
are always insulin sensitizing.
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Figure 1.2: Schematic of basal and stimulated lipolysis
This figure shows basal lipolysis (fed state) and stimulated lipolysis
(fasted state). In times of energy necessity, a cascade of phosphorylation events
leads to the phosphorylation of HSL and subsequent release of CGI-58 allowing it
to interact with ATGL, activating it, and initiating the catalysis of TAG to
DAG+FFA. HSL then hydrolyzed DAG to monoacylglycerol (MAG) +FFA and
MGL hydrolyzes MAG to glycerol and FFA (adapted from Watt et al., 2008).
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1.13 Mouse models of lipolytic pathway
During the past ten years, key players in the lipolytic pathway of
adipocytes were identified through the study of transgenic mouse models
(Martinez-Botas et al., 2000, Tansey et al., 2001, Osuga et al., 2000, Zimmerman
et al., 2004). The Perilipin A null mouse demonstrated the importance of the
surface lipid droplet associated protein to mediate lipolysis. These mice have
increased risk for developing glucose intolerance and insulin resistance, though
they have a greater lean body mass and increased metabolic rate. They have
increased basal lipolysis as Perilipin is no longer able to protect
adipocytes.Stimulated lipolysis is decreased, showing the importance of Perilipin
in achievement of maximum lipolysis (Tansey et al., 2001).
Phenotypic analysis of hormone-sensitive lipase null mice suggested the
existence of another lipase (Haemmerle et al., 2002), leading to the identification
of adipose triglyceride lipase (ATGL) (Zimmermann et al., 2004, Jenkins et al.,
2004, Villena et al., 2004). Prior to this discovery, HSL was thought to be the
major hydrolyzer of TAG. Much of our knowledge of HSL function in vivo relies
on the phenotype of the Lipe knockout mice. Several HSL knockout models have
been generated. Osuga et al. generated the first Lipe knockout mouse, and found
that the mice were surprisingly non-obese, but do have mild heterogeneity in fat
cell size and male infertility due to oligospermia. While it was initially thought
that HSL was the major TAG lipase, the relatively mild phenotype suggested that
another TAG lipase must play a role in lipolysis. The discovery of ATGL has
highlighted this protein as the most significant TAG lipase. The ATGL knockout
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mice have increased fat mass and accumulation of large amounts of lipid in the
heart. These mice have increases in glucose tolerance and insulin sensitivity
(Haemmerele et al., 2006, Zimmermann et al., 2004, Jenkins et al., 2004, Villena
et al., 2004). Unlike in the ATGL knockout mouse, the neutral cholesterol ester
hydrolase activity was abolished in WAT and brown adipose tissue (BAT) of the
Lipe knockout mouse, indicating that HSL is most likely the only cholesterol ester
hydrolase in mouse adipose tissue (Osuga et al., 2000). In addition retinyl
esterase activity is impaired in HSL deficient mice. This leads to impaired
metabolism of retinyl esters, retinol, retinaldehyde, and adipose tissue retinoic
acid (RA). Additionally, genes involved in the retinyl pathway are differentially
expressed. Nuclear receptor-interacting protein 1 (Rip140), retinoid acid receptors
(RAR), and retinoid X receptors (RXR) expression were all decreased in LIPE
knockout; however with the addition of RA in the diet, expression was only
partially restored (Strom et al., 2009) indicating that other non-dietary factors
contribute to the observed decrease in expression.
There are some inconsistencies between the different HSL knockout mice,
especially surrounding insulin sensitivity. Roduit et al. created a Lipe knockout
mouse to assess the role of HSL on insulin action. They found the null mouse to
be both normoglycemic and normoinsulinemic under basal conditions. However,
HSL-null mice were shown to be glucose-intolerant and displayed no increase in
insulin after a glucose bolus. These mice were also found to be insulin-resistant
after a glucose bolus. Additionally, the islet triglyceride content of HSL knockout
mice was 2–2.5 fold greater than wildtype animals. On the systemic level they
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have altered plasma lipoproteins and plasma lipid content (increased HDL,
increased total cholesterol, decreased hepatic VLDL, and decreased TAG)
(Fernandez et al, 2004, Haemmerle et al., 2002 [12946-12952]). Other HSL
knockout mice have normal insulin sensitivity, thus, it is controversial what role
HSL plays in insulin sensitivity (Voshol et al., 2003 and Park et al., 2005).
The HSL knockout mice show differences in gene expression levels. The
nuclear receptor, PPARγ, and downstream targets: CCAAT/enhancer-binding
protein alpha (C/EBPα), adiponectin, leptin, resistin (in mice), and adipsin (all
genes involved with adipogenesis and adipose differentiation) are suppressed in
the HSL null mouse (Kraemer et al., 2006). Genes regulated by PPARγ and
RXRα that are involved in lipid metabolism (LPL, fatty acid synthase (FASN),
diacylglycerol O-acyltransferase 1 (DGAT-1), PLIN1, etc.) are also down
regulated in HSL null mice (Zimmerman et al., 2003).
Characterization of ATGL null mice helped to establish the respective
roles of these two lipases in the lipolytic cascade (Haemmerle et al., 2002).
Complete lipolysis requires three enzyme and three reactions to break down TAG
into fatty acids and glycerol. First, ATGL (along with co-lipase CGI-58)
hydrolyzes TAG to produce fatty acid and diacylglycerol; HSL then acts as a
diacylglycerol lipase, and the final step is catalyzed by monoacylglycerol lipase.
Recently a MGL knockout mouse revealed that MGL deficiency is partially
compensated for by HSL; however, slight reductions in plasma triacylglycerol
were observed. High fat diet fed MGL knockout mice had improved glucose
tolerance and insulin sensitivity compared to controls even though they gained the

24

same amount of weight. Studies using RNA interference (RNAi) technology in
cultured cells have confirmed the role of ATGL in initiating lipolysis (Miyoshi et
al., 2008, Granneman et al., 2009, Lass et al., 2006, Bezaire et al., 2009).
1.14 The lipolytic pathway in humans
While the mouse models have provided us with great insight into the role
of the lipolytic enzymes in lipolysis, there are limitations of the mouse models.
First, what is seen in the mouse differs from what is observed in some human cell
lines. For instance, in human adipocytes, there is some controversy regarding the
respective role of the two major lipolytic enzymes (ATGL and HSL) in lipolysis.
It has been reported that ablation of HSL in human cells has no effect on basal
and only a small effect on stimulated lipolysis, while ATGL ablation results in
large decreases in both basal and stimulated lipolysis (Bezaire et al., 2009).
Conversely, others have reported that HSL is the major lipase involved in
stimulated lipolysis, while both ATGL and HSL contribute to basal lipolysis
(Reyden et al., 2007). Defects in ATGL expression have been reported in AT of
obese subjects (Steinberg et al., 2007). Likewise, reports have shown that
impaired lipolysis and decreased HSL expression are hallmarks of obesity (Large
et al, 1999).
Naturally occurring mutations in humans often provide the most insight
into the roles of the affected protein on normal human biology. None of the
functional mutations of ATGL have resulted in obesity, contrary to what is
observed in the mouse, showing species differences between the mouse and
human with regard to adipose tissue function in absence of ATGL. In fact,
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mutations in human ATGL have been associated with Neutral Lipid Storage
Disease with Myopathy (NLSD-M) which leads to accumulation of TAG in slow
twitch skeletal muscle fibers, cardiac abnormalities, myopathy, and hepatomegaly
(Schweiger et al., 2009). Additionally, polymorphisms in ATGL have been
associated with glucose levels and diabetes risk (Schoenborn et al., 2006).
Mutations in the ATGL co-lipase CGI-58 cause Chanarin-Dorfman Syndrome
which has a similar phenotype to that seen in NLSD-M without the cardiac
abnormalities, and with the addition of ichthyosis (Schweiger et al., 2009).
Interestingly, there have been no protein altering mutations found in the LIPE
gene although there have been nominal associations of common variants with
waist circumference and body fat accumulation (Carlsson et al., 2006 and
Lavebratt et al., 2002). Furthermore, no mutations have been reported in MGL.
1.15 Hormone sensitive lipase
Hormone sensitive lipase was the first lipase to be identified in adipose
tissue, and the primary lipase studied until the recent discovery ATGL. HSL is an
84 kDa protein containing 768 amino acids. HSL is a neutral lipase with wide
range of activities; it can hydrolyze TAG, DAG, MAG, Cholesterol esters (CE),
and retinyl esters (RE), but has greatest specificity for DAG in vitro as well as in
vivo (Haemmerle et al, 2002). It has recently been shown to hydrolyze 2-acetyl
monoalkylglycerol ether as well (Buchebner et al., 2010). It has ubiquitous
expression, but highest expression in adipose tissue and testis.
The majority of HSL regulation is post translational. This regulation relies on
protein-protein interactions, cellular localization, and phosphorylation events.
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These transcriptional events are positively regulated by fasting and PPARγ, and
negatively regulated by insulin. HSL contains two major structural domains, the
N-terminal domain responsible for binding fatty acid binding protein 4 (FABP4)
and Perilipin 1 (PLIN1) and the C-terminal catalytic domain containing the
catalytic triad Serine 423, Aspartate 703, and Histadine 733 and the regulatory
module with phosphorylation sites on Serine 563,565,659, and 660 (Holm et al.,
2003) (figure 1.3). Activation of lipolysis by PKA relies on the phosphorylation
of the regulatory module. This complex domain structure is imperative for
proper regulation of lipolysis by HSL.

Figure 1.3 Domain structure of hormone sensitive lipase.
Ser 423, Asp 703, and His 733 make up the catalytic triad. Ser 563, 565, 659, and
660 make up the regulatory module. The N-terminal domain binds PLIN1 and
FABP4 (adapted from Holm et al, 2003).
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1.16 Significance
Understanding the mechanisms by which HSL deficiency in humans
results in abnormalities in lipid and glucose metabolism has important
implications. The discovery of humans with a novel loss-of-function mutation in
LIPE provides a unique opportunity to elucidate these mechanisms. These
insights may lead to the identification of novel drug targets, e.g., HSL activators,
which may be effective therapeutic agents for dyslipidemia and diabetes. In
addition, new mechanistic understandings may pave the way for more
individualized therapy of dyslipidemia and diabetes. For example, hyperlipidemic
diabetic individuals with loss of HSL function (or relative deficiency due to
common moderate-effect genetic variants) may be best treated with PPARγ
agonists. This may repair the underlying mechanism of dysfunction as opposed
to metformin, which decreases hepatic glucose production, (Viollet et al., 2012)
Specific agents and/or diets tailored to the underlying mechanism of the defect
may be useful in treating or preventing these disorders and their downstream
cardiovascular complications.
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Chapter 2a: Genetic characterization of genes in the lipolytic
pathway

2.1 Introduction
The candidate gene approach uses details of what is known about certain
genes in order to make a hypothesis about what impact they have on disease. The
hypotheses of these studies predict that changes in the lipolytic genes will affect
the known biological function of these genes. Specifically in this study, linear
regression analyses evaluate the effect of an independent variable (in this study,
the subject’s genotype) on other dependent variables (in this case the subject’s
systemic lipid, insulin, and glucose values and anthropomorphic measurements)
while adjusting for participant characteristics like age and sex (and in some cases
other confounding factors). Other methods of studying association exist, including
looking at association with a particular disease or dichotomous trait. When
plotted against each other, the relationship between the dependent and
independent variable can be assessed. The R2 value calculated from the regression
line tells you how much of the variability in the phenotype can be explained by
the genotype. The variants with significant associations are then followed up on
with functional experiments. This approach is instrumental in both confirming
what is known about genes and discovering new functions of genes (Kwon et al.,
2000). These genes (or their products) may be the eventual targets for
medications in treatments of associated diseases. Candidate gene studies also
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advance what is currently known about the normal biological function of the
genes.
In the work reported in this chapter, a candidate gene approach was used
to identify genetic variants in the lipolytic pathway (ATGL, CGI-58, LIPE, MGL,
PLIN 2, PLIN 3, and PLIN 4) and with the assistance of Dr. Yerges-Armstrong,
assess associations with dyslipidemia and diabetes. ATGL is located on
chromosome 11p15.5, and has 10 exons with a total length of 6.6 kilo-bases (kb).
It is responsible for catalysis of the first step of lipolysis. CGI-58 is located on
chromosome 3p21, has 7 exons and a total length of 44kb. It functions as the colipase of ATGL. LIPE is on chromosome 19q13.2, has 10 exons and is 25 kb in
length. The protein product is responsible for the hydrolysis of the second step of
lipolysis. MGL is located on 3q21.3with 8 exons and a total length of 150kb. The
release of glycerol from monoacylglycerol is hydrolyzed by MGL. PLIN 2 is
located on chromosome 9p22.1 has 8 exons and totals 40kb in length. It is in the
Perilipin protein family, responsible for coating lipid droplets, essential in the
maintenance of proper AT function. PLIN 3, located on 19p13.3 is 29kb and has
8 exons. PLIN 3 is required for transport from the endosome to the Golgi. PLIN
4, also located on chromosome 19p13.3 is 15kb and has 6exons. PLIN4 is
thought to help package TAG into adipocytes (GeneCards).
Once the variants were identified in these genes by sequencing exonic
regions (and 100 base pairs of flanking sequence) of the genes, bioinformatic
tools were used including TFSEARCH and spline to predict which variants were
most likely to be causal, specifically altering transcription factor binding sites and
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splicing. Both nonsense and frameshift mutations were highest on our list of
potentially causal variants as they are most likely to result in the loss of protein
function and are most prevalent in disease-causing variation (Cooper et al. 2011).
At this point, coding variations are prioritized because we are limited by the lack
of understanding of how the non-coding portion of the genome works. Once the
predicted causal variants were identified by sequencing, they were genotyped in a
larger sample set and association analyses were performed. Association analysis
compares differences in phenotypes between genotype groups. Associations were
visualized for quantitative traits like TAG values by plotting these values against
number of copies of the 19 base pair deletion. Qualitative traits like % diabetes
status were visualized similarly by plotting genotype against ‘percent yes’.
Regression lines were drawn to assess the impact of genotype on the trait.
Association with a particular trait provides evidence that a variant affects that
trait. Association analyses also provide a clinical context for the variant of
interest. In this chapter, I report association analysis to elucidate the importance
of a newly identified 19 base pair deletion in LIPE in human biology.
2.2 Methods
2.2.1 Sequencing
Sequencing cohort: The cohort included 24 Amish non-first degree
relatives enrolled in either the HAPI heart or AFCS (see below) study with
extremely high and extremely low levels of fasting TAG (table 2.1). A high level
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Table 2.1: Original sequencing cohort selected for extremes of fasting TAG.
II=wild type, ID=heterozygous for deletion.
Sample #
Age
Sex
HSL Genotype
1
50
Female
II
2
65
Male
II
3
51
Male
II
4
82
Male
II
5
50
Female
II
6
58
Female
ID
7
60
Male
II
8
55
Female
II
9
60
Male
II
10
59
Female
II
11
56
Female
II
12
65
Male
II
13
67
Male
II
14
51
Male
II
15
73
Female
II
16
61
Male
II
17
75
Female
II
18
70
Male
II
19
53
Male
II
20
26
Female
II
21
29
Female
II
22
48
Female
II
23
21
Female
II
24
69
Male
II
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Fasting TAG
547
405
357
284
608
286
326
279
273
282
298
298
19
19
24
24
25
25
24
24
22
23
14
25

of TAG was defined as ≥270mg/dl, while a low level of TAG was defined as
≤25mg/dl. Choosing non-first degree relatives ensured maximization of variants
found, and extremes of TAG were chosen to identify rare highly penetrant
variants. Subjects known to carry the APOC3 R19X mutation were excluded from
the sequencing cohort as this variant is known to lower TAG levels (Pollin
et al., 2008). All 24 individuals had extensive body composition, lipid and
glucose metabolism phenotype information as part of either the HAPI heart or
AFCS study (described below).
For the sequencing cohort, we selected 24 Amish subjects for whom we
had DNA and phenotype measurements, all of who participated in one or both of
the following studies:
Heredity and Phenotype Intervention (HAPI) Heart Study: The HAPI
Heart Study began in 2003 to identify genes that interact with environmental
exposures to influence risk for cardiovascular disease. The study participants
included 868 healthy Amish adults (Mitchell et al., 2008).
Amish Family Calcification Study (AFCS): The AFCS was initiated in
2001 to identify the determinants of vascular calcification and to evaluate the
relationship between calcification of bone and vascular tissue (Post et al., 2007).
682 Amish individuals were recruited, 68 of which were excluded because they
had a previous CVD event, leaving 614 asymptomatic Amish individuals, with no
history of CVD underwent a detailed medical examination including the
measurement of coronary artery calcification (CAC) by electron beam computed
tomography (EBCT) and a standard lipid panel as described below.
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Primer selection: Primers were designed using the Primer3
(http://frodo.wi.mit.edu/) program. Primers were designed for all exons and ~100
base pairs flanking the exons (table 2.2).
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Table 2.2: Lipolytic protein sequencing primers
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Primer optimization: 25 μL reactions were set up containing 2X GoTaq
Green master mix, (Promega Corporation, Madison, WI) 0.5 μL of forward and
reverse primer (10 pmol/mL) (table 2.1), and 2 nanograms of DNA. Reactions
were PCR amplified using initial denaturation at 96 °C for 5 minutes, followed by
40 cycles of denaturation at 96 °C for 30 seconds, annealing at a 12 step gradient
ranging from 52-64 °C for 30 seconds, and elongation at 72 °C for 30 sec, ending
with a final elongation at 72 °C for 10 min. Products were visualized under ultraviolet (UV) light using 1.5% agarose gel. The annealing temperature that yielded
the most robust amplification was used on the final polymerase chain reaction
(PCR) which was set up in an identical manner.
Exonuclease shrimp alkaline phosphatase (ExoSAP) reaction: In order to
remove excess primer nucleotides, ExoSAP reaction was performed. 5μL of
ExoSAP reaction mix was prepared with 0.5μL shrimp alkaline phosphatase
(SAP) 10X ExoSAP reaction buffer, and 0.05μL exonuclease 1. ExoSAP reaction
mix was combined with 5μL of final PCR product and incubated at 37 °C for 35
minutes followed by 88 °C for 15 minutes.
Sequencing reaction: 8μL of sequencing master mix was prepared with
0.4 μL of primer (10pmol/mL) and 1.2 μL Big Dye 3.1 (Applied Biosystems
Foster City, CA). Sequencing master mix was combined with 4 μL ExoSAP
reaction and run through the sequencing reaction for 30 cycles (96 °C for 12
seconds, 50 °C for 6 seconds, and 60 °C for 4 minutes). Sequencing was
performed on the ABI Prism 3730 Genetic Analyzer following a standardized
protocol (Applied Biosystems, Foster City, CA) which utilized the Sanger
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sequencing method of di-terminator fluorescently labeled nucleotides. We used
the Sequencher version 4.5 software (Gene Codes Corporation, Ann Arbor, MI) to
analyze the sequence and identify sequence variation.
2.2.2 Bioinfomatic assessment of variants
The identified variants and 15 base pairs flanking each side of the variant
were entered into the human blat search (http://genome.ucsc.edu/cgibin/hgBlat?command=start). The results reveal the location of the variant within
the gene and if the variant has been reported by other researchers. Previously
identified SNPs were also searched in dbSNP (http://www.ncbi.nlm.nih.gov/snp/)
where the predicted functionality of variants i.e., missense, nonsense are
documented. Novel variants and the flanking sequence were entered into the
ExPASy translate tool (http://web.expasy.org/translate/) in order to determine if
the variant was a non-synonymous change. In addition, the function of variants
predicted to be good candidates for follow up research were assessed using
additional bioinformatic techniques. Transcription factor binding sites were
searched with TFSEARCH (http://www.cbrc.jp/research/db/TFSEARCH.html)
and slice sites was determines in Splign
(http://www.ncbi.nlm.nih.gov/sutils/splign/splign.cgi?textpage=online&level=for
m). Non-synonymous variants were of highest priority for follow up.

