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Abstract

Both the disproportionate loss of adipose tissue in the case of lipodystrophies and the disproportionate
gain of adipose tissue in obesity are frequently associated with an increase in insulin resistance and
its complications. Leptin replacement is a very promising therapeutic approach for the management
of the complications of lipodystrophy. In contrast, leptin treatment for the reversal of obesity-related
metabolic disorders has not proven to be successful. There is a need to better understand both of
these phenomena. Mouse models of lipodystrophy may provide us with new pharmaceutical targets
for the treatment and prevention of metabolic disturbances related to dysfunctional adipose tissue
both in the context of lipodystrophy and obesity.

Etiology of Lipodystrophy in the Clinic

Lipodystrophy is characterized by abnormal or degenerative conditions of the adipose tissue
and can be partial/localized or generalized. The term lipodystrophy comprises a heterogenous
group of disorders that may broadly be classified into genetic or acquired types, but the detailed
pathophysiology of most human lipodystrophies remains unknown. The genetic forms of
lipodystrophy are very rare and include congenital generalized lipodystrophy (the Berardinelli-
Seip syndrome) and several types of familial partial lipodystrophy (the Dunnigan type, the
Kdbberling type, the mandibuloacral dysplasia type). The acquired forms of lipodystrophy
include acquired generalized lipodystrophy (the Lawrence syndrome), acquired partial
lipodystrophy (the Barraquer-Simons syndrome), and lipodystrophy induced by protease
inhibitors used to treat HIV. HIV-related lipodystrophies are is the most common form of
lipodystrophy affecting up to 50 % of the HIV patients. (see [1] for review)

Adipose Tissue and Metabolic Disease

Why do we need lipodystrophy models?

The loss of adipose tissue in lipodystrophy, irrespective of the underlying etiology, is associated
with increased prevalence of insulin resistance and its complications, e.g. dyslipidemia,
hypertension, hepatic steatosis and increased predisposition to atherosclerosis. Thus,
lipodystrophy is paradoxically associated with similar metabolic disturbances as obesity (Table
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1). This highlights the central role for adipose tissue as an essential organ for proper metabolic
regulation (see [2] for review). In particular, hepatic dysfunction driven by increased ectopic
lipid disposition is an immediate reflection of dysfunctional adipose tissue.

Unless the specific gene defect causing a lipodystrophy is known, a rational therapeutic
approach to handle the complications of lipodystrophy is by treating it as an endocrine disorder,
i.e. to replace the dysfunctional remnant fat with the missing adipocyte-derived factors,
commonly referred to as adipokine(s). Indeed, leptin replacement therapy improves both
insulin sensitivity and lipid metabolism in patients with generalized lipodystrophy [3,4].
However, although leptin replacement is very promising for the treatment of lipodystrophy,
adipose tissue secretes many other factors that are essential for proper regulation of metabolism.
In addition, mouse models of lipodystrophy crossed into the ob/ob mice lacking functional
leptin display an even worse metabolic phenotype than ob/ob mice allowed to expand their
adipose tissue, suggesting that additional fad-derived factors play a role in the process [17,
30].

Dysfunctional adipose tissue may participate in metabolic disease in two ways; 1) diminished
capacity to store triglycerides causing increased levels of circulating lipids and fat storage in
non-fat tissues and 2) abnormal secretion of adipokines and hormones. These two pathways
may well be connected but may also exert distinct effects (Figure 1). However, since they often
occur simultaneously it is difficult to distinguish the most important players for the
pathogenesis of lipodystrophy- or obesity-related metabolic disease in humans. In contrast, a
well-controlled lipodystrophy model in the form of a genetically modified mouse can provide
us with new perspectives. Thus, models of lipodystrophy are not only of importance towards
the unraveling the mechanism behind impaired accumulation of adipose tissue, but may also
reveal novel pharmaceutical targets for the treatment and prevention of metabolic dysfunction
related to excess adipose tissue. Here, we will focus primarily on the latter subject and provide
an overview of the currently available murine lipodystrophy models.

