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We are in the midst of a dire, unprecedented and global epidemic of obesity and 

secondary sequelae, most prominently diabetes and hyperlipidemia.  Underlying this 

epidemic are adipocytes and their inherent, dynamic ability to expand and renew.  These 

abilities highlight a newly defined cell population within adipose tissue, the white 

adipose progenitor cell.  These cells have the basic abilities that define a stem/progenitor 

cell, including the ability to proliferate and differentiate into mature adipocytes, opening 

up new studies into their involvement in both adipose development and growth.  More 

specifically, interest lies in which physiological and genetic conditions can repress the 

adipogenic function of these cells, as these findings could lead to possible therapies for 

obesity and other metabolic diseases. 

 We began our studies by examining the proliferative and adipogenic effect of both 

high fat diet and exercise on adipose progenitor cells.  We found that while high fat diet 
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increased adipose progenitor function, exercise dramatically reduced proliferation of the 

adipocyte progenitor in addition to diminishing new adipocyte formation during the 

exercise protocol.  One physiological outcome of endurance exercise is the remodeling of 

skeletal muscle to more of a slow, oxidative fiber type composition. Thus, we 

hypothesized that type I skeletal muscle may also regulate the adipocyte progenitor.  To 

directly test this hypothesis we analyzed the adipose progenitor cell in two, independent 

mouse lines that exhibit an increase of Type I fibers.  These mice revealed that slow 

muscle fibers also reduce the activity of the adipocyte progenitor on normal chow and 

decrease adiposity while on high fat diet.  Surprisingly, this effect may be due to non-

nutritional factors, as the slow fiber mice exhibit no overt metabolic alterations on normal 

chow and conditioned media from muscle cell lines reduced pre-adipocyte function.  

These data suggest Type I fibers directly regulate the adipocyte progenitor cell, which 

may contribute to the reduced adiposity seen after exercise as well as the reduced 

adiposity of slow fiber mice in response to high fat diet.  

 We next wanted to examine the genetics that control adipogenesis within the 

adipose progenitor cells.  To do this, we activated Wnt signaling in either adipose 

progenitor cells or mature adipocytes.  Wnt signaling is known to play a role in 

proliferation and differentiation in multiple stem cell lineages, including intestinal, bone 

and hematopoietic lineages, and thus we hypothesized that it may also play a role in in 

vivo adipogenesis and metabolism.  Altering canonical Wnt signaling in mature fat 

tissues in mice had no discernable metabolic effects.  In contrast, altering Wnt signaling 

in fat progenitors led to a depot-specific fate change and a paradoxical murine 

lipodystrophic syndrome that lacked the expected diabetes and ectopic fatty acid 
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accumulation. Rather, muscle displayed increased glucose uptake and an insulin-

independent increase in cell surface glucose transporters along with activation of AMPK 

and p38 MAPK. Muscle Wnt signaling was unaffected, indicating that these changes 

resulted from signals derived non-autonomously, which we found to be present in the 

serum of mutant mice.  Thus, this model distinctively dissociates lipodystrophy from 

dysfunctional metabolism and uncovers a unique and potentially therapeutic method to 

lower blood glucose and improve metabolism. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	  

vii	  

TABLE OF CONTENTS 

INTRODUCTION……………………………………………………………………….1 

 Adipose Tissue Structure and Function…………………………………………...1 
 

 Adipose Tissue Expansion and Disease States……………………………………5 
 

 Adipose Tissue Development……………………………………………………..7 
 

 Adipose Stem/Progenitor Cell in Medicine……………………………………...15 
 

 Adipose Stem/Progenitor Cell Niche…………………………………………….17 
 

 Adipose Stem/Progenitor Cell in Obesity………………………………………..21 
 

 Function of Muscle Fibers in Metabolism and Adiposity……………………….23 
 

 Wnt Signaling in Adipogenesis………………………………………………….29 
 

 Rationale For Studies…………………………………………………………….35 
 

 
MATERIALS AND METHODS………………………………………………………38 

  
Mouse Studies……………………………………………………………………38 

  
Voluntary Wheel-Running……………………………………………………….39 

 
Metabolic Phenotyping Experiments…………………………………………….39 

 
Histological Studies and DAB Staining………………………………………….40 

 
RNA Extractions and Real-Time PCR…………………………………………..41 

 
Western Blotting and Antibodies………………………………………………...42 

 
Plasma Membrane Fractionation………………………………………………...42 

 
Isolation of Adipose Progenitor Cells and Adipocytes…………………………..43 

 
Adipocyte Nuclei Isolation………………………………………………………44 

 
BrdU Staining……………………………………………………………………44 

 
Cell Culture………………………………………………………………………44 



	  

viii	  

 
X-gal Staining……………………………………………………………………45 

 
Fly Studies……………………………………………………………………….46 

 
Ex Vivo Glucose Uptake Assay…………………………………………………..46 
 

 
RESULTS I – ADIPOGENIC RESPONSE TO EXERCISE AND MUSCLE 
FIBER TYPE……………………………………………………………………………47 

 
Generation of Reporter Mice…………………………………………………….47 

 
Effect of HFD on Adipose Progenitor Function…………………………………49 

 
Effect of Exercise on Adipose Progenitor Function……………………………..51 

 
Genetic Mouse Models of Exercise……………………………………………...58 

 
Slow Fibers Reduce Adiposity During HFD…………………………………….66 
 
Muscle Conditioned Media Reduces SVF Proliferation and 
Differentiation……………………………………………………………………66 