37

2.3 Results
2.3.1: 10 non-synonymous variants found in the lipolytic and related genes, a
novel 19 base pair deletion in LIPE is predicted to be most deleterious
Upon sequencing the genes in and related to the lipolytic pathway, 58
previously identified variants and 36 novel (at time of sequencing in 2009)
variants were identified in ATGL, CGI-58, LIPE, MGL, PLIN 2, PLIN 3, and
PLIN 4 (table 2.3). Ten of theses 94 identified variants are predicted to be nonsynonymous. The most potentially deleterious variant was a 19 base pair deletion
in exon 10 in LIPE (p.V1068GfsX19). The deletion was identified in an
individual with extremely high fasting TAG (figure 2.1). The deletion putatively
results in the abolishment of the stop codon and the addition of 92 amino acids to
the end of the HSL protein. Because of the potentially severe alteration in the
protein structure resulting from the deletion, we predicted that there would be
severe phenotypic consequences in individuals with the deletion. This mutation
in LIPE provided us with the unique opportunity to gain insight into the biological
role of HSL.
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Table 2.3: Variants, gene, location, type of mutation, and change identified upon
sequencing of lipolytic genes.
Variant

Gene

Position

Known
in 2009

Type of

Base change

Mutation

rs7928917

ATGL

11:819464

Yes

syn/intron

A>C

rs28592068

ATGL

11:820127

Yes

syn/intron

G>T

rs7942159

ATGL

11:822622

Yes

syn/intron

C>T

rs28633565

ATGL

11:822822

Yes

syn/intron

C>T

rs1135628

ATGL

11:823809

Yes

syn/intron

C>G

rs1138693

ATGL

11:824789

Yes

missense

C>T (L>P)

rs1138694

ATGL

11:824805

Yes

syn/intron

C>T

rs1138714

ATGL

11:825110

Yes

syn/intron

A>G

gcgccccgattggtcttc[G/A](ATGLin1)tgtgccggccccgccc

ATGL

11:819508

No

syn/intron

G>A

tcactgcaagctccacctcc[C/T](ATGLin5/1)gggttcctgccattc

ATGL

11:823151

No

syn/intron

C>T

gctgggactacaggtgccc[A/G](ATGLin5/2)ccaccacgcctggcta

ATGL

11:823207

No

syn/intron

A>G

gccgggagctgaagc[C/G](ATGLin9/1)ctccctgccgcatccctgc

ATGL

11:824497

No

syn/intron

C>G

CTCACCAGCTGCA[TGCA/*](ATGLex10I/D)CTGAGA

ATGL

11:824992

No

frameshift

4bp del

rs34236746

CGI-58

3:43740565

Yes

syn/intron

C>T

cgacgacggg[c/a](CGI58in1a)gg[c/t](CGI58in1b)ttcctc

CGI-58

3:43732646..49

No

syn/intron

C>A,C>T

ccat[A/G](CGI58in6)cctgcagcctc

CGI-58

3:43759458

No

syn/intron

A>G

rs35639038

LIPE

19:42906273

Yes

syn/intron

C>G

rs35595562

LIPE

19:42906271

Yes

syn/intron

C>G

rs36104839

LIPE

19:42906024

Yes

syn/intron

C>T

rs34462078

LIPE

19:42905782

Yes

syn/intron

A>G

caatcatcctgc[C/G](HSLin7)tcagcttccc

LIPE

19:42910043

No

syn/intron

C>G

GGGG[AGACGGGGGCTGCGGGGGT/*](HSLID)AGACG

LIPE

11:42905993

No

frameshift

19bp del

rs2011138

MGL

3:127543929

Yes

syn/intron

G>T

rs12492826

MGL

3:127543906

Yes

syn/intron

C>T

rs11538698

MGL

3:127540635

Yes

syn/intron

G>A/C

rs3732651

MGL

3:127500922

Yes

syn/intron

G>A

rs2291372

MGL

3:127441239

Yes

syn/intron

T>A

rs555183

MGL

3:127440142

Yes

syn/intron

A>G

rs13088071

MGL

3:127440083

Yes

syn/intron

A>C

rs2276744

MGL

3:127429741

Yes

syn/intron

C>T

rs1010174

MGL

3:127429567

Yes

syn/intron

C>G

rs62265762

MGL

3:127413659

Yes

syn/intron

G>T

rs814130

MGL

3:127410959

Yes

syn/intron

A>C

rs814131

MGL

3:127410915

Yes

syn/intron

G>A

aatcaaacc[C/T](MGLin2)gacaattaagg

MGL

3:127540210

No

syn/intron

C>T

aattcttcta[T/C](MGLin3)tccccacggatgt

MGL

3:127500528

No

syn/intron

T>C

ccacttccccc[C/*](MGLin7ID)aaggtggag

MGL

3:127413790

No

syn/intron

C>*

gcctgcttgaccga[G/A](MGLin7a)aaataaataaataaa

MGL

3:127413681

No

syn/intron

G>A

TATCAGACACTG[G/A](MGLex8a;3’UTR)ACCTACCTTA

MGL

3:127410858

No

syn/intron

G>A

TTTCCTATGG[G/C](MGLex8b;3’UTR)CAAGGCCCAG

MGL

3:127410034

No

syn/intron

G>C

rs3824368

PLIN2

9:19127902

Yes

syn/intron

G>C
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Table 2.3 Continued: Variants, gene, location, type of mutation, and change
identified upon sequencing of lipolytic genes.
rs2130572

PLIN2

9:19127665

Yes

syn/intron

C>A

rs2130573

PLIN2

9:19127646

Yes

syn/intron

C>A

rs3808660

PLIN2

9:19127489

Yes

syn/intron

C>G

rs3824369

PLIN2

9:19126565

Yes

syn/intron

A>G

rs3802335

PLIN2

9:19126476

Yes

syn/intron

A>G

rs10963971

PLIN2

9:19120752

Yes

syn/intron

A>G

rs35568725

PLIN2

9:19119674

Yes

missense

T>C (S>P)

rs2229536

PLIN2

9:19116543

Yes

syn/intron

C>T

rs56310265

PLIN2

9:19116103

Yes

syn/intron

T>G

rs35629534

PLIN2

9:19115720

Yes

syn/intron

A>G

ttataaggcctatggtaat[G/A](ADFPin3e)tgtgttcattctat

PLIN2

9:19123708

No

syn/intron

G>A

atgtccttgtgctcatt[T/C](ADFPin4)ttctcaccagc

PLIN2

9:19121208

No

syn/intron

T>C

atgactgca[T/C](ADFPin5)gattgctaagt

PLIN2

9:19119943

No

syn/intron

T>C

AAAAGGC[G/C](ADFPex8)TCTTCACTGC

PLIN2

9:19119988

No

syn/intron

G>C

rs262558

PLIN3

19:4867701

Yes

syn/intron

C>A

rs262559

PLIN3

19:4867690

Yes

syn/intron

C>T

rs262560

PLIN3

19:4867650

Yes

syn/intron

C>A

rs8289

PLIN3

19:4859937

Yes

missense

G>A (I>V)

rs2271057

PLIN3

19:4852337

Yes

syn/intron

T>G

rs1055919

PLIN3

19:4852137

Yes

syn/intron

G>A

rs2271058

PLIN3

19:4852106

Yes

syn/intron

C>T

rs35555865

PLIN3

19:4851896

Yes

syn/intron

T>C

rs9304915

PLIN3

19:4847874

Yes

syn/intron

G>C/A

rs10406652

PLIN3

19:4847868

Yes

syn/intron

G>A

rs9973235

PLIN3

19:4847713

Yes

missense

G>A (V>A)

rs34070230

PLIN3

19:4844790

Yes

missense

C>G (Q>E)

rs17363814

PLIN3

19:4844633

Yes

syn/intron

C>T

gaggggt[C/A](TIP47in1a)ggggagggc

PLIN3

19:4867598

No

syn/intron

C>A

Ggtacccatgaggg[G/*](TIP47in7)actggggggt

PLIN3

19:4844670

No

syn/intron

G>*

rs7259625

PLIN4

19:4512514

Yes

syn/intron

G>C/T

rs10410197

PLIN4

19:4512409

Yes

syn/intron

C>T

rs7251858

PLIN4

19:4510560

Yes

missense

C>T (A>T)

rs7250947

PLIN4

19:4510530

Yes

missense

G>A (R>C)

rs4991029

PLIN4

19:4509280

Yes

syn/intron

G>A

rs4991028

PLIN4

19:4509279

Yes

syn/intron

A>C

rs4991027

PLIN4

19:4509059

Yes

syn/intron

C>T

rs35929524

PLIN4

19:4503169

Yes

syn/intron

C>T

rs13041

PLIN4

19:4502282

Yes

syn/intron

T>A/G

rs8887

PLIN4

19:4502201

Yes

syn/intron

C>A/G

atcctgcacacc[C/T](S312pro1)cccgcccccA

PLIN4

19:4517728

No

syn/intron

C>T

TCTGCAGTGGGGT[C/G](S312ex3c;Val458Val)ACCGGTG

PLIN4

19:4511473

No

syn/intron

C>G

CCAAAGGAAC[C/T](S312ex3a;Thr964Thr)GTGCAGACCGG

PLIN4

19:4511040

No

syn/intron

C>T

ACTGCCCTGAG[C/T](S312ex3b;Ser1069Ser)CCCCAAGAGG

PLIN4

19:4510728

No

syn/intron

C>T
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Table 2.3 Continued: Variants, gene, location, type of mutation, and change
identified upon sequencing of lipolytic genes.
tctcctgacct[C/T](S312in3)gtgatctg

PLIN4

19:4509059

No

syn/intron

C>T

ttccagCTCAGCT[G/A](S312ex4a;Leu1160Leu)GCTGCCTCC

PLIN4

19:4508965

No

syn/intron

C>T

AGCTACTTC[G/A](S312ex4b;Val1179Ile)TTCGTTT

PLIN4

19:4508959

No

missense

G>A (V>I)

cactcaccttgc[G/A](S312in5)ccttcctcccacag

PLIN4

19:4504811

No

syn/intron

G>A

TGGCGGGCA[G/A](S312ex6a;Gln1357Gln)TAGCTGTAGGA

PLIN4

19:4504656

No

syn/intron

G>A

CCACTCACC[C/T](S312ex6b)GGTAAGAGAA

PLIN4

19:4503272

No

syn/intron

C>T

AGGGGTCAC[C/T](S312ex6d)GTGTGCACCAGG

PLIN4

19:4503168

No

syn/intron

C>T

GAGCAACTT[C/T](S312ex6e)GGAGCACG

PLIN4

19:4502863

No

syn/intron

C>T

ACTTGCTTGGGACC[G/A](S312ex6f)TGCCCACGTGA

PLIN4

19:4502789

No

syn/intron

G>A

CGCTTCT[TTCT/*](S312ex6c)CACGGTGGCCT

PLIN4

19:4502630

No

syn/intron

4 bp del
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Figure 2.1: Chromatogram of 19 base pair deletion and predicted change to
HSL protein.
The chromatogram of an individual homozygous for the wildtype (II) and the
identified individual heterozygous for the deletion (ID)—The T highlighted in
black represents the first deleted base pair (A) The predicted change in protein
structure resulting from the 19 base pair deletion is abolishment of the stop codon
and addition of 92 amino acids to the end of the HSL protein (B).
A.

B.
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Chapter 2b: Genetic Characterization of 19 base pair deletion
found in LIPE
2.4 Introduction
Candidate gene sequencing often results in the identification of numerous
variants. In order to uncover the role that each variant has on normal human
physiology, we performed association analyses. To visualize the correlation
between trait and genotype, large populations well characterized for the
phenotypes of interests are plotted with genotype as one axis and the phenotype of
interest on the other axis.A regression line is drawn to assess the effect that
having a certain genotype has on the value of the phenotype of interest. A steep
regression line is indicative that genotype has a large effect on the phenotype.
Results from these analyses can provide insight into the function of a variant
identified through candidate gene sequencing.
2.5 Methods
2.5.1 Genotyping
Study population: The Old Order Amish (OOA) of Lancaster County, PA
is a founder population that investigators in the Division of Endocrinology have
been studying since 1993. The current OOA population numbers ~34,000
individuals, including ~12,000 adults. Investigators in the Division of
Endocrinology have estimated that these individuals are descendants of just 554
founders, with 128 of these founders contributing 95% of the present day gene
pool (Lee et al., 2010). Through the leadership of thesis advisor Dr. Alan
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Shuldiner, a subset of the total Amish population enrolled in our studies, 4,535
Amish adults (enrolled into one or more of the studies), and 3,565 of whom have
extensive phenotype information in one or more of the following areas: diabetes,
cardiovascular health, bone health, longevity, and platelet function and response
to anti-platelet agents. This rich collection of well-phenotyped subjects makes up
the Amish Complex Disease Research Program (ACDRP). For our study, we
selected 2,596 of these subjects for whom we had both HSL genotype and
relevant phenotype information, most of who participated in one or more of the
following studies:
Heredity and Phenotype Intervention (HAPI) Heart Study: The HAPI Heart
Study began in 2003 to identify genes that interact with environmental exposures
to influence risk for cardiovascular disease. The study participants included 868
healthy Amish individuals (Mitchell et al., 2008).
Amish Family Diabetes Study (AFDS): The AFDS was established in 1993. 953
individuals 109 of which were diagnosed with diabetes (elevated fasting glucose)
between the age of 35 and 65 and their non-diabetic family members were
enrolled in this study to assess the genetic epidemiology of T2D in the Amish
(Hsueh et al., 2000).
Amish Family Calcification Study (AFCS): The AFCS was initiated in 2001 to
identify the determinants of vascular calcification and to evaluate the relationship
between calcification of bone and vascular tissue (Post et al., 2007). The
asymptomatic subset of 614 Amish individuals, with no history of CVD
underwent a detailed medical examination including the measurement of coronary
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artery calcification (CAC) by electron beam computed tomography (EBCT) and a
standard lipid panel as described below.
Amish Family Longevity Study (AFLS): The AFLS was established in 2001 to
identify genes that influence longevity and longevity-related traits in humans
(Sorkin et al., 2005). Long-lived Amish probands (age > 90) were identified using
the Amish Genealogical Database and through surveys sent to all Amish
households listed in the Amish Church Directory (Church Directory of Lancaster
County Amish, 1996) and recruited to the study along with all willing spouses,
offspring and spouses of offspring. A total of 343 Amish subjects were recruited
including 28 long-lived probands, 184 offspring of probands, and 131 spouses of
the offspring. Some offspring and their spouses were recruited around deceased
probands who were long lived (generally older than 95 years old).
Pharmacogenomics of Antiplatelet Intervention (PAPI) Study: The Amish PAPI
Study was initiated in 2006 to identify genetic variants that influence the efficacy
of oral antiplatelet agents (e.g. aspirin and clopidogrel). 600 individuals naïve to
anti-platelet medications were given a medical exam including blood pressure,
anthropometry, and a standard lipid panel, subjects underwent a 7 day clopidogrel
treatment with platelet aggregation studies pre- and post-treatment and 1 hour
after ingestion of 324 mg aspirin on day 7 (Shuldiner et al., 2009).
The above study protocols were approved by the Institutional Review Board at the
University of Maryland and all subjects gave written informed consent.
Non- Amish population: Genetics of non-insulin dependent diabetes mellitus
(GENNID): The GENNID study has collected detailed family histories of
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majority Caucasian individuals all of which contain at least one sib pair with T2D,
with a total of 650 affected individuals and approximately 1,200 total subjects.
Phenotype measurements: Non-Amish subjects were assessed for diabetes
status. For the Amish study subjects: Height and weight were measured using a
stadiometer and calibrated scale, and BMI (kg/m2) was computed. Waist
circumference was measured at the level of the umbilicus, and hip circumference
was measured at the widest protuberance across the pelvis. WHR was calculated
as an index of abdominal adipose distribution. Systolic and diastolic blood
pressures were obtained in triplicate using a standard sphygmomanometer with
the subject sitting for at least 5 minutes. Hypertension was defined as ≥130/≥85
mmHg using the ATP III criteria for metabolic syndrome (NCEP, 2002).
Fasting serum triglycerides (TG), total cholesterol and HDL-cholesterol
were measured by Quest Diagnostics (Lancaster, PA). LDL-cholesterol was
calculated by the Friedewald equation (Friedewald et al., 1972). Glucose
concentrations were assayed with a glucose analyzer (Beckman Coulter, Brea,
CA, YSI, Yellow Springs, OH). Insulin levels were determined by
radioimmunoassay (Linco Research Inc., St. Charles, MO). Total glucose
(gAUC) and insulin (iAUC) area under the curve were calculated using the
trapezoidal method based on measurements at 0, 30, 60, 90, 120, 150, and 180
minutes during the oral glucose tolerance test (OGTT). Type 2 diabetes was
defined by fasting plasma glucose level ≥ 7 mmol/l, OGTT glucose ≥ 11.1
mmol/l, the use of insulin or prescription oral glucose-lowering agents, or a
diagnosis of diabetes documented by a physician. Normal glucose tolerance was
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defined by 2 hour OGTT venous plasma glucose level ≥11.1mmol/l (Hsueh et al.,
2000).
Thoracic EBCT scans were obtained as part of the Amish Family
Calcification Study by an Imatron C-150 EBCT scanner. Measurements from two
regions-of-interest, the liver and spleen, were obtained. The spleen measurements
were used as an attenuation standard. Accu View (Accuimage Corp.) software
was used to calculate the attenuation coefficient in Hounsfield Units for each
region-of-interest. Two 1.0-cm2 region-of-interest measurements were obtained
from the liver and one was obtained from the spleen. The average of the spleen
attenuation measurements divided by the liver attenuation measurement was then
calculated. The region-of-interest measurements were placed in such a manner
that minimized measurements from vessels, focal lesions, areas of artifact or near
the edges of the organs (Kao et al., 2006).
Whole body and regional percent fat was analyzed and compared by dualemission X-ray absorptiometry (DXA) in a subset of subjects matched for age (±
5 years) and sex (female) to two of the DD females (N: II = 70 and ID = 9). Total
mass and fat mass measures were acquired from whole body DXA scans using a
Hologic 4500W (Hologic, Bedford, MA) and daily phantom measurements were
obtained to detect measurement shifts over time. Percent fat was calculated as
total fat/total mass*100% for each region of interest. The leg region was the sum
of the right and left leg regions of interest and the appendicular region was the
sum of the right and left leg and arm regions of interest. The percent fat of the
distal leg region was measured specifically for this study. The upside-down
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triangle which generally starts at the iliac crest and used to indicate the boundary
of the leg was moved manually so the line which is normally just above the femur
is just above the patella with the vertical line between the legs running between
the participants feet.
PCR amplification: 25 μL reactions were set up containing 2X GoTaq
Green master mix, (Promega Corporation, Madison, WI) 0.5 μL of forward
primer CACGGCTTCCTGACCCTA and reverse primer
CCGACTTAAGTAAGGCACAGC (10 pmol/mL), and 2 nanograms of DNA.
Reactions were PCR amplified using initial denaturation at 96 °C for 5 minutes,
followed by 40 cycles of denaturation at 96 °C for 30 seconds, annealing 59 °C
for 30 seconds, and elongation at 72 °C for 30 sec, ending with a final elongation
at 72 °C for 10 min.
Gel visualization: 8μL of PCR product was loaded onto a 3% agarose gel
with 1 μL/100mL ethidium bromide. The gel was run at 150 volts for 6 hours and
visualized under ultraviolet light. Genotype calls were based on product size; the
wild type product was 253 base pairs in length while the deletion product was 234
base pairs. All genotyping included at least 5% duplicate samples to determine
mistyping rates as well as negative water controls. The concordance rate between
duplicates was 100%.
2.5.2 Association analysis
Association analyses of quantitative traits were performed on the Amish
samples using the measured genotype approach that models variation in the trait
of interest as a function of measured environmental covariates, measured
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genotype and a polygenic component to account for phenotypic correlation due to
relatedness. A t-test was used to assess significance of the measured genotype
beta coefficient under an additive model. We included sex, age and age2 as
covariates. The polygenic component was modeled using the relationship matrix
derived from the complete 14-generation pedigree structure to properly control for
the relatedness of all subjects in the study. These analyses were carried out with
the assistance of Dr. Yerges-Armstrong using mixed model MMAP software
developed in our group (O’Connell, 2008). Traits examined included BMI,
Waist-to hip ratio, fasting serum lipids (i.e. total cholesterol, HDL-cholesterol,
LDL-cholesterol, and TGs), insulin and glucose during an oral glucose tolerance
test (when available), fat accumulation in the liver measured by EBCT scan,
percent body fat measured by DXA, and TG excursion during a high fat
challenge.
2.6 Results
2.6.1: Genotyping of 19 base pair deletion in Amish reveals higher allele
frequency than out-bred population
A total of 2,739 Amish subjects (table 2.4) were successfully genotyped
(figure 2.2). The allele frequency of the deletion was calculated to be 0.025 in the
Amish. The allele frequency of the 19 base pair deletion in the diabetes enriched
outbred cohort was only 0.001 (3 copies of the deletion out of 1730 subjects),
indicating that likely the founder effect has promoted perpetuation of this variant.
Because of the increased frequency of the variant in the Amish (n=139 ID
heterozygotes, n=2 DD homozygotes), we are able to perform association studies
49

in the Amish cohort, unlike the out-bred cohort. Due to the potentially damaging
effect of the deletion, the fact that the deletion was found in a
hypertriglyceridemic subject, and the biological role of HSL, we hypothesized
that the deletion would be associated with dyslipidemia.