Mouse models of lipodystrophy

Mouse models of lipodystrophy can be divided into non-inducible (constitutive, early or late
onset) or inducible models.

Early onset models

aP2-SREBP-1c mouse—The transgenic aP2-SREBP-1c mouse [5] expresses a
constitutively active form of the SREBP-1c transcription factor in the adipose tissue. This
mouse model has markedly reduced body fat and develops liver steatosis, organomegaly,
profound insulin resistance, hyperglycemia and increased levels of triglycerides. Leptin
treatment corrects the metabolic abnormalities in these mice [6,7].

PPARYy deficient mice rescued from embryonic lethality—Global deletion of
PPARYy is lethal, but the Mox2-Cre-floxed PPARy (MORE-PG) knockout preserves PPARy
expression in the trophoblasts and is therefore somewhat viable (10 % reach adulthood) [8].
These mice display severely decreased levels of body fat, organomegaly, decreased plasma
leptin and adiponectin, elevated free fatty acids (FFA:s), decreased insulin sensitivity as judged
by insulin tolerance tests. Interestingly though the females display increased glucose tolerance
in a glucose tolerance test potentially mediated through constitutive hyperinsulinemia. In
contrast to human lipodystrophy, these mice are hypotensive and do not have liver steatosis.
As these mice also lack PPARYy in the liver, this phenotype is consistent with other data showing
that liver-specific PPARYy deficiency exerts potent protective effects [9,10].
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Adipose-specific PPARy knockout mice—Two similar adipose-specific PPARy
knockout mice, both using floxed PPARYy knock-in mice crossed with transgenic aP2-Cre mice,
have been published with slightly different phenotypes. He and colleagues report that these
mice exhibit markedly decreased and highly inflamed white and brown adipose tissue at young
age, have increased FFAs and triglycerides, have decreased leptin and adiponectin, develop
liver steatosis, and are more sensitive to high fat diet (HFD)-induced decrease in insulin
sensitivity [11]. On the other hand, Jones and colleagues report data from their mice,
demonstrating that these mice [12] are protected against HFD-induced decrease in insulin
sensitivity despite increased triglycerides levels, liver steatosis, reduced adiponectin and leptin
levels. The differences between these rather similar models might be due to that different aP2-
cre mice were used. Since the transgenic cassette takes advantage of the aP2 promoter, it is
expected that slightly different versions of the aP2-Cre give rise to different phenotypes. The
aP2 promoter is a direct PPARY target, such that PPARY inactivation during differentiation
will reduce the levels of Cre. The degree and uniformity of PPARYy inactivation may therefore
be influenced by many different factors, such as strain, sex and nutritional state of the animals,
hence giving rise to potentially distinct phenotypes.

PPARYy-2 knockout mice—In contrast to the early embryonic lethality of the global
PPARYy knockouts, PPARYy-2 knockout mice [13] are viable, but have reduced fat mass and
reduced circulating leptin and adiponectin levels. They have however normal lipid levels and
no signs of liver steatosis. Males, but not females, are severely resistant to the glucose-lowering
effect of exogenous insulin. However, the insulin resistance in these males could be reversed
by PPARYy agonist treatment.

PPARy Hypomorphic mice—PPARYy hypomorphic mice were generated by targeting a
PPARY-2 specific exon, these mice also displayed decreased levels of PPARy-1 [14]. About
40 % of these mice die before the age of 5 weeks. Mice that survive have very little adipose
tissue throughout life. Circulating triglyceride levels are reduced and the liver appear normal
but both heart and muscle have increased fat content. The levels of adiponectin and leptin were
reduced and the mice display relatively mild form of insulin resistance. PPARy agonist
treatment reversed glucose intolerance, but not insulin resistance. The relatively modest degree
of insulin resistance was explained on the basis of a compensatory up-regulation of p-oxidation
in muscle.