 
 
RESULTS II – IN VIVO WNT ACTIVATION IN ADIPOSE PROGENITOR 
CELLS…………………………………………………………………………………..70 

 
 Mice with β-Catenin Activated in Mature Adipocytes Have Normal 
Metabolism………………………………………………………………………70 
 
Mice with β-Catenin Activation in the Progenitor Compartment Have 
Severe Loss of Adiposity………………………………………………………...72 
 
Progenitor β-Catenin Activation Appears to Induce a Fate Change……………..78 
 
The P-BCA Mutants do not Develop Classical Metabolic Consequences 
of Lipodystrophy…………………………………………………………………85 

 
   P-BCA Mutant Mice Have Increased Glucose Uptake but Normal 
  Insulin Sensitivity………………………………………………………………..90 
 
  Insulin is Not Necessary for P-BCA Mutant Hypoglycemia…………………….93 
 
   Muscles of P-BCA Mutants Have Increased AMPK and p38 MAPK, 
  but Unaltered Wnt Signaling…………………………………………………….99 



	  

ix	  

 
DISCUSSION………………………………………………………………………….108 

 
Exercise, Slow Muscle Fibers and Adipogenesis………………………………108 

 
Wnt Signaling and Glucose Metabolism……………………………………….111 

 
Conclusion……………………………………………………………………...116 

 

REFERENCES………………………………………………………………………...118 

ACKNOWLEDGEMENTS…………………………………………………………..131 

VITA…………………………………………………………………………………...134 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	  

x	  

LIST OF FIGURES AND TABLES 

Figure 1. Murine White Adipose Depot Locations………………………………………..4 
 

Figure 2.  Separation of the Stromal Vascular Fraction and Mature Adipocytes………..10 
 

Figure 3.  Tet-Transactivator (tTA) System for Dual Color Lineage Tracing…………...14 
 

Figure 4.  Fatty Acid Uptake……………………………………………………………..26 
 

Figure 5.  Insulin Dependent and Independent Glucose Uptake………………………...28 
 

Figure 6.  Wnt Signaling Pathway……………………………………………………….31 
 

Figure 7.  Metabolic Effects of Wnt Activation Within Drosophila Larval Fat Body…..34 
 

Figure 8.  Wnt Activation Within Adult Fat Body………………………………………36 
 

Figure 9. Experimental Design of Dox and BrdU Treatment……………………………48 
 

Figure 10. Body Fat Percentage and Depot Size of Mice on High Fat Diet……………..50 
 

Figure 11.  Adipose Depot GFP After Two Months of Dox and HFD…………………..52 
 

Figure 12.  Analysis of Subcutaneous SVF and Adipocytes after Exposure to HFD……53 
 

Figure 13. Body Fat Percentage, Depot Size and Running Rate of Exercised Mice…….55 
 

Figure 14. Analysis of SVF and Adipocytes after Exposure to Exercise………………..56 
 

Figure 15. In Vitro Adipogenesis of SVF from Sedentary and Exercised Mice…………57 
 
Table 1.  GFP Levels and BrdU Incorporation in Adipose Progenitor Cells during  
HFD and Exercise………………………………………………………………………..59 
 
Figure 16. Combination of HFD and Exercise Still Represses Progenitor  
Proliferation.......................................................................................................................60 
 
Figure 17. Muscle Fiber Types of Exercised and mck-mir499 Mice……………………61 

 
Figure 18. Fat and Metabolic Phenotype of mck-mir499 Transgenic Mice……………..63 

 
Figure 19. Fat and Metabolic Phenotype of msSox6-/- Mutant Mice…………………….64 

 
Figure 20. SVF Phenotype in mck-mir499 and msSox6-/- Mice…………………………65 
 



	  

xi	  

Figure 21. Fat and Metabolic Response of mck-mir499 Mice to HFD………………….67 
 
Figure 22. Muscle Fibers Have a Direct Effect on Adipose Progenitor Proliferation  
and Adipogenesis………………………………………………………………………...69 
 