Table 2.4 Clinical characteristics of Amish data set

AGE

Male± SEM
(n=1286)
49.17± 0.46

Female± SEM
(n=1453)
50.64± 0.43

BMI (kg/m2)
Waist Circumference
Waist To Hip Ratio
Total Cholesterol (mg/dl)
HDL Cholesterol (mg/dl)
LDL Cholesterol (mg/dl)
TAG (mg/dl)
Diabetes status (%)
Fasting Glucose (mg/dl)
Fasting Insulin (microU/ml)
Systolic Blood Pressure (mmHg)
Diastolic Blood Pressure (mmHg)
Heart Rate (beats/min)

26.34± 0.11
93.60± 0.32
0.91± 0.001
207.08± 1.24
50.80± 0.38
139.80± 1.15
81.63±1.59
0.06± 0.01
91.27± 0.50
10.28± 0.22
121.49± 0.40
75.60± 0.27
61.00± 0.27

28.01± 0.15
87.49± 0.32
0.82± 0.001
217.08± 1.28
58.51± 0.40
140.41±1.17
89.89± 1.66
0.08± 0.01
91.42± 0.64
11.17± 0.26
121.62± 0.48
73.31± 0.25
65.57± 0.24

*note median TAG in this subset of the Amish is ~68mg/dl, which is 46 mg/dl
less than the median TAG levels of the general outbred population
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Figure 2.2: PCR amplification and gel visualization used for genotyping.
Shown is an example of an idndividual homozygous for the wildtype alle (II), and
individual homozygous for the 19 base pair deletion (DD) and a htereozygote
(ID).
CACGGCTTCCTGACC

EXON 10
II ID DD

300 bp
200 bp
100 bp
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CCGACTTAAGTAAGGC

2.6.2: 19 Base pair deletion is associated with dyslipidemia and insulin resistance
When we compared the following trait means between II and ID/DD
genotype groups for the variant: BMI, Waist-to-hip ratio, waist circumference,
liver density by EBCT, HDL, LDL, TG, hypertension status, blood pressure,
fasting insulin, fasting glucose, insulin AUC, glucose AUC, and diabetes status.
We found that like the Lipe knockout mouse, there was no association of the 19
base pair deletion with obesity. However, the D allele was significantly
associated with an increased waist-to-hip ratio (p-value=0.007) (table 2.5), but not
associated with waist circumference. While all parameters were adjusted for sex,
due to large sex differences in waist-to-hip ratio between sexes, sex stratified
analyses were performed on these traits. Upon stratification, the p-value became
non-significant in the males. This is expected as changes in fat distribution are
more difficult to detect in males than females due to increased muscle tone and
decreased body fat percentage. The D allele was not associated with total
cholesterol levels or LDL cholesterol levels; however, it was significantly
associated with higher fasting serum triglycerides (p-value = 0.001) and lower
HDL-cholesterol (p-value = 1.6 x 10-7) (table 2.5).

While the TAG values for ID

heterozygotes are not clinically significant in the outbred population, because the
mean TAG levels are greatly decreased in the Amish, this difference likely has a
clinical impact in this population because the same increase in TAG in an outbred
population is considered pathologic. Sex stratified analysis reveals decreases in
HDL-C are irrespective of sex (male p-value=1.96 x 10-4, female p-value= 3.29 x
10-5).
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Table 2.5: Clinical characteristics of Amish population stratified by genotype.
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In addition, the mutation was associated with accumulation of fat in the liver
measured by CT scan (represented by increased spleen: liver density ratio)
(p-value = 2.4 x 10-4) (table 2.5). These associations provide evidence that the D
allele increases risk for dyslipidemia, improper fat metabolism, and defective
storage of fat.
The D allele was also associated with higher fasting insulin levels (pvalue=5.6 x 10-6), but not fasting glucose levels (p-value=0.21). ID
heterozygotes enrolled in the Amish Family Diabetes Study (AFDS) who
completed an oral glucose tolerance test show increased glucose area under the
curve (p-value = 0.024), and more significantly increased insulin area under the
curve (p-value = 2.5x10-5) compared to II subjects (table 2.5). These studies
indicate having the D allele is associated with insulin resistance. In addition, the
incidence of T2D was significantly increased in individuals with the D allele
compared to those without (11.5% versus 6.8% p-value = 0.023) (table 2.5). In
fact, all DD homozygous have diabetes, two of whom developed diabetes prior to
age 45, which is considered early onset of disease. There were no differences in
hypertension status or blood pressure in individuals with the deletion versus those
without (table 2.5).
In addition, in a small subset of females age matched to the DD
homozygotes, percent fat was measured using DXA. This analysis revealed
evidence of lipodystrophy in ID heterozygotes and DD homozygotes. There was
a significant dose dependent decrease in whole body percent fat (p-value = 0.02),
as well as a significant dose dependent decrease in appendicular percent fat (p54

value = 0.01) in individuals with the D allele. More drastic decreases in percent
body fat were observed in the leg and lower leg fat in ID heterozygotes and DD
homozygotes (p-value = 0.005 and 0.006, respectively) (table 2.6).

Table 2.6: Percent fat differences by genotype
II

ID

DD

N=70

N=19

N=2

DXA Region

MEAN

(SE)

MEAN

(SE)

MEAN

(SE)

P-Value

Whole Body Percent Fat

36.0%

(0.2%)

32.4%

(0.5%)

28.5%

(0.8%)

0.02

Trunk Percent Fat

32.6%

(0.2%)

29.9%

(0.5%)

26.8%

(1.0%)

0.11

Appendicular Percent Fat

41.9%

(0.7%)

37.6%

(1.9%)

30.6%

(1.3%)

0.01

Leg Percent Fat

41.4%

(0.6%)

38.3%

(1.8%)

28.0%

(1.6%)

0.005

Lower Leg Percent Fat

37.7%

(0.03%)

32.7%

(0.08%)

27.7%

(0.2%)

0.006

2.7 Discussion
Dysregulation of lipolysis leads to dyslipidemia, insulin resistance, and
glucose intolerance/type 2 diabetes (T2D), all major risk factors for
cardiovascular disease (CVD) (DeFronzo et al, 2004). To uncover the genetic
contributions to dysfunctional lipolysis that may explain the link between
dyslipidemia and T2D, we sequenced genes in the lipolysis pathway in Old Order
Amish individuals with extremes of high and low fasting triglycerides. Of the
polymorphisms in candidate genes for lipolysis, the one predicted to be most
deleterious is a 19 base pair deletion which leads to a frameshift mutation
knocking out the stop codon and lengthening the protein 92 amino acids. In the
Amish, the allele frequency of the deletion was about 2.5%.
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We found association of the deletion with dyslipidemia, insulin resistance,
and diabetes as evidenced by increased TAG, increased gAUC and iAUC during
OGTT, and increased incidence of diabetes in individuals with the deletion.
There is also some evidence of lipodystrophy, shown by decreased percent body
fat in extremities. These changes in insulin and lipid metabolism implicate HSL
in the maintenance of proper glucose and lipid metabolism as well as adipose
tissue function. The role of HSL in lipid metabolism in the mouse is very well
established, but, it is unclear if the role of HSL in humans is the same. The
associations presented here suggest that HSL plays a previously unknown role in
human biology, maintenance of systemic insulin sensitivity. Additionally, our
studies suggest that in humans, HSL plays a different role lipid and glucose
metabolism than previously reported in mouse models. Not only are the systemic
phenotypes different in the HSL knockout mouse versus the human, but, there is
haploinsufficiency in the humans whereas the heterozygous knockout mouse has
no phenotype.
These findings implicate HSL as a potential drug target for diabetes and
dyslipidemia. This deletion provides a unique opportunity to study the biology of
HSL as no other functional mutation has been identified thus far in the LIPE gene
(Sone et al., 2010, Kuzmin et al., 2009, Jocken et al., 2008, Bernard et al., 2007,
Carlsson et al., 2006, Qi et al., 2004, Lavebratt et al., 2002, Garenc et al., 2002,
Talmud et al., 2001, Stumvall et al., 2002, Hoffstedt et al., 2001, Pihlajamaki et
al., 2001, and Shimada et al., 1996) . While the mutation exists more frequently
in the Amish population, the mutation is also found in the out-bred population,
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indicating that what is learned studying this deletion is generalizable to outside of
the Amish population. The greatest benefit of finding this mutation is the
knowledge to be gained from studying the effect it has on HSL and on the
lipolytic pathway, because further elucidation of this pathway may lead to insights
into the pathophysiology of T2D.
A limitation of these experiments is that body fat deposition was measured
using DEXA scan and EBCT. While these methods are informative, they are not
as sensitive as MRI imaging, which is the emerging gold standard of measuring
body composition. In future studies, MRIs will be useful in determination of
more specific differences in body fat distribution.
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Chapter 3: Identification of the consequences of the 19 base pair
deletion in LIPE on the HSL protein.

3.1: Introduction
The association studies detailed in Chapter 2 provide evidence that the 19
base pair deletion (D allele) in LIPE leads to a change in the function of the HSL
protein. To assess this, we obtained adipose tissue biopsies from Amish
individuals of all three genotype groups. We chose adipose tissue to study the
effect of the D allele because HSL is most abundant in adipose tissue, it is the site
of lipolysis, and it is readily attainable through minimally invasive means. Thus,
adipose tissue is an ideal tissue for studying the effects of a variant in HSL on the
function of the protein.
Adipose tissue is now regarded as one of the most important endocrine
organs. It is responsible for the maintenance of proper free fatty acid storage,
lipid metabolism, and acquisition of insulin sensitivity. In fact, dysfunctional
adipose tissue has been associated with many disease states including
dyslipidemia, diabetes, and cardiovascular disease (Frayn , 2002).
The deletion is located in the c-terminal end of the protein, outside of the
domain which is responsible for the catalytic function of the enzyme. There have
been thus far no predictions made on the function of the C-terminal portion the
gene where the deletion lies. Using bioinformatic approaches described above,
we predicted that the D allele would result in a protein with 92 amino acids added
to the c-terminal end of the protein. A mutation like this one can result in altered
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mRNA expression through changes in mRNA stability and degradation. In
addition, this kind of mutation can lead to changes in protein function and
expression. The experiments described in this chapter will elucidate the impact of
the 19 base pair deletion in LIPE on the HSL mRNA and protein.
As mentioned above, the HSL knockout mouse has provided the field with
great insight into the biological function of HSL. AT of the HSL knockout mouse
demonstrates a profound increase of DAG as well as a modest increase in TAG
(Haemmerle et al., 2002). There are also increases in retinyl esters (RE) in the AT
of Lipe knockout mouse, which is expected as HSL is also a retinyl ester
hydrolase (Wei et al., 1997). In addition, the HSL knockout mouse has an almost
complete ablation of cholesterol esterase activity in AT (Wang et al., 2001).
As seen in the knockout mouse, HSL has broad substrate specificity.
While in mouse adipose tissue, HSL is the only cholesterol esterase, it remains
unknown if HSL is the only cholesterol esterase in human adipose tissue. In
addition, the role of HSL on hydrolysis of retinyl esters and DAG in humans is
not completely elucidated. The mutation we have identified can provide a unique
opportunity to determine if HSL is the primary cholesterol esterase, retinyl
esterase, and DAG lipase in humans. After determining the effect of the D allele
on the mRNA expression and HSL protein we measured the cholesterol esterase
activity and accumulation of cholesterol esters, retinyl esters, and DAG in adipose
tissue extracted from subjects with the HSL deletion. This aided in determining if
HSL is the primary cholesterol esterase, retinyl esterase, and DAG lipase in
humans. We predicted that the D allele would affect the HSL enzyme activity,
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thus changing the concentration of substrates that HSL hydrolyses (CE, RE and
DAG).
In addition to cholesterol esterase activity, we measured total hydrolase
activity to determine the effect of the D allele on lipolysis activity. The mouse
models have shown that ATGL, HSL, and MGL are responsible for over 95% of
the hydrolase activity in adipose tissue (Zechner et al., 2009). We expected that
the TAG lipase activity would not be affected because ATGL along with co-lipase
CGI-58 are primarily responsible for the hydrolysis of TAG, thus, changes in
HSL will likely not affect TAG lipase activity, unless the change in HSL results
in disruption of downstream pathways that affect ATGL.
3.2 Methods
3.2.1 RNA Quantification
Research subjects: Abdominal subcutaneous fat biopsies were obtained by
aspiration from 7 subjects homozygous for the wild type allele (II), 10 subjects
heterozygous for the deletion (ID) and 2 subjects homozygous for the deletion
(DD).
Adipose tissue collection: Adipose tissue biopsies were performed by Drs.
Shuldiner and Horenstein. The skin was disinfected and the abdomen was
anesthetized with 2% Lidocaine (Elkins-Sinn, Cherry Hill, NJ), a small incision
was made in the abdomen and adipose tissue from the abdominal incision site was
obtained using a cannula designed for liposuction (3-mm Spirotricannulae;
Unitech Instruments, Fountain Valley, CA). Aspirations were performed in the
abdominal region at a point one third of the distance from the superior anterior
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iliac crest to the umbilicus (Johnson et al., 2001). The tissue was flash frozen in
~75 mg aliquots.
RNA Isolation: ~500 mg of adipose tissue was homogenized in 1 ml of
Trizol (Sigma Aldrich, St. Louis, MO). The samples were spun at 5000rpm for 5
minutes and the internatant was removed and 200μL of chloroform as added to it.
After vortexing, samples were placed on ice for 5 minutes and spun at 14,000rpm
for 15 minutes. Samples were incubated on ice for 30 minutes and the
supernatant was removed. 700μL of cold 100% isopropanol was added to the
supernatant and incubated at -20 °C overnight. Samples were then spun at
14,000rpm for 25 minutes. Pellet was isolated and the liquid was discarded.
Samples were washed with 80% and subsequently 100% Ethanol, vortexing and
spinning at 14,000 rpm for 5 minutes each. The pellet was re-suspended in 20μL
of 1X RNAsecure (Life technologies Grand Island, NY) and incubated at 60 °C
for 10 minutes. Optical density (OD) was measured and RNA purity and integrity
was confirmed by gel visualization. RNA was purified using RNeasy MiniElute
cleanup kit (Quiagen, Valencia, CA).
cDNA Synthesis and quantification: cDNA was synthesized using the
Transcriptor First Strand cDNA Synthesis Kit (Roche, Basel, Switzerland). 1 μg
equivalent of RNA and 600uM random hexamer primer were combined and made
up to 6.5 μL with water. This reaction mix was incubated at 65 °C for 10 minutes
and cooled immediately on ice. This reaction mix was combined with 2 μL 5x
reaction mix, 1 μL 10mM dNTPs, 0.25 μL 20U/μl reverse transcriptase and 0.25
μL 40 U/ μL Rnasin and incubated at 25 °C for 10 minutes, 50 °C for 1 hour, and
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85 °C for 5 minutes. Steady state mRNA levels were determined by two-step
qRT-PCR (primers: table 3.1) using the LightCycler 480 (Roche, Basel,
Switzerland) (de Souza Batista et al., 2007) and normalized to cyclophilin mRNA.
Each reaction was performed in triplicate.
Amplification of cDNA: 1 μl of cDNA was amplified in a 25 μL reaction
containing 2X GoTaq Green master mix, (Promega Corporation, Madison, WI)
0.5 μL of forward primer CACGGCTTCCTGACCCTA and reverse primer
CCGACTTAAGTAAGGCACAGC (10 pmol/mL). Reactions were PCR
amplified using initial denaturation at 96 °C for 5 minutes, followed by 40 cycles
of denaturation at 96 °C for 30 seconds, annealing 59 °C for 30 seconds, and
elongation at 72 °C for 30 sec, ending with a final elongation at 72 °C for 10 min.
Gel visualization of cDNA: 8μL of PCR product was loaded onto a 3%
agarose gel with 1 μL/100mL ethidium bromide. The gel was run at 150 volts for
6 hours and visualized under ultraviolet light.
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Table 3.1: RT-PCR primers.