PPARYy P465L mice—Human patients with the dominant negative P465L mutation in the
PPARYy gene suffer from partial lipodystrophy, severe insulin resistance, impaired lipid
metabolism, liver steatosis and hypertension [15]. In contrast, the mouse model with the same
mutation has normal fat mass and insulin sensitivity, but impaired postprandial lipid clearance
and altered fat depot distribution [16]. This indicates a distinct species difference between
human and mouse. However, when the P465L mutation is expressed in an ob/ob background,
the phenotype is much more similar to the metabolic state in humans with this mutation. The
PPARY P465L ob/ob mice have increased triglyceride levels, decreased adiponectin levels and
develop more severe insulin resistance and liver steatosis, but less lipid deposition in muscle
compared to the ob/ob control mice [17]. Gray and colleagues suggest that PPARYy facilitates
the expansion of adipose tissue and thereby protects peripheral tissues from toxic lipid
intermediates, and thus improving insulin sensitivity. However, a synergistic effect between
PPARYy inactivation and hypoleptinemia causing the severe insulin resistance in the P465L ob/
ob mice cannot be ruled out [17].

Fatty liver dystrophy (fld) mice—The fatty liver dystrophy (fld) mouse results from a
spontaneous mutation in the lipinl gene [18] and is characterized by neonatal fatty liver and
hypertriglyceridemia that resolves at weaning, and neuropathy affecting peripheral nerves in
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adulthood. Males are infertile and females generate fewer litters than wild type mice. Moreover,
these mice have impaired adipose tissue development with immature adipocytes, have reduced
white and brown fat, have decreased leptin and adiponectin levels, are insulin resistant and
have increased susceptibility to diet-induced atherosclerosis [19,20]. The absence of liver
steatosis in the adult fld mouse may be explained by a compensatory increase in energy
expenditure and fat oxidation [21].

A-ZIP/F-1 mice—The A-ZIP/F-1 mice [22] express a dominant negative version of the C/
EBPa leucine zipper domain that potently interferes with adipocyte differentiation. This mouse
model has essentially no white adipose tissue, reduced levels of brown fat and a very severe
metabolic phenotype with reduced life span. These mice display massive hepatomegaly
causing increased body weight, have liver steatosis, severe diabetes (hyperglycemia,
hyperinsulinemia, hyperphagic, polydipsia, polyuria), are hypertensive [23], have increased
triglycerides and FFAs levels, have alveolar foam cells, have reduced leptin levels and are
unable to respond to sustain glucose levels during fasting. The insulin resistance and much of
the liver steatosis in the A-ZIP/F-1 mice can be reversed by transgenic over-expression of leptin
[3] or by transplanting normal adipose tissue [24]. In contrast, transplantation of adipose tissue
from ob/ob mice did not reverse the phenotype of the A-ZIP/F-1 mice indicating that leptin
deficiency strongly contributes to the metabolic complications in lipodystrophy [25].
Furthermore, while PPARY agonists lower lipid levels in these mice, they also cause increased
hepatic steatosis and remain ineffective with respect to lowering of glucose levels.

IRS1/IRS3 double knockout mice—The IRS1/IRS3 double knockout mice [26] have a
significant growth retardation, develop early onset lipoatrophy and diabetes. The mice have
decreased leptin and adiponectin levels and decreased triglyceride levels and have no signs of
lipid accumulation in liver or muscle. The hyperglycemiaand hyperinsulinemia can be reversed
by leptin treatment, which underlines the important role that leptin plays for insulin sensitivity.

Late onset models

aP2-diphteria toxin A mice—aP2-diphteria toxin A mice [27] are born normally and
initially lack any distinguished phenotypic features, but develop atrophy and necrosis of the
adipose tissue at 5-6 month resulting in the complete absence of subcutaneous or intra
abdominal adipose tissue at 8-9 month of age. This late onset of adipose tissue loss is associated
with reduced leptin levels, increased food consumption, hyperlipidemia, hyperglycemia and
insulin resistance. Initial observations suggested that many metabolic abnormalities (with the
exception of reduced leptin levels and hyperphagia) could be reversed by PPARy agonist
treatment [28], an observation that is not fully consistent with observations in other mouse
models.