Figure 23. Activation of β-Catenin Within Mature Adipocytes…………………………71 

 
Figure 24. Fat Phenotype in A-BCA Mutant Mice………………………………………73 

 
Figure 25. Metabolic Phenotype of A-BCA Mice……………………………………….74 

 
Figure 26. Activation of β-Catenin Within Adipose Progenitor Cells…………………..76 

 
Figure 27. MRI and NMR Scans of P-BCA Mutant Mice………………………………77 

 
Figure 28. Fat Phenotype of P-BCA Mutant Mice………………………………………79 

 
Figure 29. Altered Density and Cellularity of P-BCA Subcutaneous Depots…………...80 

 
Figure 30. Increased Fibrosis in Subcutaneous Depots of P-BCA Mice………………...82 

 
Figure 31. Fibroblastic Fate Change in Subcutaneous Depots of P-BCA Mice…………84 

 
Figure 32. Altered Fate of P-BCA SVF not Rescued by PPARγ………………………..86 

 
Figure 33. Metabolic Phenotype of P-BCA Mice………………………………………..88 

 
Figure 34. P-BCA Mice Require Carbohydrates as an Energy Source………………….89 

 
Figure 35. P-BCA Mice Have Paradoxical Improvements in Glucose Homeostasis……91 

 
Figure 36. Normalization of Blood Sugar and Insulin Levels of P-BCA Mice………….92 

 
Figure 37. Increased Glucose Uptake in P-BCA Mice Compared to Control…………...94 

 
Figure 38. Normal Insulin Sensitivity in P-BCA Mice Compared to Control…………..95 
 
Figure 39. Short Term Reduction of Insulin Due to Somatostatin Does Not 
Increase Blood Sugar in P-BCA Mice…………………………………………………...97 
 
Figure 40. Long Term Reduction of Insulin Due to Streptozocin is not as Effective 
at Raising Blood Sugar During GTT in P-BCA Mice Compared to Controls…………..98 

 
Figure 41. Insulin Resistance Does Not Rescue Decreased Hemolymph Sugar Levels  
in Wnt-Activated Larvae………………………………………………………………..100 
 



	  

xii	  

Figure 42. Insulin-Independent Pathways of Glucose Uptake Are Activated in  
Muscles of P-BCA Mice………………………………………………………………..102 
 
Figure 43. AMPK Inhibition Reverses Glucose Phenotype in P-BCA Mice…………..103 

 
Figure 44. β-Catenin is not Activated in Muscle Tissue of P-BCA Mice……………...105 
 
Figure 45. Serum from P-BCA Mice Increases Glucose Uptake in Wild-Type  
Muscle…………………………………………………………………………………..106 
 
Figure 46. Hypothetical Model of Increased Glucose Uptake in P-BCA Mutants……..107 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	  

xiii	  

LIST OF ABBREVIATIONS 
 
ABCA – Adipocyte β-Catenin Activated 
ACC – Acetyl CoA Carboxylase 
ACoA – Acetyl-CoA 
ADSC – Adipose-Derived Stem Cell 
AMPK – AMP-activated Protein Kinase  
aP2 – Adipocyte Protein 2 
APC – Adenomatous Polyposis Coli 
AS160 – Akt Substrate 160kD 
β-Ox – β-Oxidation 
BAT – Brown Adipose Tissue 
BCA – β-Catenin Activated 
BMP – Bone Morphogenic Protein 
CaMKK – Calcium/Calmodulin  
            Kinase Kinase 
CD – Cluster of Differentiation 
C/EBP – CCAAT-Enhancer Binding       
            Protein  
CK1 – Casein Kinase 1 
CM – Conditioned Media 
CPT – Carnitine Palmitoyltransferase    
DCG – Drosophila Collagen Gene 
Dsh – Dishevelled  
Dox – Doxycycline 
E-A – Exercise Alone  
E-D – Exercise with Dox 
EDL – Extensor Digitorum Longus 
En1 – Engrailed 1 
ESC – Embryonic Stem Cells 
FABP – Fatty Acid Binding Protein 
FACS – Fluorescence Activated Cell   
            Sorting 
fBC – Floxed β-Catenin 
FBI – Fat Body Inducible 
fSox6 – Floxed Sox6 
GFP – Green Fluorescent Protein 
GIR – Glucose Infusion Rate 
GLUT – Glucose Transporter 
GSK3 – Glycogen Synthase Kinase 3 
GTT – Glucose Tolerance Test 
H2B – Histone 2B 
HFD – High Fat Diet 
HFD-A – High Fat Diet Alone 
HFD-D – High Fat Diet with Dox 
IGW – Inguinal WAT 

 
 
Ins - Insulin 
IP – Intraperitoneal 
IRS1 – Insulin Receptor Substrate 1 
ISCW – Intrascapular WAT 
ITT – Insulin Tolerance Test 
LCA – Long Chain Acyl-CoA 
LEF – Lymphoid Enhancer-binding  
          Factor  
Lin – Lineage 
LKB1 – Liver Kinase B1 
LRP – Low-density Lipoprotein  
          Receptor-Related Protein 
MAPK – Mitogen Activated Protein  
          Kinase 
MCA – Malonyl-CoA 
MCK – Muscle Creatine Kinase 
MEF – Mouse Embryonic Fibroblast 
MHC – Myosin Heavy Chain 
MIR – MicroRNA 
MRI – Magnetic Resonance Imaging 
MSC – Mesenchymal Stem Cell 
MWAT – Mesenteric WAT 
Myf5 – Myogenic Factor 5 
NC-A – Normal Chow Alone 
NC-D – Normal Chow with Dox 
NG2 – Nerve/Glial Antigen 2 
NMR – Nuclear Magnetic Resonance 
ORO – Oil Red O 
PBCA – Progenitor β-Catenin Activated 
PDK1 – Pyruvate Dehydrogenase Kinase 
PDGFRβ  – Platelet Derived Growth  
            Factor Receptor β  
PDRM16 – PR Domain Containing 16 
PGC1α  – PPARγ  Coactivator 1α  
PI3K – Phosphatidylinositol 3-Kinase 
PPARγ  – Peroxisome Proliferator- 
           Activated  γ  
R26R – Rosa26 Reporter 
RPW – Retroperitoneal WAT 
S-A – Sedentary Alone 
S-D – Sedentary with Dox 
Sca-1 – Stem Cell Antigen 1 
SMA – Smooth Muscle Actin 
Sox6 – Sry-related HMG Box 