*Hs primers are proprietary and obtained from ABI (Foster City, CA)
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3.2.2 Protein quantification
Protein extraction from fat tissue: ~75 mg of fat tissue was obtained by
subcutaneous AT aspiration, and was homogenized in fat tissue buffer (10mM
Tris, 1mM EDTA, 25 μL 0.2 M sodium orthovanadate, 5 mL 1M sodium
fluoride) and protein was extracted overnight at -80 °C in acetone. The pellet was
re-suspended in Laemmli sample buffer (Bio-Rad, Hurcules, CA) + 10μM DTT
and 4% SDS and total protein quantitated using the BCA Protein Assay Kit
(Thermo Scientific, Rockford, IL).
Western blot analysis: Protein extracts were loaded onto a 10% tris-HCL
gel, run at 80 volts for 30 minutes, and then increased to 120 volts for the rest of
the separation. Blots were transferred overnight at 200 milliamps. Human antiLIPE antibody (provided by Cecilia Holm, Sweden) was applied at a
concentration of 1:1000 for 2 hours, followed by rabbit secondary antibody at
1:10,000 (Sigma # A6154-1ML) for 45 minutes to visualize the protein bound to
the antibody. Proteins were visualized and quantitated on the FluorChem Q
(Protein Simple, Santa Clara, CA). The amount of HSL protein was normalized
to β-actin.
3.2.3 TAG, DAG, and MAG measurement
Lipids were extracted from adipose tissue as described by Folch et al.,
1957; adipose tissue was incubated with 2 parts chloroform: 1 part methanol
overnight at 4 °C. 1mL of water was added and the samples were vortexed and
spun @2500 rpm for 15 minutes. The organic phase was removed and dried
under nitrogen. The TAG, DAG, and MAG content of adipose tissue in
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individuals from the three genotype groups was qualitatively analyzed using thin
layer chromatography (TLC). A 300 μg equivalent of TAG was loaded on a silica
TLC plate and separated using chloroform, acetone, and acetic acid (96:4:1). The
standard included 10 mg/mL triglycerides, 1, 3 diglycerides, 1, 2 diglycerides, and
monoglycerides. Plates were revealed with iodine vapor and imaged. Lipid
levels were then compared between genotype groups.
3.2.4 Retinyl ester (RE) measurement
Normal phase high performance liquid chromatography (HPLC) analysis
of retinyl esters was performed by Dr. William Blaner, as previously described
(Wei et al., 1995). Serum and adipose tissue tissues were separated using tandem
5μm silica columns as previously described (Blaner et al., 1987). Retinyl esters
were separated in hexane: diethyl ether (99.6:0.4) at a flow rate of 0.8 ml/minas
described previously (Wei et al., 1995). Retention times and spectral data were
compared in retinol and retinyl esters (retinyl palmitate, oleate, linoleate, and
stearate) of experimental compounds and those of authentic standards. The
concentration of retinyl esters in the tissues were quantitated by comparing peak
integrated areas for unknowns versus those of known concentrations of purified
standards. Loss during extraction was adjusted for by the recovery of internal
standard retinyl acetate added right after homogenization of the tissues (Quadro et
al., 2004).
3.2.5 Cholesterol esterase activity
Cholesterol esterase activity assay was performed as described previously
(Holm et al., 1999). Four ml of working substrate (20 uCi of 14C Cholesteryl
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oleate, 1.17 mg of cold cholesterol oleate, 1.42 mg of phospholipids to 4 ml of 0.1
mM potassium phosphate, pH 7.0 containing 5% BSA) was prepared and
sonicated for a total time of 4 minutes with 1 minute or 30 seconds break between
each cycle. Adipose tissue was prepared by homogenization in 0.25M sucrose,
1mM EDTA, 1 mM DTT. 2.5 μl of adipose tissue extract in 97.5 μl
homogenization buffer (0.25 M sucrose, 1 mM EDTA, pH7.0, 1mM
dithiothreitol, and 1 protease inhibitor pill[roche #11052000]) was incubated with
100μl of working substrate at 37 °C for 1 hr. The reactions were stopped by
adding 3.25 ml of methanol/chloroform/heptane and 1 ml of 0.1M of potassium
carbonate, 0.1 M boric acid buffer at pH 10.5. Tubes were centrifuged and 0.5 ml
of the upper phase was counted in scintillation vials. Radioactivity was quantified
in μg of 14C cholesteryl ester formed per hour per sample.
3.2.5 TAG lipase activity
TAG lipase activity assay was performed as described previously (Holm et
al., 1999). Four ml of working substrate (50 uCi of 3H triolein, 5.9 mg of cold
cholesterol oleate, 0.6 mg of phospholipids to 4 ml of 0.1 mM potassium
phosphate, pH 7.0 containing 5% BSA) was prepared and sonicated for a total
time of 4 minutes with 1 minute or 30 seconds break between each cycle.
Adipose tissue was prepared by homogenization in 0.25M sucrose, 1mM EDTA,
1 mM DTT. 40 μl of adipose tissue extract in 60ul homogenization buffer (0.25M
sucrose, 1mM EDTA, pH7.0, 1 mM dithiothreitol, and 1 protease inhibitor pill)
was incubated with 100μl of working substrate at 37 °C for 1 hr. The reactions
were stopped by adding 3.25 ml of methanol/chloroform/heptane and 1 ml of
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0.1M of potassium carbonate, 0.1 M boric acid buffer at PH 10.5. Tubes were
centrifuged and 0.5 ml of the upper phase was counted in scintillation vials.
Radioactivity was quantified in μg of 3H triolein formed per hour per sample.
3.2.7 Statistical analysis
All measurements were compared between genotype groups using analysis
of variance (ANOVA). A p-value of 0.05 or below was considered to be
statistically significant. All assays were performed in duplicate.
3.3 Results
3.3.1: DD homozygotes have decreased mRNA expression of HSL
We found that DD homozygotes had significantly lower levels of LIPE
mRNA expression than both ID heterozygotes and II homozygotes, (pvalue=0.001) (figure 3.1) indicating that DD homozygosity results in
abnormalities in HSL transcription, mRNA stability, or both. This change could
also be due to a longer feedback mechanism driven by dysfunction in PPARγ
signaling (see chapter 5).
3.3.2: The LIPE deletion results in a dose dependent decrease of HSL protein
HSL protein levels were quantified (in II, ID, and DD individuals) using
an N-terminal HSL antibody which recognizes the portion of the protein predicted
to be unaffected by the deletion. We found that each dose of the D allele leads to a
50% decrease of HSL protein (figure 3.1). Also, DD homozygotes had an
undetectable amount of HSL protein.
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Figure 3.1: 19 base pair deletion results in decreased HSL mRNA and
protein.
HSL mRNA expression was measured by quantitative real-time PCR (qRT-PCR)
and normalized to cyclophilin (A). HSL protein expression was measured from
whole tissue extracts by Western blot analysis using an N-terminal human
antibody provided by Cecilia Holm (Sweden) and normalized to β-actin (B).
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3.3.3: One copy of LIPE deletion does not result in preferential amplification of
the wild type allele.
To determine if the ID heterozygotes had preferential amplification of the
wild type allele, we amplified and visualized the cDNA used to determine the
HSL mRNA expression levels. We found that there is no preferential
amplification of the wildtype cDNA; in fact, there seems to be preferential
amplification of the deleted strand (figure 3.2), showing that likely the
degradation reflected in the decreased HSL protein is post transcriptional.
Figure 3.2: ID heterozygotes do not show preferential amplification of
wildtype cDNA.
This figure shows representative amplification of cDNA from an II, ID, and DD
individual. II and DD bands are 253 and 234 base pairs respectively.
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3.3.3: The LIPE deletion results in increased DAG and retinyl esters
Of the lipolytic proteins, HSL has the highest affinity for DAG, so to
determine if the HSL deletion variant has functional consequences, we measured
DAG levels in adipose tissue of the different genotype groups. We found that DD
homozygotes had increased DAG as measured by TLC (figure 3.2); while the
other two genotype groups had undetectable DAG levels as measured by TLC. A
more quantitative method will be needed to determine if one copy of the normal
allele is sufficient to maintain normal levels of DAG in adipose tissue.
Total RE and percentage of retinyl ester subtypes were quantified using
gas chromatography mass spectrometry (GCMS) by our collaborator Dr. William
Blaner at Colombia University. We found that total RE levels were increased
significantly in DD homozygotes (p=0.006) (figure 3.2).Again ID heterozygotes
show no differences in RE levels compared to II homozygotes. Adipose tissue
accumulation of DAG and RE are lines of evidence to support that having 2
copies of the D allele results in absence of functional HSL protein.
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Figure 3.3: Accumulation of diacylglycerol (DAG) and retinyl ester (RE) in
HSL null adipocytes.
Lipids from adipose tissue of subjects with all three genotypes were extracted,
and triacylglycerol (TAG) equivalent to 300 μg were analyzed by thin-layer
chromatography. A mixture of TAG, sn-1.2/1.3 DAG and monoacylglycerol
(MAG) was used as a standard (S). Lipids were visualized using iodine. (N: II =
2, ID = 2 and DD = 2) (A) Reverse phase HPLC separation and quantification of
total retinyl ester (RE) in adipose tissue (B). Data are the mean ± SEM. ). (N: II
= 7, ID = 10 and DD = 2; **p < 0.01)
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3.3.4: The LIPE deletion results in decreased TAG lipase and neutral cholesterol
ester hydrolase activities
To further probe the functional consequences of HSL deficiency, we
measured the in vitro TAG lipase activity (indicative of lipolysis levels). We also
examined cholesterol esterase activity (unique to HSL), as it is thought to be the
only lipase known to hydrolyze cholesterol esters in human adipose tissue. Based
on what is known about the role of HSL in lipolytic activity, we would expect to
see only a small change in TAG lipase activity as ATGL is the major enzyme
responsible for TAG hydrolysis. Surprisingly, we found that TAG lipase activity
was suppressed in DD homozygotes (p=0.05), indicating that there is a
downstream consequence, perhaps dysregulation of PPARγ (see chapters 4&5),
which leads to decreased lipolysis. ID heterozygotes showed an intermediate
decrease in TAG lipase activity (p=0.008) (figure 3.3).
We next measured cholesterol ester hydrolase activity, and as expected,
we found that DD homozygotes had completely suppressed cholesterol esterase
activity (p=0.007). ID heterozygotes had about half of the cholesterol esterase
activity compared to individuals with no copies of the deletion (p=0.011) (figure
4.5). Decrease in TAG lipase activity in individuals with the D allele shows that
this defect causes aberrant signaling responsible for the regulation of ATGL. In
addition, a dose dependent decrease in CE hydrolase activity per D allele was
observed, confirming that HSL is the only enzyme to hydrolyze CE in adipose
tissue, and absence of HSL results in absence of CE hydrolase activity.
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Figure 3.4: Absence of HSL results in decreased lipase and cholesterol
esterase activities.
In vitro hydrolytic activities against triolein (A) and cholesterol ester (B) were
measured in adipose tissue homogenates. Data are the mean ± SEM. (N: II = 7,
ID = 10 and DD = 2; *p < 0.05, **p < 0.01, ***p < 0.001).
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3.4 Discussion
In this chapter, I have provided substantial evidence for identification of
the first loss-of-function mutation in HSL in humans. While the mRNA
expression is unaffected in ID heterozygotes, it is decreased in DD homozygotes.
This could be due to decreased transcription, decreased mRNA stability or both.
In addition, we describe in chapter 5 PPARγ dysregulation which could also lead
to decreased transcription in absence of HSL. While we would expect moderate
reduction in HSL mRNA in ID heterozygotes, we found that they have no change
in mRNA expression of HSL, indicating that one normal copy of the LIPE gene
must be sufficient to drive normal HSL mRNA expression. Upon amplification
of HSL cDNA, we do not see a preferential increase of the I allele, as would be
expected due to the normal levels of HSL mRNA in the ID heterozygotes. This
may indicate that the defect in HSL deletion homozygotes is more likely due to
downstream regulation than mRNA instability or degradation. Further studies
will be needed to determine the actual mechanism of decreased HSL mRNA
expression in HSL deficient adipose tissue. In addition to decreases in HSL
mRNA expression, DD homozygotes have absence of HSL protein (using two
antibodies, one mono-clonal targeted toward the N-terminal [the opposite
terminus of the deletion] and an epitope targeted outside of the deleted sequence).
While there are no observed changes in mRNA expression of ID heterozygotes,
they do have a 50% decrease in protein indicating that the LIPE deletion leads to
HSL protein instability or decreased translation.
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In DD homozygotes, we observed increases in diacylglycerol and retinyl
esters. We confirmed decreases in total protein examining both the TAG lipase
and neutral cholesterol ester hydrolase activity of individuals of all three
genotypes. A dose dependent decrease in enzyme activity shows for the first time
that HSL is the major enzyme responsible for TAG, DAG, RE, and CE hydrolysis
in human adipose tissue, either directly or through modulation of PPARγ (see
chapter 5).
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Chapter 4: Physiological effect of the 19 base pair deletion in HSL
on human adipose tissue

4.1 Introduction
The adipose tissue function of the HSL knockout mice shows some
differences compared to their wild type counter parts. For instance, the
adipocytes of HSL knockout mice are more heterogeneous in size than the wild
type, and both basal and stimulated lipolysis are decreased (Osuga et al., 2000).
In addition to studies with the HSL knockout mouse, some researchers have
looked at the absence of HSL in human cell lines. However, there has been some
controversy regarding the role of HSL in human lipolysis as two conflicting
results exist, one reported HSL as the most important mediator of lipolysis in
humans, while the other reports ATGL as the key regulatory enzyme of lipolysis
in humans (Ryden et al., 2007 and Bezaire et al., 2009). The model described in
these studies will provide insight into the true role of HSL in human adipose
tissue lipolysis.
Because HSL works in concert with other lipolytic proteins, we wanted to
assess how human HSL deficiency affects other lipolytic partners such as ATGL
and Perilipin 1. The HSL knockout mouse does not have compensation by ATGL
or Perilipin 1; therefore, it has decreased basal and stimulated lipolysis. Also, the
HSL knockout mouse is neither obese as is the ATGL knockout mouse nor
exhibits increased basal lipolysis as in the Perilipin 1 knockout mouse
(Haemmerle et al., 2006 and Tansey et al., 2001). Thus, we predicted that there
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was no compensatory mechanism by other lipolytic partners and levels of ATGL
and Perilipin1 will be the same as wild-type.
Because of the strong association of the D allele with systemic insulin
resistance, it is important to assess the effect of the mutation on both adipocyte
insulin sensitivity and on proteins in the insulin signaling pathway, insulin
receptor (INSR) and IRS-1. We also assessed the effect of the deletion on
expression of markers of insulin resistance (fatty acid binding protein 5 (FABP5),
Forkhead box protein O1 (FOXO1), and Pyruvate dehydrogenase lipoamide
kinase isozyme 4 (PDK4)). These studies provided insight into whether HSL
deficiency results in insulin resistance in adipocytes. We predicted that in
adipocytes, insulin signaling proteins would be down-regulated, insulin sensitivity
would be impaired, and markers of insulin resistance would be increased.
In addition to markers of adipose insulin resistance, we also assessed
markers of inflammation and macrophage infiltration. Adipose tissue
inflammation and infiltration of macrophages lead to insulin resistance by
interfering with normal insulin signaling (Shoeleson et al., 2006). Chronic
adipose tissue inflammation has been associated with many different diseases,
including diabetes. Many stimuli can initiate inflammatory pathways including
cytokines, lipids, and cell stress. Hyperlipidemia can cause increases in
cytokines, lipids, and cell stress, triggering activation of JNK and IKK, both
regulators of insulin receptor substrate (IRS) and inflammatory genes (Wellen et
al., 2005). Measuring cytokine levels and mRNA expression of inflammatory
genes may provide insights into the level of inflammation in a particular tissue.
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Additionally, macrophages play a major role in inflammation including
phagocytosis, antigen presentation, and production of cytokines (Fujiwara et al.,
2005). Based on our observation of systemic insulin resistance in HSL deficient
humans, we hypothesized that individuals with the deletion would have increased
adipose tissue cytokine release, inflammation gene expression, and macrophage
markers. We therefore predicted that we would see increases in markers of
inflammation and macrophage infiltration.
4.2 Methods
4.2.1 Lipolysis
Research subjects: Abdominal subcutaneous fat biopsies were obtained by
aspiration from 7 subjects homozygous for the wild type allele (II), 10 subjects
heterozygous for the deletion (ID) and 2 subjects homozygous for the deletion
(DD).
Adipose tissue collection: Adipose tissue biopsies were performed by Drs.
Shuldiner and Horenstein. The skin was disinfected and the abdomen was
anesthetized with 2% Lidocaine (Elkins-Sinn, Cherry Hill, NJ), a small incision
was made in the abdomen and adipose tissue from the abdominal incision site was
obtained using a cannula designed for liposuction (3-mm Spirotricannulae;
Unitech Instruments, Fountain Valley, CA). Aspirations were performed in the
abdominal region at a point one third of the distance from the superior anterior
iliac crest to the umbilicus (Johnson et al., 2001). The tissue was flash frozen in
~75 mg aliquots.
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Basal and stimulated lipolysis: Technicians at the Amish research clinic
(Maryann Drolet and Sylvia Newcomer) washed and weighed the abdominal
subcutaneous fat and adipocytes were immediately isolated by collagenase
digestion (1 mg/ml) according to Honnor et al. (Honnor et al., 1985) in KrebRinger bicarbonate buffer with 4% BSA and 200 nM adenosine, pH 7.4, under an
atmosphere of 95% O2:5% CO2. Using the same buffer without collagenase, cells
were washed three times by floatation (allow the tube to sit on the bench for a few
minutes and cells will float to the top, remove the liquid beneath the cells by
sucking it up through a 20 cc syringe attached to the capillary tubing, and add 20
mL warm KRB to cells to wash) and adipocytes were re-suspended at a
concentration of 5–7% (v/v). Aliquots of cells (0.5 ml) were added to 13 × 100
mm polyethylene test tubes to with 4 μg/ml adenosine deaminase (ADA) [which
breaks down adenosine, an inhibitor of lipolysis], and differing concentrations of
isoproterenol [ISO, a stimulator of lipolysis] and N6-phenylisopropyladenosine
(PIA) [an exogenous source of adenosine, an inhibitor of lipolysis] (table 4.1).
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Table 4.1: Concentrations and amounts of ADA, PIA, ISO, and Insulin.
Tube #
1-4
5-6
7-8
9-10
11-12

Condition
ADA( 1U/ml)
ADA + PIA10nM
ADA + PIA20nM
ADA + PIA100nM
ADA + PIA20nM+ISO1M

13-14
15-16
17-18
19-20
21-22
23-24
25-26

ADA + INS7.8pM
ADA + INS13pM
ADA + INS19.5pM
ADA + INS39pM
ADA + INS78pM
ADA + INS390pM
Blank (Cell Suspension)