Ribosomal S6 Kinase 2 null mice—The Ribosomal S6 Kinase 2 knockout mouse was
first generated to study the Coffin-Lowry syndrome (CLS), which is characterized by mental
retardation and short stature [29]. However, besides having impaired brain function and
decreased body length, these mice have a partial but specific loss of adipose tissue, have
decreased leptin levels, are insulin resistant and have a tendency towards hepatic steatosis. The
mice are also resistant to high fat diet-induced weight gain. The size of the brown fat and all
other non-adipose tissues were normal. The relative loss of adipose tissue becomes more
prominent with age in these mice. It is not clear what the specific mechanistic role of ribosomal
S6 kinase 2 is that leads to such a rather dramatic adipose tissue phenotype.

Inducible models

FAT-ATTAC mice—The ‘fat apoptosis through targeted activation of caspase 8’ (‘FAT-
ATTAC’) mouse [30] is a transgenic mouse in which white and brown fat can be ablated within
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1-2 weeks of treatment with a chemical dimerizer that forces the dimerization of a
transgenically expressed caspase-8 fusion protein expressed specifically in adipocytes, thereby
inducing apoptosis. Short-term treatment causes disruption of local adipose tissue structures
and infiltration of macrophages and long-term treatment results in apoptosis of a majority of
the adipocytes, marked reduction of adipokines, hyperphagia and glucose intolerance.
However, the long-term treated mouse displays no difference in serum insulin, glucose,
triglycerides, FFASs or liver triglycerides. The phenotype is reversible although glucose
intolerance and reduced adiponectin levels remain 6 weeks post treatment. The fatless FAT-
ATTAC mouse has reduced levels of IL-6 at baseline and reduced inflammatory response to
endotoxin indicating that adipocytes directly or indirectly contribute to systemic levels of
inflammatory cytokines.

The FAT-ATTAC mouse was crossed and compared with the ob/ob mouse to reveal whether
the phenotype of FAT-ATTAC depends mostly on leptin [30]. After 10 weeks of dimerizer
treatment, the FAT-ATTAC ob/ob mouse had nearly no visible fat, but displayed increased
food intake and exacerbated glucose and lipid metabolism, including increased liver steatosis
compared to littermate ob/ob mice. The adiponectin and resistin levels were markedly reduced
while MCP-1 levels were increased, suggesting that cells other than adipocytes can produce
significant levels of MCP-1. The FAT-ATTAC ob/ob mice had also decreased glucose-
stimulated insulin secretion although there was no change of the pancreatic islet area or
morphology. This indicates that the adipocytes are important for maximal glucose-stimulated
insulin secretion and that hypoleptinemia is not the only factor of importance for metabolic
disease in lipodystrophy.

Protease inhibitor-induced lipodystrophy—The mechanism behind protease inhibitor
treatment and the pathogenesis of human lipodystrophy is not understood and only a limited
number of in vivo studies in mice have been performed. To date, it has been shown that long-
term treatment of mice with ritonavir reproduces the clinical features of protease inhibitor-
induced lipodystrophy in HIV infected patients. Human patients that are treated with ritonavir
may develop severe hypercholesterolemia and hypertriglyceridemia, surprisingly without
much of an effect on glucose metabolism [31]. The treatment with equivalent doses in mice
causes hypercholesterolemia, hypertriglyceridemia, liver steatosis, reduced leptin and
adiponectin levels and reduction of the inguinal fat pat. Similar to the clinical studies, no impact
on carbohydrate metabolism was observed [32—35]. The underlying mechanism behind the
effect of ritonavir in mice seems to involve increased levels of SREBP-1c in adipose tissue
and liver [33-35]. Leptin as well as adiponectin replacement treatment are able to reduce the
ritonavir-induced lipid abnormalities [32,34]. Indinavir, another protease inhibitor, is known
to relatively rapidly induce insulin resistance in human patients as well as in rats [36,37]. In
vitro experiments show that Indinavir inhibits GLUT-4, which may be a common mechanism
for protease inhibitor-induced insulin resistance although conflicting data exist in the literature
[38,39].