	  

xiv	  

STZ – Streptozotocin 
SVF – Stromal Vascular Fraction 
SVP – Stromal Vascular Particulate 
TA – Tibialis Anterior 
TBC1D1 – TBC1 Domain Family  
            Member 1 
TCA – Tricarboxylic Acid 
TCF – T-Cell Factor 
TRE – Tet Responsive Element 
tTA – Tet-Transactivator 
UCP-1 – Uncoupling Protein 1 
UAS – Upstream Activation Sequence 
VEGF – Vascular Endothelial Growth  
            Factor 
WAT – White Adipose Tissue 
Wg – Wingless 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	  

1	  

INTRODUCTION 

Adipose Tissue Structure and Function 

Traditionally fueling strong emotions related to the aesthetics of body image, 

adipocytes are now at the center of a medical-sociological crisis that has changed the 

landscape of public health.  Indeed, obesity is central to the explosion of medical costs 

that have triggered the national debate on health care, and is a major culprit behind the 

alarming fact that the life expectancy of Americans is diminishing for the first time in 

generations (Olshansky et al., 2005).  Estimates indicate that obesity is already 

responsible for >300,000 deaths each year in the United States alone, triggering the 

largest growth in mortality over the past decade (Allison et al., 1999).  Moreover, the 

increase in obesity and diabetes is even greater in Southeast Asia, underscoring the global 

nature of this epidemic with estimates between 1.1 to 1.7 billion people affected (Hossain 

et al., 2007). 

Conventionally, adipocytes have been viewed solely as a passive storage unit for 

lipids; however, this is superficial.  Aside from fat accumulation, adipose tissues regulate 

reproduction and lifespan and provide thermal and traumatic protection, but are most 

notable for their vital role in metabolism (Gregoire et al., 1998; MacDougald and 

Mandrup, 2002; Spiegelman and Flier, 2001).  Adipose tissues are the largest endocrine 

organ, actively controlling metabolism by secreting lipids, hormones, and other factors, 

which include immunomediators such as tumor necrosis factor-α, interleukin-6, 

monocyte chemoattractant protein-1, and adipsin, as well as whole-body metabolic 

regulators such as leptin, visfatin, resistin and adiponectin (Nawrocki and Scherer, 2004; 

Waki and Tontonoz, 2007).  The disease states – insulin resistance, hyperlipidemia, 



	  

2	  

cardiovascular disease, diabetes, etc. – that accompany both excess (obesity) and 

deficient (lipodystrophy) fat stores further highlight the central role of adipose tissues.  

Adipocytes are of two broad functional and histological lineages: brown adipose 

tissues (BAT), which dissipate energy, and white adipose tissues (WAT), which store 

energy (Gregoire et al., 1998; MacDougald and Mandrup, 2002; Spiegelman and Flier, 

2001).  Brown adipocytes are primarily thermogenic, converting nutrients into heat.  

Thermogenesis is accomplished through the abundant number of mitochondria in BAT 

(which are responsible for its signature brown color), and the expression of uncoupling 

protein 1 (UCP-1), which uncouples the proton electrochemical gradient from the 

generation of ATP (Cannon and Nedergaard, 2004).  Although relatively scarce in adult 

humans, BAT may be more prevalent than previously appreciated, and its ability to burn 

calories may enable it to be manipulated for novel anti-obesity strategies (Cypess et al., 

2009; van Marken Lichtenbelt et al., 2009; Virtanen et al., 2009).  For example, stimuli 

such as cold exposure and β3 adrenergic drugs stimulate the formation of brown 

adipocytes within white adipose depots; it is unclear whether these nascent brown 

adipocytes somehow derive from white adipocytes, from white adipose stem cells or 

from an as yet unidentified brown adipose stem cell (Granneman and Whitty, 1991; 

Loncar et al., 1988; Rohlfs et al., 1995).  BMP7 may also play a related role in regulating 

the BAT compartment (Tseng et al., 2008).  Studies indicate that during murine 

development at least some BAT derives from a muscle-related En1, Myf5 lineage (Atit et 

al., 2006; Seale et al., 2008).  Yet this does not appear to be the case during the formation 

of BAT that, under the influence of external stimuli, is induced within WAT tissue (Seale 

et al., 2008).  Therefore, it may ultimately be possible to reduce obesity and diabetes by 



	  

3	  

converting WAT, or the newly identified white adipose stem cells (see below), to BAT 

(Elabd et al., 2009; Orci et al., 2004). 

White adipocytes comprise the vast majority of adipocytes. In times of caloric 

abundance, these cells store excess calories as triglycerides, and in times of caloric need, 

release fuel (as fatty acids and glycerol) for use by other organs.  WAT is itself 

subdivided into subcutaneous and visceral (intra-abdominal) depots (Figure 1A-1E).  