uL of drugs to be added
5uLof 100U/mLADA
5uL of 100U/mLADA +5uL of 10uM PIA
5uL of 100U/mLADA +5uL of 2uM PIA
5uL of 100U/mLADA + 5uL of 1uM PIA
5uL of 100U/mLADA + 5uL of 100uM Iso + 5uL
of 2uM PIA
5uL of 100U/mLADA + 5uL of 0.79nM Ins
5uL of 100U/mLADA + 5uL of 1.3nM Ins
5uL of 100U/mLADA + 5uL of 1.95nM Ins
5uL of 100U/mLADA + 5uL of 3.9nM Ins
5uL of 100U/mLADA + 5uL of 7.8nM Ins
5uL of 100U/mLADA + 5ulLof 39nM Ins
No drugs pipette 500ul cells and keep it on ice.
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After 2 h incubation with shaking (60 cycles/min) at 37°C under an atmosphere
of 95% O2:5% CO2, the reaction was stopped by placing cells in an ice bath, and
the media below the floating fat cells was removed and frozen at −80 C. Glycerol
concentration in the medium was measured fluormetrically in neutralized
perchloric acid extracts (Laurell et al., 1966) by Urmila Sreenivassan and I. Each
reaction condition was performed in duplicate.
Insulin inhibition of lipolysis: Varying concentrations of insulin (table 4.1)
[most potent inhibitor of lipolysis] were incubated with the digested cells
(described above). After 2 h incubation with shaking (60 cycles/min) at 37°C
under an atmosphere of 95% O2:5% CO2, the reaction was stopped by placing
cells in an ice bath, and the media below the floating fat cells was removed and
frozen at −80 C. Glycerol concentration in the medium was measured
fluormetrically in neutralized perchloric acid extracts (Laurell et al., 1966).
Fat cell weight: Fat cell weight (FCW) was determined by measuring the
diameters of at least 300 adipocytes using the photomicroscopic method described
by Lavau et al. (Lavau et al., 1977) in which Image J (National Institutes of
Health, USA) was used to visualize images of adipocytes and measured using a
micrometer scale. The surface area was calculated according to Leibel et al.
(Leibel et al., 1987). Only cells >50 μm in diameter were included in the final
calculation of mean FCW. Differences in fat cell size and lipolysis were
compared between genotype groups using ANOVA. A p-value of 0.05 or below
was considered statistically significant.
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4.2.2 RNA quantification
RNA Isolation: ~500 mg of adipose tissue was homogenized in 1 ml of
Trizol (Sigma Aldrich, St. Louis, MO). The samples were spun at 5000 rpm for 5
minutes and the internatant was removed and 200 μL of chloroform as added to it.
After vortexing, samples were placed on ice for 5 minutes and spun at 14,000 rpm
for 15 minutes. Samples were incubated on ice for 30 minutes and the
supernatant was removed. 700 μL of cold isopropanol was added to the
supernatant and incubated at -20 °C overnight. Samples were then spun at 14,000
rpm for 25 minutes. Pellets were isolated and the liquid was discarded. Samples
were washed with 80% and subsequently 100% ethanol, vortexing and spinning at
14,000 rpm for 5 minutes each. The pellet was re-suspended in 20 μL of 1X
RNAsecure (Life Technologies, Grand Island, NY) and incubated at 60 °C for 10
minutes. OD was measured and RNA purity was confirmed by gel visualization.
RNA was purified using RNeasy MiniElute cleanup kit (Quiagen, Valencia, CA).
cDNA Synthesis and quantification: cDNA was synthesized using the
Transcriptor First Strand cDNA Synthesis Kit (Roche, Basel, Switzerland). 1 μg
equivalent of RNA and 600 μM random hexamer primers were combined and
made up to 6.5 μL with water. This reaction mix was incubated at 65 °C for 10
minutes and cooled immediately on ice. This reaction mix was combined with 2
μL 5X reaction mix, 1 μL 10mM dNTPs, 0.25 μL 20 U/μl reverse transcriptase
and 0.25 μL 40 U/μL Rnasin and incubated at 25 °C for 10 minutes, 50 °C for 1
hour, and 85 °C for 5 minutes. Steady state mRNA levels were determined by
two-step qRT-PCR (primers: table 3.1) using the LightCycler 480 (Roche, Basel,
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Switzerland) and normalized to cyclophilin mRNA (de Souza Batista et al., 2007).
Each reaction was performed in triplicate.
4.2.3 Protein quantification
Protein extraction from fat tissue: ~75 mg of fat tissue was homogenized
in fat tissue buffer (10 mM Tris, 1 mM EDTA, 25 μL 0.2 M sodium
orthovanadate, 5 mL 1M sodium fluoride) and protein was extracted overnight at
-80 °C in acetone. The pellet was re-suspended in Laemmli sample buffer (BioRad, Hurcules, CA) + 10 μM DTT and 4% SDS and total protein quantitated
using the BCA Protein Assay Kit (Thermo Scientific, Rockford, IL).
Western Blot Analysis: Protein extracts were loaded onto a 10% Tris-HCL
gel, run at 80 volts for 30 minutes, and then increased to 120 volts for the rest of
the separation. Blots were transferred overnight at 200 milliamps. Human antiATGL (Cell Signaling #2138 Danvers, MA), PLIN1 (Greenberg et al., 1991)
(provided by Carole Sztalryd, University of Maryland) , IRS-1 (Zhande et al.,
2002) and INSR (Santa Cruz sc-711 Santa Cruz, California) (provided by Xiao
Jian Sun, University of Maryland) antibody was applied at a concentration of
1:1000 for 2 hours, followed by rabbit (Sigma # A6154-1MLSt. Louis, MO) (or
guinea pig for PLIN1 Santa Cruz # sc2438 Santa Cruz, California) secondary
antibody at 1:10000 for 45 minutes to visualize the protein bound to the antibody.
Proteins were visualized and quantitated on the FluorChem Q (Protein Simple,
Santa Clara, CA). The amount of ATGL and PLIN1 protein was normalized to βactin (Cell Signaling # 4967L Danvers, MA).
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4.2.4 Fluorescent staining for PLIN1 at lipid droplet surface
Slides were deparaffinized in xylenes, 2 X 20 minutes. Slides were then
re-hydrated with descending ethanol series (100%, 70% and 50%), 2 X 2 minutes
each, ending in 1X PBS. The antigen retrieval buffer (10 mmol/L Tris buffer, 1
mmol/L EDTA, pH 9.0) was pre-heated in the steamer (~95 °C) and slides were
incubated at 95 °C 20-40 minutes. Slides were cooled to room temperature and
washed in PBS (2X 2 minutes). Slides were blocked in blocking buffer (19 ml of
1X PBS plus 1 ml of glycine stock plus 200 μl of donkey serum and 200 μl of
saponin stock) for 20 minutes at room temperature. Primary antibody was diluted
1:500 in the antibody buffer (19 ml of 1X PBS plus 200 μl of 0.1g/mL saponin
plus 10 mg of BSA) overnight at 4C. The tissue was washed with the rinsing
buffer (50 ml of PBS plus 500 μl of saponin 0.1g/mL) for 3X 10 min. Anti-rabbit
secondary antibody (Sigma # A6154-1ML) was diluted 1:1000 in the antibody
buffer for 2 hours at room temperature. The tissue was washed with the rinsing
buffer for 3X10 min. Lastly, slides were mounted with mounting medium with
DAPI (Vectashield, Cat# H-1200) and imaged.
4.2.5 Cytokine measurement
Acute release: Maryann Drolet incubated ~100 mg of AT obtained as
described above was incubated with 1.5 mL acute media (sterile M199 1%BSA)
and gassed for 15-20 seconds with 95% O2/5% CO2. Samples were incubated at
37oC for 3 hours. The reaction was stopped by placing it on ice. After incubation,
a small piece of mesh around a 1 ml pipette tip was used to remove the media.
Media was stored in two separate aliquots. I used the media from II, ID, and DD
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individuals to perform ELISAs: standards were prepared as described by
Quantikine (Human TNF-α and Human IL-6) R & D Systems (Minneapolis,
MN)). Media and standards were diluted and incubated at room temperature for 2
hours, then washed. Conjugate was added and samples were incubated for 1 hour
for TNF-α and 2 hours for IL-6. Samples were washed and substrate solution was
added for 20 minutes at room temperature. 50 μL of stop solution was added and
samples were read at 450 nm with a λ correction at 540 or 570 nm. Standard
curves were created and equations were extrapolated.
Plasma concentrations: Blood was also collected (see research subjects
above) and spun at 2000 x g for 15 minutes. The plasma was removed and
analyzed for quantity of cytokines IL-6 and TNFα using the method described
above.
4.2.6 Adipokine measurement
Acute release: Acute release media was obtained as described above.
Adiponectin levels were measured using ELISA described by Invitrogen (Cat#
KHP0041 Camarillo, CA). Leptin was measured using a radioimmunoassay with
coated tubes: standards were prepared as described by ALPCO immunoassays
(Salem, NH). Standards and samples were incubated with a capture antibody,
specific antibody, and finally a tracer. Tubes were incubated at room temperature
overnight, with shaking. The tubes were emptied and assay buffer was added and
then decanted. Radioactivity was counted in a gamma counter for 1 minute.
Standard curves were calculated and values were extrapolated as described by
ALPCO immunoassays (Salem, NH).
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Plasma concentrations: Plasma was obtained (see research subjects and
plasma concentrations above) and ELISA and radioimmunoassay with coated
tubes were used as described above to measure plasma concentrations of
adipokines.
4.2.7 Macrophage staining
Fixing tissue: 50 mg of adipose tissue was put in 5 mL of formalin and
kept at room temperature, protected from light.
Embedding and cutting tissue: With the help of Elizabeth Smith, tissue
was embedded in paraffin and 5 μm sections were cut serially and mounted on
slides.
Staining: Staining was performed as described previously, with the help
of Elizabeth Smith (Ranganathan et al., 2011). Slides were deparaffinized in
xylenes, 2 X 5 minutes and rehydrated with descending ethanol series (100%,
95% and 70%, 2 X 2 minutes). Tissue was digested with antigen retrieval buffer
for 20 minutes and washed in PBS (2 X 2 minutes). Slides were immersed in
methanol/0.3% H2O2 for 30 minutes to remove endogenous peroxidase activity.
Slides were incubated with 10% horse serum for 20 minutes at room temperature,
followed by anti- HAM 56 antibody (Dako Carpinteria, CA) at 1:50 for 1 hour at
room temperature. Biotinylated secondary antibody was applied for 30 minutes at
room temperature. Slides were washed in PBS and incubated with ABC reagent
for 30 minutes (Vector Laboratories, Inc. Burlingame, CA). Slides were washed
in PBS (2 X 2 minutes) and 3, 3-diaminobenzidine (DAB) was used to develop
the sections for 4 minutes followed by counterstaining with Mayer’s hematoxylin
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for 2 minutes. Slides were dehydrated in increasing ethanol series (95% and
100%, 2 X 2 minutes), incubated with xylenes (2 X 2 minutes) and mounted.
Visualization: Slides were imaged using bright field microscopy at 20 and
40X magnification.
4.2.8 Statistical analysis
All measurements were compared between genotype groups using analysis
of variance (ANOVA). A p-value of 0.05 or below was considered to be
statistically significant. All assays were performed in duplicate.
4.3 Results
4.3.1: HSL deficiency results in decreased basal and stimulated lipolysis
Fat biopsies were obtained from 7 II, 9 ID, and 2 DD individuals.
Adipocytes were isolated from these individuals, and basal lipolysis, stimulated
lipolysis, and the ability of insulin to suppress lipolysis were measured. We
found that DD homozygotes had low basal and stimulated lipolysis (figure 4.1).
Additionally, both ID heterozygotes and DD homozygotes have impaired insulin
sensitivity (the ability of insulin to suppress lipolysis), while the DD homozygotes
also have impaired insulin responsiveness (the maximal response to insulin).
Both of these are indicative of adipose tissue insulin resistance (figure 4.1).
These data indicate that absence of HSL results in dysfunctional lipolysis and a
dose dependent decrease in insulin sensitivity in those with the D allele.
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Figure 4.1: Impaired lipolysis and insulin resistance in HSL null adipocytes.
Phenylisoproyl adenosine (PIA)-suppressed (basal) and isoproterenol (ISO)stimulated lipolysis in isolated adipocytes from abdominal adipose tissue
expressed per fat cell weight. Collagenase-isolated adipocytes were incubated in
the presence of adenosine deaminase (ADA; 4 μg/ml) + 20 nM PIA or ADA + 20
nM PIA + 1 μM ISO and Krebs-Ringer bicarbonate buffer containing 4% BSA
for 2 hours under an atmosphere of 95% O2 + 5% CO2 at 37oC. (A) Insulinsuppressed lipolysis measured by incubating isolated adipocytes with ADA or
ADA + insulin concentrations of 7.9, 39, 78, 110 and 390 pM for 2 hours under
conditions described above expressed as percent suppression. (B)
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4.3.2: HSL deficiency results in decreased fat cell size
Fat cell weight (FCW) and surface area were calculated in individuals of
all three genotypes. The distribution of fat cell size was also assessed. We found
that the mean FCW was significantly decreased in DD homozygotes, and there
was a shift to the smaller populations of fat cells in DD homozygotes (figure 4.2).
This indicates that there is a possible defect in the adipogenesis pathway. The ID
heterozygotes showed no differences in mean FCW or distribution of fat cell size,
indicating that 50% of HSL protein and activity is enough to promote normal
adipogenesis.
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Figure 4.2: Absence of HSL results in decreased fat cell size.
Diameters of 300 cells from adipocyte suspension were measured using a
microscope with an ocular micrometer. Mean fat cell size was calculated by
genotype (A) Fat cell size distribution represented as percentage of cell size per
total number of cells counted (B). Data are the mean ± SEM (N: II = 7, ID = 10
and DD = 2; *p < 0.05).
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4.3.3: HSL deficiency leads to decreased mRNA and protein expression of key
lipolytic proteins
We compared mRNA expression and protein levels of ATGL and PLIN1
in II, ID, and DD individuals.

We found that there is a significant decrease in

mRNA expression of both ATGL and PLIN1 in DD homozygotes, while there are
no differences between the II homozygous and ID heterozygous individuals
(figure 4.3). Likewise, while the difference did not reach significance, ATGL
and PLIN1 protein levels trended toward decreased in DD homozygotes (figure
4.3). Taken together, these data suggest that neither ATGL nor PLIN1
compensate for the deficiency of HSL. Another line of evidence to support this
claim is that there is decreased PLIN1 staining at the lipid droplet surface in a DD
homozygote (figure 4.4). In fact, this suggests that HSL deficiency leads to
decreased expression of other key lipolytic proteins.
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Figure 4.3: Reduced mRNA and protein expression of adipose triglyceride
lipase (ATGL) and Perilipin 1 (PLIN1) in HSL deficient adipose tissue.
(A) ATGL mRNA was measured using quantitative real-time PCR (qRT-PCR)
and normalized to cyclophilin. Data are the mean ± SEM. (N: II = 7, ID = 10 and
DD = 2) (B) ATGL protein expression was measured from whole tissue extracts
using Western blot analysis and normalized to β-actin. Data are the mean ± SEM
(N: II = 5, ID = 5 and DD = 2; *p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 4.4: Decreased PLIN1 staining at the lipid droplet surface in
abdominal adipocytes from individuals with HSL deficiency.
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4.3.4: HSL deficiency leads to decreased mRNA and protein expression of insulin
signaling proteins and increase mRNA expression of markers of insulin resistance
We also measured mRNA and protein expression of insulin signaling
proteins insulin receptor substrate 1 (IRS1) and insulin receptor (INSR) in II, ID,
and DD individuals. We found no significant differences in mRNA expression of
IRS-1 and INSR. However, we found that DD homozygotes had decreased levels
of both IRS-1 and INSR protein (figure 4.5). These data suggest HSL deficiency
likely leads to downstream effects on IRS-1 and INSR. As expected, we saw an
increase in expression of markers of insulin resistance, such as PDK4, FOXO1,
and FABP5 mRNA in DD homozygotes (figure 4.6).

94

Figure 4.5: Reduced protein expression of insulin receptor substrate 1 (IRS1)
and insulin receptor (INSR) in HSL null white adipose tissue (WAT).
mRNA expression of IRS1 and INSR was measured using quantitative real-time
PCR (qRT-PCR) and normalized to cyclophilin. Data are the mean ± SEM (N: II
= 7, ID = 10 and DD = 2; *p < 0.05, **p < 0.01, ***p < 0.001). (A) Protein
expression of IRS1 (B) and INSR (C) was measured from whole tissue extracts
using Western blot analysis and normalized to β-actin. Data are the mean ± SEM
(N: II = 5, ID = 5 and DD = 2).

95

Figure 4.6: Increased mRNA expression of markers of insulin resistance.
mRNA expression of PDK4, FABP5 and FOXO1 was measured using
quantitative real-time PCR (qRT-PCR) and normalized to cyclophilin. Data are
the mean ± SEM (N: II = 7, ID = 10 and DD = 2; *p < 0.05, **p < 0.01, ***p <
0.001).
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4.3.5: HSL deficiency results in increased inflammation and macrophage
infiltration
Because of the role of chronic WAT inflammation on insulin resistance,
we examined the gene expression and amount of major cytokines released by
WAT. We found that mRNA expression and IL6 release from WAT was affected
in a dose dependent manner, higher in the DD homozygotes compared to the ID
heterozygotes (p<0.001) and the II homozygotes (p =2.4x10-4). However, both
mRNA expression and TNF-α release from WAT did not differ significantly
between groups. Because macrophage infiltration in WAT is an important
characteristic of inflamed WAT, we measured human alveolar macrophage-56
(HAM-56) infiltration in the adipose tissue of an individual homozygous for the I
allele and homozygous for the D allele. DD homozygosity resulted in histological
abnormalities with an increase in macrophage infiltration, confirmed by increased
mRNA expression of a protein associated to macrophages, monocyte chemotactic
protein-1 (MCP-1) in DD homozygotes (II vs. DD p=3.4x10-4) (Figure 4.7).
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Figure 4.7: Evidence for inflammation in HSL null adipose tissue.
mRNA expression of IL6, TNFα and MCP1 was measured using quantitative
real-time PCR (qRT-PCR) and normalized to cyclophilin (A). The acute release
from adipose tissue into the media of IL6 (B) and TNFα (C) was measured using
ELISA. Data are the mean ± SEM (N: II = 7, ID = 10 and DD = 2; *p < 0.05, **p
< 0.01, ***p < 0.001). HAM56 macrophage staining of paraffin embedded
formalin fixed adipose tissue in a DD and an II subject [20 X magnification] (D).
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4.3 Discussion
The data in this chapter characterized the consequences of human HSL
deficiency on adipose tissue function. While controversy exists surrounding the
effect of HSL on lipolysis in humans, here we show that HSL plays a vital role in
maintenance of proper adipocyte function and lipolysis. Notably, a deficiency in
HSL causes a marked decrease in both basal and stimulated lipolysis. While not
significant, ID heterozygotes appear to have an increase in basal and stimulated
lipolysis. This could simply be due to human variation. It could also be due to a
compensatory increase in another lipolytic enzyme in human (not yet identified).
Another explanation could be that the ID heterozygotes have an increased number
of individuals with insulin resistant adipocytes, and classically, increased lipolysis
is seen in individuals with diabetes. The mechanism of this increase (if other than
due to chance) remains unclear. In addition to impairment in lipolysis, HSL
deficiency markedly affects adipocyte insulin sensitivity. Each copy of the D
allele decreased the ability of insulin to suppress lipolysis, indicative of adipocyte
insulin resistance in individuals with the deletion. This demonstrates that HSL
plays a pivotal role in the acquisition of adipocyte insulin sensitivity and insulin
responsiveness. Fifty percent of the protein is not sufficient to drive proper insulin
sensitivity.
We would normally expect inhibition of cellular lipolysis to result in
increased fat cell size due to inability to break down lipid; we unexpectedly
observed a decrease in fat cell size, suggesting that genes regulating adipocyte
differentiation and adipocyte function are likely affected in the HSL null. We
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would also expect that decreased fat cell size would be beneficial, as it is thought
that large fat cells are associated with insulin resistance (Weyer et al., 2000).
However, recently it has been shown that impairments in adipose cell
differentiation contribute to insulin resistance, and the proportion of small adipose
cells in insulin resistant patients is higher than insulin sensitive patients
(McLaughlin et al., 2007).

Since an isolated deficiency in lipolysis would be

expected to result in increased lipid droplet and fat cell size, we next hypothesize
that the decreased fat cell size reflects defects in PPARγ signaling and
adipogenesis. We predict that defects in PPARγ signaling are due to lack of
endogenous ligands produced by HSL per se, or as a product of lipolysis (see
chapter 5 below).
We have also shown that adipose tissue DD homozygotes have decreased
mRNA and protein expression of lipolytic genes, ATGL and PLIN1, both known
to be regulated by PPARγ (Kershaw et al., 2007 and Arimura et al., 2004) and
decreased protein expression of insulin signaling genes, INSR and IRS-1. This
indicates that either HSL, or products provided by HSL are responsible for the
regulation of many downstream genes involved in adipose tissue metabolism and
insulin sensitivity. Further evidence to support this claim is demonstrated by the
decreased expression of genes involved in insulin signaling. We also see an
increase in markers of insulin resistance (PDK4, FOXO1, and FABP5) in DD
homozygotes. . This dysfunctional gene regulation is likely at least in part
responsible for the systemic abnormalities seen in individuals with the deletion
(described in chapter 2).
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Inflammation and macrophage infiltration are often associated with insulin
resistance; thus, we were not surprised that ID and DD adipocytes displaying
insulin resistance have increased inflammatory markers and increased
macrophage infiltration. Interestingly, we were able to detect differences in IL-6
expression and acute release, but not in TNFα. The selective pattern of
inflammatory markers remains to be elucidated. While they share many common
functions, IL-6, not TNFα is responsible for synthesis of immunoglobulins by βcells and lectin-activated T cell proliferation (Schindler et al., 1990). Both of
these functions would lead to inflammation irrespective of TNFα. In addition,
insulin resistant lipodystrophic mice show 5 fold higher increases in IL-6 levels
versus TNFα levels (Herrero et al., 2010). Furthermore, TNFα is thought to be a
classic marker of obesity (Bullo-Bonet et al., 1999), a phenotype that is not seen
in our subjects. Also, HSL deficiency results in increased HAM-56 (macrophage
specific marker) infiltration as expected. Also, mRNA expression of the chemo
attractant associated to macrophages (MCP-1) is increased, showing again that
HSL deficiency is associated with adipose tissue inflammation. It remains
unclear whether HSL deficiency leads directly to insulin resistance, which then
results in inflammation or, whether insulin resistance is secondary to increased
inflammation resulting directly from HSL deficiency. Further studies are needed
to elucidate which pathology is the direct result of HSL deficiency.