Model Comparison

In general, the inducible mouse models make it possible to characterize the role of adipocytes
and their secreted factors in health and disease without the confounding effects of secondary
pathological changes of adipose tissue loss, such as long-term ectopic lipid accumulation in
liver and muscle and changes in many other tissues due to insulin resistance. The study of the
acute loss of adipocytes provides better mechanistic insights into the role of the adipocyte in
maintaining a healthy metabolic phenotype. Earlier constitutive loss of adipocytes during
development seems to have much more profound consequences on systemic energy
homeostasis compared to a late onset loss, underlining the important role that adipose tissue
plays during the early postnatal period. More refined time courses of fat loss are needed during
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development to determine the critical window during which metabolic pathways become
hardwired under the influence of adipose tissue, both centrally in the brain as well as in other
peripheral tissues under the influence of adipocytes (Table 2).

Model Translation to Humans

It remains unclear how effectively these models replicate the etiology of human lipodystrophy,
even though many common features are seen (Table 3). This relates particularly to the strong
tendency towards ectopic deposition of lipids in the liver.

The MORE-PG mouse and the adipose-specific PPARy knockout exhibit very complicated
and unexpected phenotypes possibly making them less favorable for studies of metabolic
disorders caused by lipodystrophy. On the other hand, Gray et al hypothesize that genetic
manipulations of PPARYy in mice induce biochemical defects similar to those in humans but
that they may only become physiologically relevant in mice challenged with an extreme
positive energy balance [17]. Thus, crossing these mice (and other lipodystrophic mouse
models) with the severely obese ob/ob mouse may further reveal additional phenotypes in these
lipodystrophy models. Frequently, more distinct phenotypes can already be seen in these mice
when challenged with a high fat diet (HFD), upon exposure to low temperature, during exercise
or food deprivation.

The aP2-diphteria toxin A and the Ribosomal S6 Kinase 2 knockout mouse models represent
mild lipodystrophic phenotypes and complement the more severe models very well. However,
the power of these models is somewhat diminished in the Ribosomal S6 Kinase 2 knockout
mouse as these mice also display other abnormalities. It is surprising that the aP2-diphteria
toxin A mice take a long time to develop lipodystrophy despite the constitutive presence of the
toxin in adipocytes. These adipocytes are exposed to a constitutive necrotic stimulus and may
therefore induce a potent anti-necrotic program that enables them to survive for an extensive
amount of time.

The A-ZIP/F-1 mice may be useful for pharmacological studies aiming to reverse the diabetic
phenotype. However, due to its severe phenotype, it is difficult to separate primary from
secondary effects. The potential of obtaining new insights into the direct involvement of
adipocytes in the pathogenesis of the metabolic syndrome, infectious disease and cancer is
limited. The lack of a “lipid phenotype” in the adult Fld, the PPARy-2, PPARy hypomorphic,
the IRS1 IRS3 double knockout and the FAT-ATTAC mice make these models suitable for
studying metabolic disease without the complications of lipotoxicity, although the severe
growth retardation of the IRS1/IRS3 double knockout mice might make these mice less
suitable.

As pointed out earlier the inducible FAT-ATTAC model makes it possible to study direct effect
of adipose tissue on metabolic regulation without interference from secondary pathological
processes. Since precursor cells are not eliminated with this method (the transgene is only
expressed in mature adipocytes), the model is reversible and regenerates adipose tissue upon
cessation of dimerizer treatment. This reversibility of this mouse model provides further
advantages for the study of adipogenesis in an adult animal.