Importantly, visceral depots are much more strongly associated with metabolic 

complications – markedly increasing the risk of hyperlipidemia, diabetes and 

cardiovascular disease – while subcutaneous beds appear protective against these 

sequelae (Gesta et al., 2007; Shi and Clegg, 2009).  Paralleling these distinctions, the two 

types of WAT, defined only by location, also differ in morphology and function (Gesta et 

al., 2006; Tchernof et al., 2006; Tchkonia et al., 2007).  Regardless of location, multiple, 

conserved cell types are found throughout the white adipose tissue. There are two cellular 

components found in white adipose depots, mature adipocytes and the stromal vascular 

fraction (SVF), which is made up of multiple cell types including immune cells (e.g. 

macrophages), endothelial cells, smooth muscle cells and adipose progenitor cells (Tang 

et al., 2008). 

Sex steroids are the best-characterized endogenous stimuli that differentially 

affect the development, distribution and function of subcutaneous and visceral WAT 

depots (Shi and Clegg, 2009).  Although men, on average, have less total body fat, they 

have more visceral adipose tissue, whereas women have more total and subcutaneous 

adipose tissue (Grauer et al., 1984).  The “female” or “pear” pattern of fat distribution 

develops during puberty in an estrogen-dependent manner (de Ridder et al., 1990). 
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Figure 1. Murine White Adipose Depot Locations 
The major white adipose depots are consistently found in five locations.  There are two 
main subcutaneous (beneath skin) depots (A, denoted by blue arrows) and three main 
visceral depots (B-E, denoted by red arrows). 
(A) Intrascapular WAT (ISCW, top arrow) and inguinal WAT (IGW, bottom arrow) 
adipose depots. 
(B) Male perigonadal WAT (PGW, red arrow) adipose depot. 
(C) Female perigonadal WAT (PGW, red arrow) adipose depot. 
(D) Retroperitoneal WAT (RPW, red arrow) adipose depot. 
(E) Mesenteric WAT (MWAT, red arrow) adipose depot. 
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Further, estrogen treatment of males increases subcutaneous adipose accrual relative to 

visceral adipose tissue (Elbers et al., 1999).  After menopause, as estrogen levels decline, 

women develop increased visceral adiposity; however, those who receive estrogen 

replacement therapy do not (Gambacciani et al., 1997; Munoz et al., 2002). Therefore, 

gonadal or “sex” steroids are endogenous regulators of fat distribution, potentially 

through mechanisms involving adipose progenitors.  Indeed, the many differences 

between WAT depots may be intrinsic to the depots and the stem cells located therein: 

indirect evidence indicates that subcutaneous depots contain a greater number of adipose 

progenitors, and these cells have a higher proliferative and adipogenic potential than 

those located intra-abdominally (Gesta et al., 2007; Joe et al., 2009; Tran et al., 2008).  

This enhanced ability to generate adipocytes may be protective against metabolic 

dysfunction, while the hypertrophic response characteristic of visceral depots may be 

maladaptive (Joe et al., 2009). 

 

Adipose Tissue Expansion and Disease States 

Adipose tissues are highly dynamic, expanding and shrinking in response to 

various homeostatic, pharmacologic and dietary stimuli (Gesta et al., 2007; Shi and 

Clegg, 2009; Spalding et al., 2008; Spiegelman and Flier, 2001).  This growth pattern is 

due to both adipocyte hypertrophy and hyperplasia, the latter highlighting the potential 

presence of a stem compartment (Hirsch and Batchelor, 1976; Salans et al., 1973).  As 

early as the 1960s, there was evidence stemming from radio-labeled nucleotides 

administered to rodents that brown and white adipocytes have a defined lifespan, renew, 

and that adipose tissues contain proliferative and label-retaining cells, presaging current 
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molecular analyses of stem compartments (Hellman and Hellerstrom, 1961; Hollenberg 

and Vost, 1969).  Human radioactive labeling studies performed in the wake of increased 

atmospheric nuclear emissions during the middle part of the 20th century showed that 

human adipocytes also turn over continuously, and at a rate much greater than previously 

believed (Spalding et al., 2008).  These observations suggested the existence of an 

adipogenic stem cell, and the behavior of adipose tissue in pathological conditions further 

supported this possibility. For example, adipose tissues regenerate following lipectomy or 

liposuction, and adipose tissue is hyperplastic in obese subjects (Mauer et al., 2001).  In 

fact, adipocyte number can increase during obesity formation, despite the higher rate of 

apoptotic death in this setting (Strissel et al., 2007).  Even in the lean state, formation of 

new adipocytes appears to be a lifelong regulated process. 

 The ability of adipose to grow, in both size and cell number, is extremely harmful 

if left unchecked.  Obesity, the disease of increased adiposity, is defined as a body mass 

index of 30 or higher and is caused by both genetic and environmental conditions, with 

caloric intake and lack of exercise being two of the major components (Must et al., 1999).  

In obesity, adipose tissue enlarges until, for reasons not yet identified, it becomes 

inflamed, being invaded by large numbers of macrophages (Weisberg et al., 2003).  Over 

time, this inflamed adipose tissue will secrete high levels of inflammatory factors which, 

coupled with increased serum lipids present in obese states, leads to ectopic deposition of 

fat in other tissues and deterioration of metabolic functions of other organs, including 

muscle and liver (Xu et al., 2003). 