101

Chapter 5: A mechanism whereby the 19 base pair deletion in
LIPE may exert the phenotypic effect
5.1 Introduction
Nuclear receptors (NR), such as PPARγ, are responsible for proper
acquisition of insulin sensitivity by adipocytes as well as proper adipose tissue
storage, differentiation, and function. Since we see major dysfunction in the
adipose tissue of DD homozygotes (i.e. decreased lipolysis, adipose tissue insulin
resistance, decreased fat cell size, and decreased lipolytic/insulin signaling protein
expression) we hypothesized that absence of HSL would result in defective
nuclear receptor signaling.
In the mouse, HSL modulates PPARγ activity by providing ligands needed
for activation. One study showed that TZDs normalized the expression of genes
involved in adipocyte differentiation and lipid metabolism in HSL knockout mice.
They also improved glucose tolerance in HSL knockout mice. HSL knockout
adipocytes displayed decreased activation of PPARγ and there was no change in
activation following lipolytic stimulation, as was observed in wildtype mice (Shen
et al., 2010). Another study suggests that in mice, HSL generates retinoic acid
species which serve as ligands for PPARγ and RXR (Strom et al., 2009). In
human cell lines, mutations in the GC boxes of the HSL promoter lead to
abolishment of PPARγ mediated up-regulation of HSL (Deng et al., 2006),
providing more evidence that HSL is a PPARγ regulated gene. In order to assess
if this was the case in DD homozygotes, we measured PPARγ mRNA expression
levels and the mRNA expression of other nuclear receptors. These NRs engage in
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significant cross talk with PPARγ and are involved in the maintenance of
adipocyte function. Some examples include, RXRα which binds directly to
PPARγ, an interaction needed for the activation of both, Sterol Regulatory
Element-Binding Protein (SREBP) 1a/c which links PPARγ ligand production
with fatty acid synthesis through a compound (which is unidentified as of yet)
secreted into cell culture media, and CCAAT/enhancer binding protein (C/EBP)
which contains a PPARγ ligand binding domain downstream, activation of which
drives PPARγ expression in 3T3-L1 cells (Schupp et al., 2010). We hypothesized
that individuals homozygous for the deletion would have decreased PPARγ
activity because they have no HSL to provide endogenous ligands needed for
PPARγ activation. PPARγ (and heterodimer RXRα) along with CEBPα,
SREBP1a and 1c modulate many downstream targets such as LPL, FASN,
Stearoyl-CoA desaturase-1 (SCD), DGAT1, glycerol-3-phosphate acyltransferase,
mitochondrial (GPAM) and acyl-CoA synthetase long-chain family member 1
(ACSL), PLIN1, and carboxylesterase 1(CES1) all of which are key regulators of
lipid homeostasis. Specifically FASN is responsible for catalyzing acetyl-CoA
and malonyl-CoA to palmitate (Jayakumar et al., 1995), SCD is responsible for
the desaturation of fatty acids (Ntambi et al., 1988), DGAT1 is responsible for the
final step of triglyceride synthesis (Hou et al., 2009), GPAM plays a key role in
TAG synthesis (Moyes et al., 2009), ACSL turns free long-chain fatty acids into
fatty acyl-CoA esters (Malhotra et al., 1999), and CES1 has been shown to take
part in the lipolytic activity in AT (Jernas et al., 2009). All of these proteins are
vital to proper adipose tissue function.
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Indeed, down regulation of some of these genes may contribute to defects
in adipose tissue function that we saw in chapter 4. We hypothesized that in
adipose tissue from individuals with the D allele, PPARγ signaling would be
impaired, resulting in down regulation of key PPAR targets that regulate lipid
metabolism and adipogenesis. In addition, PPARγ regulates other key players in
lipolysis such as Perilipin, and ATGL which we have already shown are
downregulated in HSL deficient individuals.
5.2 Methods
5.2.1 RNA quantification
Research subjects: Abdominal subcutaneous fat biopsies were obtained by
aspiration from 7 subjects homozygous for the wild type allele (II), 10 subjects
heterozygous for the deletion (ID) and 2 subjects homozygous for the deletion
(DD).
RNA Isolation: ~500 mg of adipose tissue was homogenized in 1 ml of
Trizol (Sigma Aldrich, St. Louis, MO). The samples were spun at 5000 rpm for 5
minutes and the internatant was removed and 200 μL of chloroform as added to it.
After vortexing, samples were placed on ice for 5 minutes and spun at 14,000 rpm
for 15 minutes. Samples were incubated on ice for 30 minutes and the
supernatant was removed. 700 μL of cold isopropanol was added to the
supernatant and incubated at -20 °C overnight. Samples were then spun at 14,000
rpm for 25 minutes. The pellet was isolated and the liquid was discarded.
Samples were washed with 80% and subsequently 100% ethanol, vortexing and
spinning at 14,000 rpm for 5 minutes each. The pellet was re-suspended in 20 μL
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of 1X RNAsecure (Life technologies Grand Island, NY) and incubated at 60 °C
for 10 minutes. OD was measured and RNA purity was confirmed by gel
visualization. RNA was purified using RNeasy MiniElute cleanup kit (Quiagen,
Valencia, CA).
cDNA Synthesis and quantification: cDNA was synthesized using the
Transcriptor First Strand cDNA Synthesis Kit (Roche, Basel, Switzerland). 1 μg
equivalent of RNA and 600 μM random hexamer primers were combined and
made up to 6.5 μL with water. This reaction mix was incubated at 65 °C for 10
minutes and cooled immediately on ice. This reaction mix was combined with 2
μL 5x reaction mix, 1 μL 10 mM dNTPs, 0.25 μL 20 U/μl reverse transcriptase
and 0.25 μL 40 U/μL Rnasin and incubated at 25 °C for 10 minutes, 50 °C for 1
hour, and 85 °C for 5 minutes. Steady state mRNA levels were determined by
two-step qRT-PCR (primers: table 3.1) using the LightCycler 480 (Roche, Basel,
Switzerland) and normalized to cyclophilin mRNA (de Souza Batista et al., 2007).
Each reaction was performed in triplicate.
5.2.2 Statistical analysis
All measurements were compared between genotype groups using analysis
of variance (ANOVA). A p-value of 0.05 or below was considered to be
statistically significant. All assays were performed in duplicate.
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5.3 Results
5.3.1: HSL deficiency leads to decreases in mRNA expression of nuclear
receptors
In order to assess the effect of the HSL deletion on the mRNA expression
of genes regulating adipocyte function, RNA was extracted from adipose tissue
obtained from fat biopsies of Amish individuals of all three genotypes (n = 7 II,
n=9 ID, and n = 2 DD). mRNA expression of nuclear receptors including PPARγ,
RXRα, SREBP1a, SREBP1c, CEBPα, and CEBPβ were measured and
normalized to cyclophilin.
We found that while PPARγ mRNA expression was unchanged, the other
measured NRs, RXRα, SREBP1a, SREBP1c, CEBPα, and CEBPβ were all
significantly down regulated in DD homozygotes (figure 5.1). ID heterozygotes
have preserved expression of these genes, suggesting that 50% of HSL protein is
sufficient to drive proper PPARγ signaling by HSL. These lines of evidence lead
us to believe that HSL plays a major role in adipocyte differentiation, storage, and
proper acquisition of insulin sensitivity.
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Figure 5.1: Altered transcriptional regulation of nuclear receptors in HSL
null adipose tissue.
mRNA expression of PPARγ, RXRα, the obligate heterodimer partner required
for activation of the PPARγ pathway, and other nuclear hormone receptors
involved in adipogenesis, maintenance of adipocyte function, and lipid and
glucose metabolism.
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5.3.2: HSL deficiency results in decreases in mRNA expression of PPARγ
regulated genes
In order to assess the role of decreased nuclear receptors on the
downstream signaling of PPARγ, we measured the mRNA expression of genes
known to be regulated by PPARγ. We found that genes downstream of PPARγ
including LPL, FASN, SCD, DGAT-1, glycerol-3-phosphate acyltransferase,
mitochondrial (GPAM), ACSL1, carboxylesterase 1 (CES1) and GLUT4 were all
down regulated in DD homozygotes (figure 5.2). Again, the ID heterozygotes
show no differences in mRNA expression.
Figure 5.2: Altered expression of genes involved in adipogenesis,
maintenance of adipocyte function, and lipid and glucose metabolism in HSL
null adipose tissue.
mRNA expression of target genes downstream of PPARγ involved in multiple
lipid and glucose metabolism pathways. mRNA expression was measured by
quantitative real-time PCR (qRT-PCR) and normalized to cyclophilin. Data are
the mean ± SEM (N: II = 7, ID = 10 and DD = 2; *p < 0.05, **p < 0.01, ***p <
0.001).
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5.3.3: HSL deficiency does not lead to an increase in markers of endoplasmic
reticulum (ER) stress
In order to rule out endoplasmic reticulum (ER) stress as a cause of the
phenotype seen in individuals with the 19 base pair deletion, we measured
markers of ER stress, growth arrest-and DNA damage-inducible gene 153
(GADD153/CHOP), X-box binding protein 1 (Xbp1), and glucose-regulated
protein, 78 kDa (GRP78). If an aberrant protein gets stuck in the ER, it can cause
a stress response resulting in cell dysfunction and even cell death. Because the D
allele is predicted to affect the HSL protein structure, we hypothesized that there
could be an abnormal protein product, which could get stuck in the ER, leading to
the phenotypes we see. However, there were no significant changes in mRNA
expression of ER stress associated proteins amongst the II, ID, and DD
individuals; thus, the changes in the observed cellular phenotypes are not due to
increases in transcription of the major markers of ER stress (figure5.3).
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Figure 5.3: No change in regulation of genes involved in ER stress in HSL
null adipose tissue.
mRNA expression of genes involved in ER stress. mRNA expression was
measured by quantitative real-time PCR (qRT-PCR) and normalized to
cyclophilin. Data are the mean ± SEM (N: II = 7, ID = 10 and DD = 2; *p < 0.05,
**p < 0.01, ***p < 0.001).
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5.3.4: HSL deficiency leads to unique pattern of expression of adipose genes
While we have highlighted genes and pathways altered in HSL deficiency,
it is important to note that there were many measured genes that were not
significantly changed by HSL deficiency. We have constructed an ingenuity
pathway analysis (Ingenuity Systems Inc., Redwood City, CA) using both genes
shown to be changed by DD homozygosity and those unchanged DD
homozygosity. GLUT4, DGAT-1, SCD, FASN, LPL, GPAM, CEBP, ACSL,
PLIN1, CES1, SREBP, and RXR were all found to be decreased in DD
homozygotes, while the surrounding genes such as CD36, ADIPOQ, and PPARδ
were unchanged (Figure 5.4). The two signaling pathways incorporating the most
molecules are LXR/RXR activation and T2D signaling with 8 and 6 molecules
respectively. There are 18 molecules involved in quantity of TAG (as expected).
While it remains unclear how HSL deficiency exerts its effect on downstream
PPARγ signaling, it is clear that the effect is specific, demonstrated by the
preferential regulation of some PPARγ regulated gene pathways and not others.
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Figure 5.4: Ingenuity pathway analysis of measured mRNA expression genes.
This pathway analysis shows genes which we measured mRNA expression. Red
colored genes indicate ones that were found to be down regulated in HSL
deficiency. White colored genes are those found to be unchanged. This shows a
very specific regulation of HSL or HSL products on this pathway.
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5.4 Discussion
Nuclear receptors such as PPARγ are responsible for proper acquisition of
insulin sensitivity by adipocytes, as well as proper adipose tissue storage,
differentiation, and function. Because of the previously described modulation of
NR activation (specifically PPARγ) by HSL (Zimmerman et al., 2003) we
hypothesized that HSL deficiency would cause deficits in NRs and downstream
targets.
We found that while there are no changes in PPARγ, its heterodimer
RXRα and downstream nuclear receptors CEBPα, CEBPβ, SREBP1a, and
SREBP1c are all significantly decreased in DD homozygotes. Again, ID
heterozygotes had preserved expression of these genes, further evidence that 50%
HSL activity is sufficient to drive proper HSL mRNA expression of NRs. We
hypothesized that the defective signaling in DD homozygotes is caused by
inability of HSL to provide enough endogenous ligands to nuclear receptors,
leading to decreased PPARγ activity. In absence of HSL, lipolysis was decreased;
thus, ligands normally liberated by the process are not liberated in the same
abundance. When there is a decrease in ligands needed for PPARγ activation, the
transcription of genes regulated by this pathway is shunted, resulting in the
decrease in downstream nuclear receptors regulated by PPARγ.
Additionally, selected genes downstream of the nuclear receptors involved
in maintenance of proper lipid and glucose metabolism, such as LPL, FASN,
SCD, DGAT-1, GPAM, ACSL1, CES1 and GLUT4 are all down regulated in DD
homozygotes. The DD homozygotes have a unique pattern of regulation of
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PPARγ downstream genes, indicating a specific role of HSL in nuclear receptor
modulation. These deficiencies likely contribute to the adipose tissue
abnormalities observed in HSL deficient humans. In adipose tissue of ID
heterozygotes, nuclear receptor regulation is unaffected; suggesting that the
systemic abnormalities observed in ID heterozygotes may result from
dysregulation of this pathway in other tissues such as skeletal muscle or liver.
Down regulation of nuclear receptors and PPARγ regulated genes in the
DD homozygotes leads us to believe that HSL plays a major role in adipocyte
differentiation, storage, and proper acquisition of insulin sensitivity likely through
the modulation of PPARγ ligands. The mutation we have identified has
uncovered a novel mechanism of acquisition of insulin sensitivity and
maintenance of proper adipose tissue function in humans. This pathway may be a
novel target of future anti-diabetic therapies.
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Chapter 6: Conclusions and future directions
While large genome wide association studies (GWAS) have identified
common variants with modest effects on complex phenotypes, the candidate gene
approach is still important in the identification of rare variants. In this case, the
variant was not detected in our GWAS. This could be due to the modest effect
that is has in the ID heterozygotes, and the tissue specificity of the majority of the
effects in the DD homozygotes. Also, there may have been no SNP on the
genotyping chips that tagged this deletion. The candidate gene approach allows
you to look more in-depth at the sequence and identify all variants in the regions
you are interested in studying. Now, whole genome sequencing (which was not
available at the time I started my thesis) has the same coverage as candidate gene
studies with a much higher throughput. I report a 19 base pair deletion (D allele)
in LIPE, which causes a frameshift mutation in the HSL protein, knocking out the
stop codon, and leading to undetectable HSL protein in adipose tissue. These
studies represent the first known model of human congenital HSL deficiency.
Our studies reveal that absence of HSL protein (DD homozygotes) causes
many detrimental effects in adipose tissue, including decreased basal and
stimulated lipolysis, decreased fat cell size, and increased inflammation. It is
unexpected that an enzyme critical to lipolysis would result in decreased lipid
storage or that smaller fat cells would result in insulin resistance; however, we
provide evidence for another key function of HSL, namely to maintain
adipogenesis and adipocyte function. Our data are consistent with the hypothesis
that human HSL deficiency results in decreased production of endogenous ligands
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for nuclear receptors like PPARγ which work in concert to regulate adipose tissue
function. This is corroborated by our finding of marked down-regulation of
nuclear receptors (RXRα, SREBP1a, SREBP1c, CEBPα, and CEBPβ) and
PPARγ-dependent genes responsible for adipogenesis and maintaining adipocyte
function leading to dysfunctional adipose tissue, systemic insulin resistance, and
impaired glucose and lipid metabolism. The exact species of the endogenous
ligand provided by HSL remains unknown. However, a recent study identified
increases in monoalkylglycerol ethers during adipogenesis (regulated in large part
by PPARγ) and showed that these ligands promote the transition from preadipocytes to adipocytes (Homan et al., 2011). These alkyl ether lipids can be
stored in the adipose tissue lipid droplet as TAG or DAG and thus a potential
substrate for HSL, making this species one candidate for the endogenous ligands
provided by HSL. In addition, researchers suggest that retinoic acid is an
important ligand provided by HSL, since HSL knockout mice have restoration of
WAT wasting with supplementation of retinoic acid (Strom et al., 2009). It
remains unclear which deficient ligand(s) are responsible for the effect observed
in this thesis, but, it is clear that the quantity of ligands is insufficient with HSL
deficiency. Further studies will be needed to elucidate the exact species of ligand
provided by HSL.
While PPARγ agonists are effective agents for the treatment of T2D, they
are associated with increased risk of CVD and perhaps cancer (Tolman, 2011 and
Rizos et al., 2009). Our study suggests that one plausible new target for T2D and
dyslipidemia may be activation of HSL. Activation of HSL would be predicted
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to increase generation of endogenous ligands for PPARγ that may have fewer offtarget adverse effects than exogenous PPARγ agonists. Recently, it has become
apparent that lipid droplet hydrolysis-derived FFAs and other lipid ligands are
essential for full transcriptional activity of nuclear receptors, like PPAR
(Zechner et al., 2012). We describe here, the first human evidence for importance
of the lipid droplet hydrolysis in generation of PPARγ and other nuclear receptor
ligands.
The D allele is associated with increased waist-to-hip ratio, increased
fasting triglycerides, decreased HDL cholesterol, and increased fasting insulin,
increased glucose AUC, and increased insulin AUC during oral glucose tolerance
test, indicating systemic insulin resistance. While dysfunction at the level of the
adipocyte, as measured in this thesis, was only observed in complete absence of
the HSL protein, changes in systemic traits such as hypertriglyceridemia, insulin
resistance and glucose intolerance were apparent in ID heterozygotes. This is an
important distinguishing factor from the mouse; and suggests a role for HSL in
other tissues. One limitation of this study is that all of the functional studies have
been done in adipose tissue, only. However, since HSL is also expressed in other
peripheral tissues known to play a crucial role in maintaining systemic glucose
and lipid homeostasis (i.e. skeletal muscle and liver); it is reasonable to
hypothesize that HSL haploinsufficiency may also affect these tissues. This is
consistent with recent reports that lack of HSL in cultured human myocytes leads
to insulin resistance via DAG accumulation and PKC activation (Badin et al.,
2011). On the other hand, reports show that only one species of DAG (not
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produced by lipolysis) can activate PKC (Zechner et al., 2012), suggestive of
another mechanism whereby HSL exerts the effect on other tissues. Either way,
future studies will be required to define the consequences of HSL deficiency in
non-adipose tissue and the relative impact on systemic glucose and lipid
metabolism. It is important to determine whether HSL haploinsuficiency results
in defect(s) in HSL mediated release of endogenous ligands, which signal to key
nuclear receptors in non-adipose tissues similar to what we have observed in
absence of HSL in adipose tissue. It will also be important to determine if this
results in impairment of non-adipose tissue function, promoting systemic insulin
resistance. Two questions that remain to be answered are: 1) What tissue is
responsible for the systemic abnormalities observed in individuals with the D
allele? 2) What is the endogenous ligand(s) responsible for the dysregulation
leading to the systemic abnormalities observed in individuals with the D allele?
Evidence of lipodystrophy was observed in individuals with the D allele.
Based on the abnormalities in adipose tissue of DD homozygotes, we expected
more severe lipodystrophy in these individuals. We believe that increased
physical activity often observed in Amish individuals has provided some
protection from a more severe lipodystrophy, because lipid droplet accumulation
is likely attenuated by increased FFA utilization in physically active skeletal
muscle.
In future studies, a larger sample will be important to tease apart
individual variation versus variation due to carrying the D allele. While human
studies are very informative and translational, one negative aspect is that
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recruitment of individuals to participate in studies is difficult. While the Amish
are very open to study participation, this study was the first fat biopsy protocol to
take place in the clinic in Lancaster, PA; thus, we were met with some difficulties
recruiting at the beginning of our study. Also, only 2 of the 4 identified
homozygotes agreed to have fat biopsies, which limited the power of the studies
in some cases (even though the effect size was so large). In future studies we
hope to recruit more individuals including those in families identified with two
carrier parents (and thus have a chance of having DD homozygous children), who
were too young to participate when this study was initiated.
In addition to future directions described above, another experiment that
would be a great follow up to the experiments described in this thesis would be
treatment of individuals with thiazolidinediones (TZD). This anti-diabetic drug is
a PPARγ agonists which is not used very much anymore due to some adverse side
effects; however, in individuals with HSL deficiency, this treatment may be
essential in keeping their diabetes under control. Restoration of the phenotype
will also confirm that HSL deficiency exerts the effect described here through
PPARγ regulation.
Overall, the variant in HSL described in this thesis provides us with a
unique ability to probe the function of this protein in humans. We have shown
here a novel function of HSL in humans, a regulator of insulin sensitization and
adipose tissue function, likely through the PPARγ pathway. The era of
personalized medicine is upon us. Identification of variants like this one may
provide individuals with more personalized medical care. Individuals with the D
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allele are at greater risk for the development of T2D, and early screening through
identification of this genetic variant, will ensure timely diagnosis and perhaps
more effective treatment options for these individuals.

120

References
Adams, J., & Apple, F. (2004). Cardiology patient page. new blood tests for
detecting heart disease Circulation, 109(3), E12-4.
doi:10.1161/01.CIR.0000114134.03187.7B
Ahmadian, M., Duncan, R. E., & Sul, H. S. (2009). The skinny on fat: Lipolysis
and fatty acid utilization in adipocytes. Trends in Endocrinology and
Metabolism: TEM, 20(9), 424-428. doi:10.1016/j.tem.2009.06.002
Almgren, P., Lehtovirta, M., Isomaa, B., Sarelin, L., Taskinen, M. R., Lyssenko,
V., et al. (2011). Heritability and familiality of type 2 diabetes and related
quantitative traits in the botnia study. Diabetologia, 54(11), 2811-2819.
doi:10.1007/s00125-011-2267-5
Alvarez, G. E., Beske, S. D., Ballard, T. P., & Davy, K. P. (2002). Sympathetic
neural activation in visceral obesity. Circulation, 106(20), 2533-2536.
American Diabetes Association. (2010). Standards of medical care in diabetes-2010. Diabetes Care, 33 Suppl 1, S11-61. doi:10.2337/dc10-S011
Arimura, N., Horiba, T., Imagawa, M., Shimizu, M., & Sato, R. (2004). The
peroxisome proliferator-activated receptor gamma regulates expression of the
perilipin gene in adipocytes The Journal of Biological Chemistry, 279(11),
10070-10076. doi:10.1074/jbc.M308522200
ATGL, HSL, MGL, PLIN1, PLIN2, PLIN3, PLIN4. Retrieved 3/12, 2012, from
www.genecards.org
Badin, P. M., Louche, K., Mairal, A., Liebisch, G., Schmitz, G., Rustan, A. C., et
al. (2011). Altered skeletal muscle lipase expression and activity contribute
to insulin resistance in humans Diabetes, 60(6), 1734-1742.
doi:10.2337/db10-1364
Barroso, I., Gurnell, M., Crowley, V. E., Agostini, M., Schwabe, J. W., Soos, M.
A., et al. (1999). Dominant negative mutations in human PPARgamma
associated with severe insulin resistance, diabetes mellitus and hypertension.
Nature, 402(6764), 880-883. doi:10.1038/47254
Bernard, N., Girouard, J., Forest, J. C., & Giguere, Y. (2007). The combination of
ApoCIII, hepatic lipase and hormono sensitive lipase gene polymorphisms
suggests an association with susceptibility to gestational hypertension
Journal of Human Genetics, 52(3), 244-254. doi:10.1007/s10038-006-0106-1