Studies of the metabolic consequences of ritonavir treatment show that protease inhibitor-
induced lipodystrophy as seen in the clinic can be reproduced in mice. This indicates that the
mouse can be a suitable model under some circumstances for the screening of different protease
inhibitors in the context of a negative impact of these inhibitors on metabolism as well as
investigating some aspects of the pathogenesis of lipodystrophy in general. However, rodents
metabolize drugs differently than humans. Therefore, it may be difficult to distinguish
unspecific toxic effects from more direct effects leading to lipodystrophy. Moreover, the
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mechanism behind the association between highly active antiretroviral treatment (HAART)
and lipodystrophy is very complicated. The HIV infected patients are usually treated with a
cocktail of several different drugs at the same time and the outcome in different individuals is
likely to be affected by their genetic make-up, age and possible environmental risk factors (e.g.
smoking and diet). Thus, although it is of interest to elucidate the mechanistic connection
between HAART and lipodystrophy, it is even more important to learn how to modify and
improve the present HIV treatment strategy to avoid metabolic complications in these patients.
More recently developed protease inhibitors are indeed associated with a reduced impact on
adipose tissue distribution.

Conclusions

The metabolic syndrome is often associated with either too much or too little fat. Dysfunctional
adipose tissue is therefore at the very core of metabolic dysfunction. Mouse models of
lipodystrophy approach this issue in similar ways that other mouse models with an excess of
adipose tissue contribute to a better understanding of the specific contributions of healthy
adipose tissue towards energy homeostasis. As such, these murine lipodystrophy models have
assumed an important place in our arsenal of tools that we can employ to unravel the still vastly
unknown mechanisms of metabolic dysregulation prevalent in vast portions of developed
countries and increasingly in the third world. Further work is needed to improve these models
to provide more accurate and effective ablation of adipocytes, particularly related to the ability
to reversibly block adipogenesis in utero and in the early postnatal period.
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Figure 1. Metabolic Complications in Lipodystrophy

The underlying causes of lipodystrophy can be of many different origins. However, the more
severe the liposdystrophy, the more severe are the metabolic complications. These
complications may occur both as a consequence of dysfunctional adipocytes. The ensuing
insulin resistance further aggravates the lipodystrophy phenotype.
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Table 1
Comparison of obesity and lipodystrophy
Lipodystrophy (LD) and obesity are associated with similar metabolic complications. The reasons for this may
be altered levels of adipokines and reduced capacity to buffer circulating lipids. Both in obesity and lipodystrophy
it is apparent that the ability of dynamic regulation of metabolism is lost i.e. the ability to respond adequately to
altered metabolic demands is blunted.

LD Obesity
Fat mass l T
Leptin ) 1
Adiponectin 1 1
Infl. Cytokines T2 T
Met. Syndrome 1T 1T

(Infl. = Inflammatory, Met =Metabolic)

Drug Discov Today Dis Models. Author manuscript; available in PMC 2008 January 11.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Asterholm et al.

Comparison Summary Table
The murine models are divided into early-onset, late-onset and inducible models based on their lipodystrophy

Table 2

Page 12

characteristics.
Murine models Early onset Late onset Inducible
Pros Similar to congenital Somewhat easier to follow the No risk of uncontrolled adaptations early in
generalized lipodystrophy. pathogenesis time line. Similar life. Easier to distinguish the time course of|
to mild forms of lipodystrophy. the disease. No secondary effects due to e.g,
long-term insulin resistance.
Cons The severe phenotype and the Adaptations not relevant for the| The abrupt onset does nor have a clinical

early onset makes it difficult to
distinguish primary from

secondary effects. Adaptations
not relevant for the human

disease progression may occur.

human disease progression mayj
occur. The onset of disease mayj
depend on environmental
factors that are hard to control
for.

counterpart.

Best use of model

Study whether the severe
phenotype can be reversed.
Compare with healthy lean

models. What makes the

healthy mice healthy?

Study disease progression.
What markers may be of
importance for pathogenesis of
metabolic disease.

Study the acute effect of no or decreased
adipose tissue on different organ systems.
Distinguish what apects of the metabolic
syndrome are directly dependent on adipose
tissue and what may be related to secondary]
effects.

How to get access
to the model

Research collaboration. Some
mice are commercially

available.

Research collaboration. Some
mice are commercially

available.

Research collaboration.
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