 On the other end of the spectrum, lipodystrophy, or the absence of fat, can also 

cause metabolic dysfunction (Garg, 2004).  This is because adipose tissue plays such a 
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critical role in whole body energy homeostasis through lipid storage and hormone 

secretion.  Thus, just like in obesity, lipodystrophy leads to hypertriglyceridemia through 

inability to store fats, and metabolic disturbances, due to inability to secrete adipokines, 

like leptin, that play a role in energy consumption and usage. 

 The metabolic changes seen in these two diseases are extreme health risks.  

Obesity itself is a risk factor for stroke, high blood pressure and gallbladder disease 

(among others) (Must et al., 1999).  However, both obesity and lipodystrophy are risk 

factors for type II diabetes, one of the most common and debilitating metabolic diseases.  

Type II diabetes stems from insulin resistance, which originates from ectopic lipid 

deposition and disturbed hormone secretion due to either inflamed adipose seen in 

obesity or lack of adipose seen in lipodystrophy.  This insulin resistance leads to an 

inability of tissues to take up glucose efficiently and leads to hyperglycemia, the hallmark 

symptom of type II diabetes.  In fact, the disease is defined by a fasting blood glucose of 

126mg/dL (2010) and characterized by polyuria, polydypsia, polyphagia and fatigue 

(Patel and Macerollo, 2010), all of which stem from increased blood glucose.  If 

untreated, the disease can progress to heart and kidney failure, blindness, coronary heart 

disease, muscle weakness and numbness (Patel and Macerollo, 2010). 

 

Adipose Tissue Development  

Due to the critical role of adipose in metabolic homeostasis, a developmental 

understanding of the tissue is critical for finding future treatments for obesity and 

diabetes.  Until recently, the majority of studies on adipocyte precursors and adipogenic 

differentiation had been performed in vitro, and primarily using cultured cell lines 
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(MacDougald and Mandrup, 2002).  This work provided valuable clues and insights, 

most notably unraveling the adipogenic transcription cascade, which involves 

CAAT/enhancer binding protein beta/delta (CEBPβ/δ), CEBPα, sterol regulatory element 

binding protein-1c, and peroxisome proliferator-activated receptor gamma (PPARγ).  Of 

note, PPARγ was found to be extremely important throughout the adipocyte lineage, 

being both necessary and sufficient for adipogenesis as well as being highly expressed in 

mature adipocytes to regulate lipid stores.  PPARγ functions through regulation of 

multiple genes, including other transcription factors (CEBPα, β-catenin), lipid 

accumulating genes (CD36, perilipin, lipoprotein lipase and adipocyte protein 2 (aP2)) 

and other mature adipocyte markers (adiponectin, aquaporin 7) (Tontonoz and 

Spiegelman, 2008).  However, such in vitro studies did not allow the examination of 

many developmental questions that are vital to understand if we are to have a clear 

picture of adipocyte biology, including developmental, physiological and 

pharmacological stimuli that regulate the growth of adipose tissue. 

Recent papers from Friedman’s group (Rodeheffer et al., 2008) and our group 

(Tang et al., 2008) shed light on the molecular signature of white adipose stem cells and 

the niche from which they derive.  The reports use cell surface markers or lineage tracing 

to identify and prospectively isolate the stem cells, and to demonstrate the ability of these 

newly identified cells to self-renew and, following transplantation, to form functional 

adipose depots.  Moreover, these in vivo studies show that white adipose stem cells reside 

within the mural cell compartment of blood vessels that supply adipose depots.  These 

papers employ a range of new in vivo tools and novel methodologies to confirm long-

suspected but unproven notions about adipose stem cells. 
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Tissue dissociation studies implicated the adipose stromal-vascular (SV) 

compartment as the site of origin of adipose stem cells (Figure 2) (Hollenberg and Vost, 

1969; Rodeheffer et al., 2008; Tang et al., 2008).  These SV cells are a potentially rich 

resource to examine a variety of questions relevant to adipogenesis as well as to 

regenerative medicine.  For within this complex set of cells are adipose-derived stem 

cells (ADSCs), and also strikingly similar mesenchymal stem cells (MSCs), that can be 

induced into a variety of cell types including bone, cartilage, fat, muscle, and perhaps 

even endothelial cells and neurons (Crisan et al., 2008; Planat-Benard et al., 2004; 

Yamamoto et al., 2007; Zuk et al., 2002).  Of note, the identity and lineage of both 

ADSCs and MSCs is controversial (Bianco et al., 2008).  Nonetheless, while possibly 

subset of the aforementioned ADSCs and MSCs populations, the SV fraction also 

contains bona fide adipose stem cells.  When such cells are isolated from BAT they form 

brown-like adipocytes that express UCP-1 (Tseng et al., 2008), while those isolated from 

WAT form adipocytes with cognate white adipocyte characteristics (Rodeheffer et al., 

2008; Tang et al., 2008).  The SV compartment has therefore attracted a great deal of 

attention, and there have been several attempts, using both rodent and human adipose 

tissues, to identify relevant markers to distinguish the cell types in this microenvironment 

(Gronthos et al., 2001; Yoshimura et al., 2006; Zannettino et al., 2008).  In that regard, 

the cell surface markers Sca-1 and CD34 provided some refinement to this complex 

mixture.  