121

Bezaire, V., & Langin, D. (2009). Regulation of adipose tissue lipolysis revisited.
The Proceedings of the Nutrition Society, 68(4), 350-360.
doi:10.1017/S0029665109990279
Bezaire, V., Mairal, A., Ribet, C., Lefort, C., Girousse, A., Jocken, J., et al.
(2009). Contribution of adipose triglyceride lipase and hormone-sensitive
lipase to lipolysis in hMADS adipocytes. The Journal of Biological
Chemistry, 284(27), 18282-18291. doi:10.1074/jbc.M109.008631
Bickerton, A. S., Roberts, R., Fielding, B. A., Tornqvist, H., Blaak, E. E.,
Wagenmakers, A. J., et al. (2008). Adipose tissue fatty acid metabolism in
insulin-resistant men. Diabetologia, 51(8), 1466-1474. doi:10.1007/s00125008-1040-x
Blaner, W. S., Das, S. R., Gouras, P., & Flood, M. T. (1987). Hydrolysis of 11cis- and all-trans-retinyl palmitate by homogenates of human retinal
epithelial cells The Journal of Biological Chemistry, 262(1), 53-58.
Buchebner, M., Pfeifer, T., Rathke, N., Chandak, P. G., Lass, A., Schreiber, R., et
al. (2010). Cholesteryl ester hydrolase activity is abolished in HSL-/macrophages but unchanged in macrophages lacking KIAA1363 Journal of
Lipid Research, 51(10), 2896-2908. doi:10.1194/jlr.M004259
Bullo-Bonet, M., Garcia-Lorda, P., Lopez-Soriano, F. J., Argiles, J. M., & SalasSalvado, J. (1999). Tumour necrosis factor, a key role in obesity? FEBS
Letters, 451(3), 215-219.
Carlsson, E., Johansson, L. E., Strom, K., Hoffstedt, J., Groop, L., Holm, C., et al.
(2006). The hormone-sensitive lipase C-60G promoter polymorphism is
associated with increased waist circumference in normal-weight subjects
International Journal of Obesity (2005), 30(9), 1442-1448.
doi:10.1038/sj.ijo.0803299
Cooper, G. M., & Shendure, J. (2011). Needles in stacks of needles: Finding
disease-causal variants in a wealth of genomic data. Nature
Reviews.Genetics, 12(9), 628-640. doi:10.1038/nrg3046; 10.1038/nrg3046
Cusi, K. (2010). The role of adipose tissue and lipotoxicity in the pathogenesis of
type 2 diabetes. Current Diabetes Reports, 10(4), 306-315.
doi:10.1007/s11892-010-0122-6
Czech, M. P., & Corvera, S. (1999). Signaling mechanisms that regulate glucose
transport. The Journal of Biological Chemistry, 274(4), 1865-1868.
Davy, K. P. (2004). The global epidemic of obesity: Are we becoming more
sympathetic? Current Hypertension Reports, 6(3), 241-246.
122

de Souza Batista, C. M., Yang, R. Z., Lee, M. J., Glynn, N. M., Yu, D. Z., Pray,
J., et al. (2007). Omentin plasma levels and gene expression are decreased in
obesity Diabetes, 56(6), 1655-1661. doi:10.2337/db06-1506
Deeb, S. S., Fajas, L., Nemoto, M., Pihlajamaki, J., Mykkanen, L., Kuusisto, J., et
al. (1998). A Pro12Ala substitution in PPARgamma2 associated with
decreased receptor activity, lower body mass index and improved insulin
sensitivity. Nature Genetics, 20(3), 284-287. doi:10.1038/3099
DeFronzo, R. A. (2004). Dysfunctional fat cells, lipotoxicity and type 2 diabetes.
International Journal of Clinical Practice.Supplement, (143)(143), 9-21.
Delarue, J., & Magnan, C. (2007). Free fatty acids and insulin resistance Current
Opinion in Clinical Nutrition and Metabolic Care, 10(2), 142-148.
doi:10.1097/MCO.0b013e328042ba90
Deng, T., Shan, S., Li, P. P., Shen, Z. F., Lu, X. P., Cheng, J., et al. (2006).
Peroxisome proliferator-activated receptor-gamma transcriptionally upregulates hormone-sensitive lipase via the involvement of specificity protein1 Endocrinology, 147(2), 875-884. doi:10.1210/en.2005-0623
Dinneen, S., Gerich, J., & Rizza, R. (1992). Carbohydrate metabolism in noninsulin-dependent diabetes mellitus. The New England Journal of Medicine,
327(10), 707-713. doi:10.1056/NEJM199209033271007
Fernandez, C., Lindholm, M., Krogh, M., Lucas, S., Larsson, S., Osmark, P., et al.
(2008). Disturbed cholesterol homeostasis in hormone-sensitive lipase-null
mice. American Journal of Physiology.Endocrinology and Metabolism,
295(4), E820-31. doi:10.1152/ajpendo.90206.2008
Folch, J., Lees, M., & Sloan Stanley, G. H. (1957). A simple method for the
isolation and purification of total lipides from animal tissues. The Journal of
Biological Chemistry, 226(1), 497-509.
Frayn, K. N. (2002). Adipose tissue as a buffer for daily lipid flux Diabetologia,
45(9), 1201-1210. doi:10.1007/s00125-002-0873-y
Friedewald, W. T., Levy, R. I., & Fredrickson, D. S. (1972). Estimation of the
concentration of low-density lipoprotein cholesterol in plasma, without use of
the preparative ultracentrifuge. Clinical Chemistry, 18(6), 499-502.
Fujiwara, N., & Kobayashi, K. (2005). Macrophages in inflammation Current
Drug Targets.Inflammation and Allergy, 4(3), 281-286.
Gandotra, S., Le Dour, C., Bottomley, W., Cervera, P., Giral, P., Reznik, Y., et al.
(2011). Perilipin deficiency and autosomal dominant partial lipodystrophy.
123

The New England Journal of Medicine, 364(8), 740-748.
doi:10.1056/NEJMoa1007487
Garenc, C., Perusse, L., Chagnon, Y. C., Rankinen, T., Gagnon, J., Borecki, I. B.,
et al. (2002). The hormone-sensitive lipase gene and body composition: The
HERITAGE family study International Journal of Obesity and Related
Metabolic Disorders : Journal of the International Association for the Study
of Obesity, 26(2), 220-227. doi:10.1038/sj.ijo.0801872
Garg, A. (2011). Clinical review#: Lipodystrophies: Genetic and acquired body
fat disorders The Journal of Clinical Endocrinology and Metabolism, 96(11),
3313-3325. doi:10.1210/jc.2011-1159
Genuth, S., Alberti, K. G., Bennett, P., Buse, J., Defronzo, R., Kahn, R., et al.
(2003). Follow-up report on the diagnosis of diabetes mellitus. Diabetes
Care, 26(11), 3160-3167.
Gouni-Berthold, I., & Sachinidis, A. (2002). Does the coronary risk factor low
density lipoprotein alter growth and signaling in vascular smooth muscle
cells? The FASEB Journal : Official Publication of the Federation of
American Societies for Experimental Biology, 16(12), 1477-1487.
doi:10.1096/fj.02-0260rev
Granneman, J. G., Moore, H. P., Krishnamoorthy, R., & Rathod, M. (2009).
Perilipin controls lipolysis by regulating the interactions of AB-hydrolase
containing 5 (Abhd5) and adipose triglyceride lipase (atgl). The Journal of
Biological Chemistry, 284(50), 34538-34544. doi:10.1074/jbc.M109.068478
Gray, S. L., Dalla Nora, E., & Vidal-Puig, A. J. (2005). Mouse models of PPARgamma deficiency: Dissecting PPAR-gamma's role in metabolic
homoeostasis. Biochemical Society Transactions, 33(Pt 5), 1053-1058.
doi:10.1042/BST20051053
Greenberg, A. S., Egan, J. J., Wek, S. A., Garty, N. B., Blanchette-Mackie, E. J.,
& Londos, C. (1991). Perilipin, a major hormonally regulated adipocytespecific phosphoprotein associated with the periphery of lipid storage
droplets The Journal of Biological Chemistry, 266(17), 11341-11346.
Haemmerle, G., Lass, A., Zimmermann, R., Gorkiewicz, G., Meyer, C., Rozman,
J., et al. (2006). Defective lipolysis and altered energy metabolism in mice
lacking adipose triglyceride lipase Science (New York, N.Y.), 312(5774), 734737. doi:10.1126/science.1123965
Haemmerle, G., Zimmermann, R., Hayn, M., Theussl, C., Waeg, G., Wagner, E.,
et al. (2002). Hormone-sensitive lipase deficiency in mice causes diglyceride

124

accumulation in adipose tissue, muscle, and testis. The Journal of Biological
Chemistry, 277(7), 4806-4815. doi:10.1074/jbc.M110355200
Haemmerle, G., Zimmermann, R., Strauss, J. G., Kratky, D., Riederer, M.,
Knipping, G., et al. (2002). Hormone-sensitive lipase deficiency in mice
changes the plasma lipid profile by affecting the tissue-specific expression
pattern of lipoprotein lipase in adipose tissue and muscle. The Journal of
Biological Chemistry, 277(15), 12946-12952. doi:10.1074/jbc.M108640200
Hajer, G. R., van Haeften, T. W., & Visseren, F. L. (2008). Adipose tissue
dysfunction in obesity, diabetes, and vascular diseases. European Heart
Journal, 29(24), 2959-2971. doi:10.1093/eurheartj/ehn387
Hayashi, Y. K., Matsuda, C., Ogawa, M., Goto, K., Tominaga, K., Mitsuhashi, S.,
et al. (2009). Human PTRF mutations cause secondary deficiency of
caveolins resulting in muscular dystrophy with generalized lipodystrophy.
The Journal of Clinical Investigation, 119(9), 2623-2633.
doi:10.1172/JCI38660; 10.1172/JCI38660
Hegele, R. A., Cao, H., Frankowski, C., Mathews, S. T., & Leff, T. (2002).
PPARG F388L, a transactivation-deficient mutant, in familial partial
lipodystrophy. Diabetes, 51(12), 3586-3590.
Herrero, L., Shapiro, H., Nayer, A., Lee, J., & Shoelson, S. E. (2010).
Inflammation and adipose tissue macrophages in lipodystrophic mice
Proceedings of the National Academy of Sciences of the United States of
America, 107(1), 240-245. doi:10.1073/pnas.0905310107
Hoffstedt, J., Arner, P., Schalling, M., Pedersen, N. L., Sengul, S., Ahlberg, S., et
al. (2001). A common hormone-sensitive lipase i6 gene polymorphism is
associated with decreased human adipocyte lipolytic function Diabetes,
50(10), 2410-2413.
Holm, C. (2003). Molecular mechanisms regulating hormone-sensitive lipase and
lipolysis. Biochemical Society Transactions, 31(Pt 6), 1120-1124.
doi:10.1042/
Holm, C., & Osterlund, T. (1999). Hormone-sensitive lipase and neutral
cholesteryl ester lipase. Methods in Molecular Biology (Clifton, N.J.), 109,
109-121.
Homan, E. A., Kim, Y. G., Cardia, J. P., & Saghatelian, A. (2011).
Monoalkylglycerol ether lipids promote adipogenesis. Journal of the
American Chemical Society, 133(14), 5178-5181. doi:10.1021/ja111173c

125

Honnor, R. C., Dhillon, G. S., & Londos, C. (1985). cAMP-dependent protein
kinase and lipolysis in rat adipocytes. I. cell preparation, manipulation, and
predictability in behavior. The Journal of Biological Chemistry, 260(28),
15122-15129.
Hou, X. G., Moser, S., Sarr, M. G., Thompson, G. B., Que, F. G., & Jensen, M. D.
(2009). Visceral and subcutaneous adipose tissue diacylglycerol
acyltransferase activity in humans Obesity (Silver Spring, Md.), 17(6), 11291134. doi:10.1038/oby.2008.659
Hsueh, W. C., Mitchell, B. D., Aburomia, R., Pollin, T., Sakul, H., Gelder Ehm,
M., et al. (2000). Diabetes in the old order amish: Characterization and
heritability analysis of the amish family diabetes study Diabetes Care, 23(5),
595-601.
Hu, L., van der Hoogt, C. C., Espirito Santo, S. M., Out, R., Kypreos, K. E., van
Vlijmen, B. J., et al. (2008). The hepatic uptake of VLDL in lrp-ldlr-/-vldlr-/mice is regulated by LPL activity and involves proteoglycans and SR-BI.
Journal of Lipid Research, 49(7), 1553-1561. doi:10.1194/jlr.M800130JLR200
Iqbal, J., & Hussain, M. M. (2009). Intestinal lipid absorption. American Journal
of Physiology.Endocrinology and Metabolism, 296(6), E1183-94.
doi:10.1152/ajpendo.90899.2008
Itani, S. I., Zhou, Q., Pories, W. J., MacDonald, K. G., & Dohm, G. L. (2000).
Involvement of protein kinase C in human skeletal muscle insulin resistance
and obesity. Diabetes, 49(8), 1353-1358.
Jayakumar, A., Tai, M. H., Huang, W. Y., al-Feel, W., Hsu, M., Abu-Elheiga, L.,
et al. (1995). Human fatty acid synthase: Properties and molecular cloning
Proceedings of the National Academy of Sciences of the United States of
America, 92(19), 8695-8699.
Jenkins, C. M., Mancuso, D. J., Yan, W., Sims, H. F., Gibson, B., & Gross, R. W.
(2004). Identification, cloning, expression, and purification of three novel
human calcium-independent phospholipase A2 family members possessing
triacylglycerol lipase and acylglycerol transacylase activities. The Journal of
Biological Chemistry, 279(47), 48968-48975. doi:10.1074/jbc.M407841200
Jernas, M., Olsson, B., Arner, P., Jacobson, P., Sjostrom, L., Walley, A., et al.
(2009). Regulation of carboxylesterase 1 (CES1) in human adipose tissue
Biochemical and Biophysical Research Communications, 383(1), 63-67.
doi:10.1016/j.bbrc.2009.03.120

126

Jocken, J. W., Blaak, E. E., van der Kallen, C. J., van Baak, M. A., & Saris, W. H.
(2008). Blunted beta-adrenoceptor-mediated fat oxidation in overweight
subjects: A role for the hormone-sensitive lipase gene Metabolism: Clinical
and Experimental, 57(3), 326-332. doi:10.1016/j.metabol.2007.10.006
Johnson, J. A., Fried, S. K., Pi-Sunyer, F. X., & Albu, J. B. (2001). Impaired
insulin action in subcutaneous adipocytes from women with visceral obesity.
American Journal of Physiology.Endocrinology and Metabolism, 280(1),
E40-9.
Kao, W. L., Horton, K., Cheng, Y. C., Caballero, B., Ryan, K., Shuldiner, A. R. et
al. (2006).
Genetic correlations of non-alcoholic fatty liver disease (NAFLD) and
metabolic precursors of type 2 diabetes [Abstract]. Diabetes, 55
Karpe, F., Dickmann, J. R., & Frayn, K. N. (2011). Fatty acids, obesity, and
insulin resistance: Time for a reevaluation Diabetes, 60(10), 2441-2449.
doi:10.2337/db11-0425
Kershaw, E. E., Schupp, M., Guan, H. P., Gardner, N. P., Lazar, M. A., & Flier, J.
S. (2007). PPARgamma regulates adipose triglyceride lipase in adipocytes in
vitro and in vivo American Journal of Physiology.Endocrinology and
Metabolism, 293(6), E1736-45. doi:10.1152/ajpendo.00122.2007
Khoury, M. J., Cohen, B. H., Diamond, E. L., Chase, G. A., & McKusick, V. A.
(1987). Inbreeding and prereproductive mortality in the old order amish. I.
genealogic epidemiology of inbreeding. American Journal of Epidemiology,
125(3), 453-461.
Kim, C. A., Delepine, M., Boutet, E., El Mourabit, H., Le Lay, S., Meier, M., et
al. (2008). Association of a homozygous nonsense caveolin-1 mutation with
berardinelli-seip congenital lipodystrophy. The Journal of Clinical
Endocrinology and Metabolism, 93(4), 1129-1134. doi:10.1210/jc.2007-1328
Kraemer, F. B., & Shen, W. J. (2006). Hormone-sensitive lipase knockouts.
Nutrition & Metabolism, 3, 12. doi:10.1186/1743-7075-3-12
Kuzmin, A., Jarvi, K., Lo, K., Spencer, L., Chow, G. Y., Macleod, G., et al.
(2009). Identification of potentially damaging amino acid substitutions
leading to human male infertility Biology of Reproduction, 81(2), 319-326.
doi:10.1095/biolreprod.109.076000
Kwon, J. M., & Goate, A. M. (2000). The candidate gene approach. Alcohol
Research & Health : The Journal of the National Institute on Alcohol Abuse
and Alcoholism, 24(3), 164-168.

127

Lafontan, M., & Langin, D. (2009). Lipolysis and lipid mobilization in human
adipose tissue. Progress in Lipid Research, 48(5), 275-297.
doi:10.1016/j.plipres.2009.05.001
Large, V., Arner, P., Reynisdottir, S., Grober, J., Van Harmelen, V., Holm, C., et
al. (1998). Hormone-sensitive lipase expression and activity in relation to
lipolysis in human fat cells. Journal of Lipid Research, 39(8), 1688-1695.
Lass, A., Zimmermann, R., Haemmerle, G., Riederer, M., Schoiswohl, G.,
Schweiger, M., et al. (2006). Adipose triglyceride lipase-mediated lipolysis
of cellular fat stores is activated by CGI-58 and defective in chanarindorfman syndrome. Cell Metabolism, 3(5), 309-319.
doi:10.1016/j.cmet.2006.03.005
Laurell, S., & Tibbling, G. (1966). An enzymatic fluorometric micromethod for
the determination of glycerol. Clinica Chimica Acta; International Journal of
Clinical Chemistry, 13(3), 317-322.
Lavau, M., Susini, C., Knittle, J., Blanchet-Hirst, S., & Greenwood, M. R. (1977).
A reliable photomicrographic method to determining fat cell size and
number: Application to dietary obesity. Proceedings of the Society for
Experimental Biology and Medicine.Society for Experimental Biology and
Medicine (New York, N.Y.), 156(2), 251-256.
Lavebratt, C., Ryden, M., Schalling, M., Sengul, S., Ahlberg, S., & Hoffstedt, J.
(2002). The hormone-sensitive lipase i6 gene polymorphism and body fat
accumulation European Journal of Clinical Investigation, 32(12), 938-942.
Lee, W. J., Pollin, T. I., O'Connell, J. R., Agarwala, R., & Schaffer, A. A. (2010).
PedHunter 2.0 and its usage to characterize the founder structure of the old
order amish of lancaster county. BMC Medical Genetics, 11, 68.
doi:10.1186/1471-2350-11-68
Leibel, R. L., & Hirsch, J. (1987). Site- and sex-related differences in
adrenoreceptor status of human adipose tissue. The Journal of Clinical
Endocrinology and Metabolism, 64(6), 1205-1210.
Magre, J., Delepine, M., Van Maldergem, L., Robert, J. J., Maassen, J. A., Meier,
M., et al. (2003). Prevalence of mutations in AGPAT2 among human
lipodystrophies Diabetes, 52(6), 1573-1578.
Malhotra, K. T., Malhotra, K., Lubin, B. H., & Kuypers, F. A. (1999).
Identification and molecular characterization of acyl-CoA synthetase in
human erythrocytes and erythroid precursors The Biochemical Journal, 344
Pt 1, 135-143.

128

Martinez-Botas, J., Anderson, J. B., Tessier, D., Lapillonne, A., Chang, B. H.,
Quast, M. J., et al. (2000). Absence of perilipin results in leanness and
reverses obesity in lepr(db/db) mice. Nature Genetics, 26(4), 474-479.
doi:10.1038/82630
McLaughlin, T., Sherman, A., Tsao, P., Gonzalez, O., Yee, G., Lamendola, C., et
al. (2007). Enhanced proportion of small adipose cells in insulin-resistant vs
insulin-sensitive obese individuals implicates impaired adipogenesis
Diabetologia, 50(8), 1707-1715. doi:10.1007/s00125-007-0708-y
Mitchell, B. D., McArdle, P. F., Shen, H., Rampersaud, E., Pollin, T. I., Bielak, L.
F., et al. (2008). The genetic response to short-term interventions affecting
cardiovascular function: Rationale and design of the heredity and phenotype
intervention (HAPI) heart study. American Heart Journal, 155(5), 823-828.
doi:10.1016/j.ahj.2008.01.019
Miyoshi, H., Perfield, J. W.,2nd, Obin, M. S., & Greenberg, A. S. (2008).
Adipose triglyceride lipase regulates basal lipolysis and lipid droplet size in
adipocytes. Journal of Cellular Biochemistry, 105(6), 1430-1436.
doi:10.1002/jcb.21964
Montecucco, F., Steffens, S., & Mach, F. (2008). Insulin resistance: A
proinflammatory state mediated by lipid-induced signaling dysfunction and
involved in atherosclerotic plaque instability. Mediators of Inflammation,
2008, 767623. doi:10.1155/2008/767623
Moyes, K. M., Drackley, J. K., Morin, D. E., Bionaz, M., Rodriguez-Zas, S. L.,
Everts, R. E., et al. (2009). Gene network and pathway analysis of bovine
mammary tissue challenged with streptococcus uberis reveals induction of
cell proliferation and inhibition of PPARgamma signaling as potential
mechanism for the negative relationships between immune response and lipid
metabolism BMC Genomics, 10, 542. doi:10.1186/1471-2164-10-542
National Cholesterol Education Program (NCEP) Expert Panel on Detection,
Evaluation, and Treatment of High Blood Cholesterol in Adults (Adult
Treatment Panel III). (2002). Third report of the national cholesterol
education program (NCEP) expert panel on detection, evaluation, and
treatment of high blood cholesterol in adults (adult treatment panel III) final
report. Circulation, 106(25), 3143-3421.
National Cholesterol Education Program (NCEP) Expert Panel on Detection,
Evaluation,and Treatment of High Blood Cholesterol in Adults (Adult
Treatment Panel III). (2002). Third report of the national cholesterol
education program (NCEP) expert panel on detection, evaluation, and
treatment of high blood cholesterol in adults (adult treatment panel III) final
report Circulation, 106(25), 3143-3421.
129

Ntambi, J. M., Buhrow, S. A., Kaestner, K. H., Christy, R. J., Sibley, E., Kelly, T.
J.,Jr, et al. (1988). Differentiation-induced gene expression in 3T3-L1
preadipocytes. characterization of a differentially expressed gene encoding
stearoyl-CoA desaturase The Journal of Biological Chemistry, 263(33),
17291-17300.
O'Connell, J. (2008). Optimizing measured genotype genome-wide association
analysis for quantitative traits in pedigrees [Abstract]. AJHG,
Osuga, J., Ishibashi, S., Oka, T., Yagyu, H., Tozawa, R., Fujimoto, A., et al.
(2000). Targeted disruption of hormone-sensitive lipase results in male
sterility and adipocyte hypertrophy, but not in obesity. Proceedings of the
National Academy of Sciences of the United States of America, 97(2), 787792.
Park, S. Y., Kim, H. J., Wang, S., Higashimori, T., Dong, J., Kim, Y. J., et al.
(2005). Hormone-sensitive lipase knockout mice have increased hepatic
insulin sensitivity and are protected from short-term diet-induced insulin
resistance in skeletal muscle and heart American Journal of
Physiology.Endocrinology and Metabolism, 289(1), E30-9.
doi:10.1152/ajpendo.00251.2004
Parker, V. E., Savage, D. B., O'Rahilly, S., & Semple, R. K. (2011). Mechanistic
insights into insulin resistance in the genetic era. Diabetic Medicine : A
Journal of the British Diabetic Association, 28(12), 1476-1486.
doi:10.1111/j.1464-5491.2011.03463.x; 10.1111/j.1464-5491.2011.03463.x
Pihlajamaki, J., Valve, R., Karjalainen, L., Karhapaa, P., Vauhkonen, I., &
Laakso, M. (2001). The hormone sensitive lipase gene in familial combined
hyperlipidemia and insulin resistance European Journal of Clinical
Investigation, 31(4), 302-308.
Plomgaard, P., Fischer, C. P., Ibfelt, T., Pedersen, B. K., & van Hall, G. (2008).
Tumor necrosis factor-alpha modulates human in vivo lipolysis. The Journal
of Clinical Endocrinology and Metabolism, 93(2), 543-549.
doi:10.1210/jc.2007-1761
Pollin, T. I., Damcott, C. M., Shen, H., Ott, S. H., Shelton, J., Horenstein, R. B., et
al. (2008). A null mutation in human APOC3 confers a favorable plasma
lipid profile and apparent cardioprotection. Science (New York, N.Y.),
322(5908), 1702-1705. doi:10.1126/science.1161524
Post, W., Bielak, L. F., Ryan, K. A., Cheng, Y. C., Shen, H., Rumberger, J. A., et
al. (2007). Determinants of coronary artery and aortic calcification in the old
order amish. Circulation, 115(6), 717-724.
doi:10.1161/CIRCULATIONAHA.106.637512
130

Qi, L., Shen, H., Larson, I., Barnard, J. R., Schaefer, E. J., & Ordovas, J. M.
(2004). Genetic variation at the hormone sensitive lipase: Gender-specific
association with plasma lipid and glucose concentrations. Clinical Genetics,
65(2), 93-100.
Qi, L., Shen, H., Larson, I., Barnard, J. R., Schaefer, E. J., & Ordovas, J. M.
(2004). Genetic variation at the hormone sensitive lipase: Gender-specific
association with plasma lipid and glucose concentrations Clinical Genetics,
65(2), 93-100.
Quadro, L., Hamberger, L., Gottesman, M. E., Colantuoni, V., Ramakrishnan, R.,
& Blaner, W. S. (2004). Transplacental delivery of retinoid: The role of
retinol-binding protein and lipoprotein retinyl ester American Journal of
Physiology.Endocrinology and Metabolism, 286(5), E844-51.
doi:10.1152/ajpendo.00556.2003
Rajab, A., Straub, V., McCann, L. J., Seelow, D., Varon, R., Barresi, R., et al.
(2010). Fatal cardiac arrhythmia and long-QT syndrome in a new form of
congenital generalized lipodystrophy with muscle rippling (CGL4) due to
PTRF-CAVIN mutations. PLoS Genetics, 6(3), e1000874.
doi:10.1371/journal.pgen.1000874
Randle, P. J., Garland, P. B., Hales, C. N., & Newsholme, E. A. (1963). The
glucose fatty-acid cycle. its role in insulin sensitivity and the metabolic
disturbances of diabetes mellitus Lancet, 1(7285), 785-789.
Ranganathan, S., Noyes, N. C., Migliorini, M., Winkles, J. A., Battey, F. D.,
Hyman, B. T., et al. (2011). LRAD3, a novel low-density lipoprotein receptor
family member that modulates amyloid precursor protein trafficking The
Journal of Neuroscience : The Official Journal of the Society for
Neuroscience, 31(30), 10836-10846. doi:10.1523/JNEUROSCI.506510.2011
Report of the expert committee on the diagnosis and classification of diabetes
mellitus.(1997). Diabetes Care, 20(7), 1183-1197.
Ristow, M., Muller-Wieland, D., Pfeiffer, A., Krone, W., & Kahn, C. R. (1998).
Obesity associated with a mutation in a genetic regulator of adipocyte
differentiation. The New England Journal of Medicine, 339(14), 953-959.
doi:10.1056/NEJM199810013391403
Rizos, C. V., Elisaf, M. S., Mikhailidis, D. P., & Liberopoulos, E. N. (2009). How
safe is the use of thiazolidinediones in clinical practice? Expert Opinion on
Drug Safety, 8(1), 15-32. doi:10.1517/14740330802597821

131

Rodbell, M. (1964). Metabolism of isolated fat cells. I. effects of hormones on
glucose metabolism and lipolysis The Journal of Biological Chemistry, 239,
375-380.
Roduit, R., Masiello, P., Wang, S. P., Li, H., Mitchell, G. A., & Prentki, M.
(2001). A role for hormone-sensitive lipase in glucose-stimulated insulin
secretion: A study in hormone-sensitive lipase-deficient mice. Diabetes,
50(9), 1970-1975.
Rubio-Cabezas, O., Puri, V., Murano, I., Saudek, V., Semple, R. K., Dash, S., et
al. (2009). Partial lipodystrophy and insulin resistant diabetes in a patient
with a homozygous nonsense mutation in CIDEC. EMBO Molecular
Medicine, 1(5), 280-287. doi:10.1002/emmm.200900037
Ryden, M., Jocken, J., van Harmelen, V., Dicker, A., Hoffstedt, J., Wiren, M., et
al. (2007). Comparative studies of the role of hormone-sensitive lipase and
adipose triglyceride lipase in human fat cell lipolysis. American Journal of
Physiology.Endocrinology and Metabolism, 292(6), E1847-55.
doi:10.1152/ajpendo.00040.2007
Ryden, M., Jocken, J., van Harmelen, V., Dicker, A., Hoffstedt, J., Wiren, M., et
al. (2007). Comparative studies of the role of hormone-sensitive lipase and
adipose triglyceride lipase in human fat cell lipolysis. American Journal of
Physiology.Endocrinology and Metabolism, 292(6), E1847-55.
doi:10.1152/ajpendo.00040.2007
Savage, D. B., Agostini, M., Barroso, I., Gurnell, M., Luan, J., Meirhaeghe, A., et
al. (2002). Digenic inheritance of severe insulin resistance in a human
pedigree. Nature Genetics, 31(4), 379-384. doi:10.1038/ng926
Schindler, R., Mancilla, J., Endres, S., Ghorbani, R., Clark, S. C., & Dinarello, C.
A. (1990). Correlations and interactions in the production of interleukin-6
(IL-6), IL-1, and tumor necrosis factor (TNF) in human blood mononuclear
cells: IL-6 suppresses IL-1 and TNF Blood, 75(1), 40-47.
Schoenborn, V., Heid, I. M., Vollmert, C., Lingenhel, A., Adams, T. D., Hopkins,
P. N., et al. (2006). The ATGL gene is associated with free fatty acids,
triglycerides, and type 2 diabetes. Diabetes, 55(5), 1270-1275.
Schupp, M., & Lazar, M. A. (2010). Endogenous ligands for nuclear receptors:
Digging deeper The Journal of Biological Chemistry, 285(52), 40409-40415.
doi:10.1074/jbc.R110.182451
Schweiger, M., Lass, A., Zimmermann, R., Eichmann, T. O., & Zechner, R.
(2009). Neutral lipid storage disease: Genetic disorders caused by mutations
in adipose triglyceride lipase/PNPLA2 or CGI-58/ABHD5. American
132

Journal of Physiology.Endocrinology and Metabolism, 297(2), E289-96.
doi:10.1152/ajpendo.00099.2009
Shackleton, S., Lloyd, D. J., Jackson, S. N., Evans, R., Niermeijer, M. F., Singh,
B. M., et al. (2000). LMNA, encoding lamin A/C, is mutated in partial
lipodystrophy Nature Genetics, 24(2), 153-156. doi:10.1038/72807
Shen, H., Damcott, C. M., Rampersaud, E., Pollin, T. I., Horenstein, R. B.,
McArdle, P. F., et al. (2010). Familial defective apolipoprotein B-100 and
increased low-density lipoprotein cholesterol and coronary artery
calcification in the old order amish. Archives of Internal Medicine, 170(20),
1850-1855. doi:10.1001/archinternmed.2010.384
Shen, W. J., Patel, S., Yu, Z., Jue, D., & Kraemer, F. B. (2007). Effects of
rosiglitazone and high fat diet on lipase/esterase expression in adipose tissue.
Biochimica Et Biophysica Acta, 1771(2), 177-184.
doi:10.1016/j.bbalip.2006.11.009
Shimada, F., Makino, H., Hashimoto, N., Iwaoka, H., Taira, M., Nozaki, O., et al.
(1996). Detection of an amino acid polymorphism in hormone-sensitive
lipase in japanese subjects Metabolism: Clinical and Experimental, 45(7),
862-864.
Shoelson, S. E., Lee, J., & Goldfine, A. B. (2006). Inflammation and insulin
resistance The Journal of Clinical Investigation, 116(7), 1793-1801.
doi:10.1172/JCI29069
Shuldiner, A. R., O'Connell, J. R., Bliden, K. P., Gandhi, A., Ryan, K.,
Horenstein, R. B., et al. (2009). Association of cytochrome P450 2C19
genotype with the antiplatelet effect and clinical efficacy of clopidogrel
therapy. JAMA : The Journal of the American Medical Association, 302(8),
849-857. doi:10.1001/jama.2009.1232
Simha, V., & Garg, A. (2003). Phenotypic heterogeneity in body fat distribution
in patients with congenital generalized lipodystrophy caused by mutations in
the AGPAT2 or seipin genes The Journal of Clinical Endocrinology and
Metabolism, 88(11), 5433-5437.
Smushkin, G., & Vella, A. (2010). Genetics of type 2 diabetes. Current Opinion
in Clinical Nutrition and Metabolic Care, 13(4), 471-477.
doi:10.1097/MCO.0b013e32833a558d
Sone, Y., Yamaguchi, K., Fujiwara, A., Kido, T., Kawahara, K., Ishiwaki, A., et
al. (2010). Association of lifestyle factors, polymorphisms in adiponectin,
perilipin and hormone sensitive lipase, and clinical markers in japanese
males Journal of Nutritional Science and Vitaminology, 56(2), 123-131.
133

Sorkin, J., Post, W., Pollin, T. I., O'Connell, J. R., Mitchell, B. D., & Shuldiner,
A. R. (2005). Exploring the genetics of longevity in the old order amish.
Mechanisms of Ageing and Development, 126(2), 347-350.
doi:10.1016/j.mad.2004.08.027
Steinberg, G. R., Kemp, B. E., & Watt, M. J. (2007). Adipocyte triglyceride lipase
expression in human obesity. American Journal of Physiology.Endocrinology
and Metabolism, 293(4), E958-64. doi:10.1152/ajpendo.00235.2007
Strom, K., Gundersen, T. E., Hansson, O., Lucas, S., Fernandez, C., Blomhoff, R.,
et al. (2009). Hormone-sensitive lipase (HSL) is also a retinyl ester
hydrolase: Evidence from mice lacking HSL. The FASEB Journal : Official
Publication of the Federation of American Societies for Experimental
Biology, 23(7), 2307-2316. doi:10.1096/fj.08-120923
Stumvoll, M., Goldstein, B. J., & van Haeften, T. W. (2005). Type 2 diabetes:
Principles of pathogenesis and therapy. Lancet, 365(9467), 1333-1346.
doi:10.1016/S0140-6736(05)61032-X
Stumvoll, M., Wahl, H. G., Jacob, S., Rettig, A., Machicao, F., & Haring, H.
(2002). Retraction Journal of Lipid Research, 43(8), 1348.
Szanto, A., Narkar, V., Shen, Q., Uray, I. P., Davies, P. J., & Nagy, L. (2004).
Retinoid X receptors: X-ploring their (patho)physiological functions. Cell
Death and Differentiation, 11 Suppl 2, S126-43. doi:10.1038/sj.cdd.4401533
Talmud, P. J., Palmen, J., Luan, J., Flavell, D., Byrne, C. D., Waterworth, D. M.,
et al. (2001). Variation in the promoter of the human hormone sensitive
lipase gene shows gender specific effects on insulin and lipid levels: Results
from the ely study Biochimica Et Biophysica Acta, 1537(3), 239-244.
Tansey, J. T., Sztalryd, C., Gruia-Gray, J., Roush, D. L., Zee, J. V., Gavrilova, O.,
et al. (2001). Perilipin ablation results in a lean mouse with aberrant
adipocyte lipolysis, enhanced leptin production, and resistance to dietinduced obesity. Proceedings of the National Academy of Sciences of the
United States of America, 98(11), 6494-6499. doi:10.1073/pnas.101042998
Temelkova-Kurktschiev, T., & Stefanov, T. (2012). Lifestyle and genetics in
obesity and type 2 diabetes. Experimental and Clinical Endocrinology &
Diabetes : Official Journal, German Society of Endocrinology [and] German
Diabetes Association, 120(1), 1-6. doi:10.1055/s-0031-1285832
Teslovich, T. M., Musunuru, K., Smith, A. V., Edmondson, A. C., Stylianou, I.
M., Koseki, M., et al. (2010). Biological, clinical and population relevance of
95 loci for blood lipids. Nature, 466(7307), 707-713.
doi:10.1038/nature09270
134

Tolman, K. G. (2011). The safety of thiazolidinediones Expert Opinion on Drug
Safety, 10(3), 419-428. doi:10.1517/14740338.2011.534982
Vaz, M., Jennings, G., Turner, A., Cox, H., Lambert, G., & Esler, M. (1997).
Regional sympathetic nervous activity and oxygen consumption in obese
normotensive human subjects. Circulation, 96(10), 3423-3429.
Vigouroux, C., Caron-Debarle, M., Le Dour, C., Magre, J., & Capeau, J. (2011).
Molecular mechanisms of human lipodystrophies: From adipocyte lipid
droplet to oxidative stress and lipotoxicity. The International Journal of
Biochemistry & Cell Biology, 43(6), 862-876.
doi:10.1016/j.biocel.2011.03.002
Villena, J. A., Roy, S., Sarkadi-Nagy, E., Kim, K. H., & Sul, H. S. (2004).
Desnutrin, an adipocyte gene encoding a novel patatin domain-containing
protein, is induced by fasting and glucocorticoids: Ectopic expression of
desnutrin increases triglyceride hydrolysis. The Journal of Biological
Chemistry, 279(45), 47066-47075. doi:10.1074/jbc.M403855200
Viollet, B., Guigas, B., Sanz Garcia, N., Leclerc, J., Foretz, M., & Andreelli, F.
(2012). Cellular and molecular mechanisms of metformin: An overview.
Clinical Science (London, England : 1979), 122(6), 253-270.
doi:10.1042/CS20110386
Voight, B. F., Scott, L. J., Steinthorsdottir, V., Morris, A. P., Dina, C., Welch, R.
P., et al. (2010). Twelve type 2 diabetes susceptibility loci identified through
large-scale association analysis. Nature Genetics, 42(7), 579-589.
doi:10.1038/ng.609
Voshol, P. J., Haemmerle, G., Ouwens, D. M., Zimmermann, R., Zechner, R.,
Teusink, B., et al. (2003). Increased hepatic insulin sensitivity together with
decreased hepatic triglyceride stores in hormone-sensitive lipase-deficient
mice Endocrinology, 144(8), 3456-3462.
Wang, H., & Eckel, R. H. (2009). Lipoprotein lipase: From gene to obesity
American Journal of Physiology.Endocrinology and Metabolism, 297(2),
E271-88. doi:10.1152/ajpendo.90920.2008
Wang, S. P., Laurin, N., Himms-Hagen, J., Rudnicki, M. A., Levy, E., Robert, M.
F., et al. (2001). The adipose tissue phenotype of hormone-sensitive lipase
deficiency in mice. Obesity Research, 9(2), 119-128.
doi:10.1038/oby.2001.15
Watt, M. J., & Steinberg, G. R. (2008). Regulation and function of triacylglycerol
lipases in cellular metabolism. The Biochemical Journal, 414(3), 313-325.
doi:10.1042/BJ20080305
135

Wei, S., Episkopou, V., Piantedosi, R., Maeda, S., Shimada, K., Gottesman, M.
E., et al. (1995). Studies on the metabolism of retinol and retinol-binding
protein in transthyretin-deficient mice produced by homologous
recombination The Journal of Biological Chemistry, 270(2), 866-870.
Wei, S., Lai, K., Patel, S., Piantedosi, R., Shen, H., Colantuoni, V., et al. (1997).
Retinyl ester hydrolysis and retinol efflux from BFC-1beta adipocytes The
Journal of Biological Chemistry, 272(22), 14159-14165.
Wellen, K. E., & Hotamisligil, G. S. (2005). Inflammation, stress, and diabetes
The Journal of Clinical Investigation, 115(5), 1111-1119.
doi:10.1172/JCI25102
Weyer, C., Foley, J. E., Bogardus, C., Tataranni, P. A., & Pratley, R. E. (2000).
Enlarged subcutaneous abdominal adipocyte size, but not obesity itself,
predicts type II diabetes independent of insulin resistance Diabetologia,
43(12), 1498-1506. doi:10.1007/s001250051560
White, M. F., & Kahn, C. R. (1994). The insulin signaling system. The Journal of
Biological Chemistry, 269(1), 1-4.
Yen, C. J., Beamer, B. A., Negri, C., Silver, K., Brown, K. A., Yarnall, D. P., et
al. (1997). Molecular scanning of the human peroxisome proliferator
activated receptor gamma (hPPAR gamma) gene in diabetic caucasians:
Identification of a Pro12Ala PPAR gamma 2 missense mutation. Biochemical
and Biophysical Research Communications, 241(2), 270-274.
doi:10.1006/bbrc.1997.7798
Zechner, R., Kienesberger, P. C., Haemmerle, G., Zimmermann, R., & Lass, A.
(2009). Adipose triglyceride lipase and the lipolytic catabolism of cellular fat
stores Journal of Lipid Research, 50(1), 3-21. doi:10.1194/jlr.R800031JLR200
Zechner, R., Zimmermann, R., Eichmann, T. O., Kohlwein, S. D., Haemmerle,
G., Lass, A., et al. (2012). FAT SIGNALS--lipases and lipolysis in lipid
metabolism and signaling Cell Metabolism, 15(3), 279-291.
doi:10.1016/j.cmet.2011.12.018
Zhande, R., Mitchell, J. J., Wu, J., & Sun, X. J. (2002). Molecular mechanism of
insulin-induced degradation of insulin receptor substrate 1 Molecular and
Cellular Biology, 22(4), 1016-1026.
Zimmermann, R., Haemmerle, G., Wagner, E. M., Strauss, J. G., Kratky, D., &
Zechner, R. (2003). Decreased fatty acid esterification compensates for the
reduced lipolytic activity in hormone-sensitive lipase-deficient white adipose

136

tissue. Journal of Lipid Research, 44(11), 2089-2099.
doi:10.1194/jlr.M300190-JLR200
Zimmermann, R., Strauss, J. G., Haemmerle, G., Schoiswohl, G., BirnerGruenberger, R., Riederer, M., et al. (2004). Fat mobilization in adipose
tissue is promoted by adipose triglyceride lipase. Science (New York, N.Y.),
306(5700), 1383-1386. doi:10.1126/science.1100747
Zimmet, P., Alberti, K. G., & Shaw, J. (2001). Global and societal implications of
the diabetes epidemic. Nature, 414(6865), 782-787. doi:10.1038/414782a

137