The work of Rodeheffer and colleagues significantly advanced the ability to 

isolate cells of interest from the SV fraction.  They employed an elegant FACS-based 

protocol to isolate a subpopulation of cells able to generate adipocytes following
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Figure 2.  Separation of the Stromal Vascular Fraction and Mature Adipocytes 
To isolate stromal vascular fraction (SVF), adipose depots are minced and digested using 
collagenase treatment.  The digested material is then filtered and the effluent is 
centrifuged.  Following centrifugation, mature adipocyte form an upper layer while SVF 
cells are pelleted at the bottom and can be isolated for future studies. 
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transplantation into, and restore adipose function to, a lipodystrophic mouse model that 

has a markedly reduced amount of adipose tissue (Rodeheffer et al., 2008).  They 

reasoned that the lack of adipose tissue in these mice would lead to a strong endogenous 

adipogenic stimulus.  As a donor, Rodeheffer and colleagues exploited a mouse strain 

that selectively expresses luciferase, driven by a leptin bacterial artificial chromosome, in 

mature adipocytes.  This approach allowed them to visualize adipose development in a 

non-invasive manner by imaging luciferase activity in live animals.  Notably, although 

several of the different FACS-isolated subpopulations had multi-lineage and adipogenic 

potential in vitro, only one fraction – Lineage-, CD29+, CD34+, Sca1+, CD24+ – formed 

adipose depots after transplantation into the ill-formed peri-gonadal depots of 

lipodystrophic mice.  Two weeks after the procedure, luciferase expression was observed 

at the transplant site.  And, these incipient adipose depots approximated the size of wild-

type depots twelve weeks following transplant.  This newly formed depot corrected 

hyperinsulinemia and hyperglycemia (e.g., diabetes), two metabolic hallmarks of 

lipodystrophy.  More than 50% of AIDS patients on anti-HIV medications suffer from 

lipodystrophy as a side effect, underscoring the prevalence of this syndrome and the 

potential therapeutic implications of this finding (Grinspoon and Carr, 2005).  

Using a different experimental strategy, our group independently identified white 

adipose stem cells expressing roughly the same set of cell surface proteins (Tang et al., 

2008).  Lineage analysis, a powerful experimental strategy in which the introduction of 

molecular markers into progenitor populations allows for the delineation of stem cell 

behavior in vivo, was used in this study.  For over a century lineage studies have been 

used to define the fate of a field of progenitors or stem cells (Stern and Fraser, 2001).  
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Indeed, lineage studies have been instrumental in a vast number of important advances in 

developmental biology, spanning the discovery of neural induction in Spemann’s era to 

current studies unraveling the generation of neuronal diversity (Graff, 1997; Livet et al., 

2007; Stern and Fraser, 2001).  Lineage studies have historically involved several basic 

strategies.  In one, classically employed in amphibian embryos, developing cells are 

labeled with vital dyes that are used to track cells over time and space.  Direct 

observation, based upon pigmentation or morphology, has also been exploited; 

potentially the pinnacle of these studies was the nearly complete definition of the C. 

elegans lineage.  A related approach involved the transplantation of donor tissues or cells 

into host organisms, often generating intra-species chimeras, with the transplanted cells 

being discriminated from host tissues microscopically (e.g., by cell size), by 

heterochromatin structure, or by altered pigmentation (Stern and Fraser, 2001).  

Unfortunately, many of these approaches are restricted in mammals because in utero 

development prevents precise spatial and temporal localization, for example of the 

transplants.  To overcome these limitations, scientists employed viral marking or, more 

recently, markers that are engineered into the mouse genome (Cepko et al., 2000; Gu et 

al., 2002; Tang et al., 2008).  Such modern genetic lineage tracing has provided 

tremendous insight for pancreas development, neural stem cells, muscle stem cells, and 

epidermal stem cells (Gu et al., 2002; Horsley et al., 2006; Lepper et al., 2009; Livet et 

al., 2007).  

The lineage tracing experiments that led to the identification of the adipose stem 

cell relied upon an extensive series of previous studies that had unraveled the molecular 

underpinnings of adipogenesis, most important being an in vivo understanding of PPARγ 
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function.  It is expressed in the adipose anlagen by embryonic day 13.5, long before 

adipocytes are formed (Kliewer et al., 1994). PPARγ is necessary and sufficient for 

adipogenesis in vitro, and the necessity almost certainly translates for fat formation in 

vivo as well (Gregoire et al., 1998; MacDougald and Mandrup, 2002; Spiegelman and 

Flier, 2001).  Conventional homozygous mutants lacking PPARγ die early in utero 

precluding characterization of adipose formation in the null mutants, but a variety of 

further studies –– tetraploid rescues, chimeric analyses, mutant ES cell, and mutant MEF 

studies, as well as conditional and hypomorphic alleles –– all point to a requirement for 

PPARγ in fat development (Barak et al., 1999; Duan et al., 2007; Koutnikova et al., 2003; 

Kubota et al., 1999; Rosen et al., 1999).  It is also worth noting that PPARγ is expressed 

at low levels within the aforementioned SV fraction, the very compartment that contains 

adipose stem cells (Tontonoz and Spiegelman, 2008).  

Based upon this work, lineage analyses were performed on mice in which PPARγ-

expressing cells were marked (Tang et al., 2008).  These studies relied upon mice in 

which the doxycycline (Dox) repressible transcription factor tTA (“Tet-off”) was placed 

under control of the PPARγ locus, and these mice were crossed to two lines that express 

different markers in a tTA-dependent fashion: one that expresses an indelible lacZ 

reporter and one that expresses a proliferation-sensitive GFP reporter (Figure 3).  The 

mice resulting from these crosses were used in combination with BrdU labeling strategies 

to examine adipose stem cell behavior.  Using this system, we found that PPARγ-

expressing cells display the properties expected of adipose stem cells.  These cells are 

present prior to birth, and behave as an amplifying and self-replenishing population that 

contributes to the adipocytes present in the white adipocyte lineage.  Moreover, this same 
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Figure 3.  Tet-Transactivator (tTA) System for Dual Color Lineage Tracing 
Simplified schematic of the PPARγ−tTA system used to lineage trace and describe 
adipose progenitor cells.  Top two rows demonstrate response of tet-response element 
(TRE)-H2B-GFP to doxycycline (dox).  In absence of dox, H2B-GFP (green) is 
expressed normally as long as PPARγ is expressed in the lineage.  In the presence of dox, 
the tTA is prevented from binding the TRE, thus H2B-GFP transcription is shutdown.  As 
the cell lineage divides, the H2B-GFP present originally gets diluted among all daughter 
cells (faded green color).  The other lineage marker, LacZ (blue), is indelible in that once 
it is transcribed through activation of the TRE through PPARγ, it will be present in all 
daughter cells irrespective of dox presence. 
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population was strongly adipogenic in vitro and formed ectopic adipose depots even after 

transplantation into wild-type mice.  Molecular, expression profiling, and FACS studies 

were used to further elucidate the molecular characteristics of these cells, and many of 

the findings are similar to those of Rodeheffer and colleagues.  

 

Adipose Stem/Progenitor Cell in Medicine 

The identification of adipose stem cells and the tools to analyze them will enable 

investigators to explore and manipulate these cells in a variety of clinically relevant 

situations.  Adipose tissue is an abundant source of stem cells that can be used for various 

regenerative approaches, but such methods have been reviewed in detail recently and will 

therefore not be discussed here (Gurdon and Melton, 2008; Hansson et al., 2009).  The 

treatment of lipodystrophy, described above, will require inducing the stem cells to form 

adipose tissue, their natural path.  Another promising application is the treatment of 

women who have undergone lumpectomy for breast cancers.  Currently available 

reconstructive surgery using synthetic materials is often unsatisfactory, and moving fat 

depots, or mature adipocytes, from other locations is currently untenable.  Transplanted 

adipose stem cells may overcome the problems, as they recruit a vascular supply and 

have a natural texture (Rodeheffer et al., 2008; Tang et al., 2008; Yoshimura et al., 2008).  

This strategy could also be used to correct other anatomical defects, for example in 

reconstructive surgery following trauma, as well as for wound healing, as adipose stem 

cells appear to stimulate this process (Lu et al., 2008; Nambu et al., 2007).  Related 

applications for adipose stem cells are also widely desired for cosmetic purposes and a 

large “Body Sculpting” industry is dedicated to finding available sources (Matsumoto et 
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al., 2006).  In essence, one could remove unwanted fat, and then isolate and transplant the 

stem cells into a desired location.  

In addition to reconstructive, regenerative, or reprogramming applications, 

adipose stem cells might also be directed towards the very diseases in which they are 

implicated.  Subcutaneous WAT can counteract or reduce metabolic dysfunction, so 

isolating, expanding and re-implanting subcutaneous adipose stem cells might be used to 

reduce blood glucose, cholesterol levels and even cancer risk.  The isolated stem cells 

might be manipulated to enhance their capacity to produce subcutaneous adipocytes or a 

heightened subcutaneous adipocyte signature, perhaps by treating them with small 

molecules; estrogenic signals are one potential avenue.  An alternate strategy might be to 

induce white adipose stem cells into a brown-like phenotype, enhancing energy 

dissipation following re-implantation.  Thermogenic (cold exposure), pharmacologic (β3 

adrenergic agonists, BMP7) or genetic (PDRM16) stimuli might be advantageous in this 

regard (Cannon and Nedergaard, 2004; Granneman and Whitty, 1991; Seale et al., 2008; 

Tseng et al., 2008).  The existence of the adipose stem cell niche in the blood vessel wall 

suggests that they are well situated to receive blood-borne cues or stimuli, such as small 

molecules or even gene therapy.  

Regardless of the therapeutic application, adipose stem cells should be relatively 

easy to obtain, as humans harbor a striking amount of adipose tissue, which is a plentiful 

source of stem cells.  According to the Center for Disease Control, the average American 

man or woman has more than 50 pounds of fat, and even a lean woman is more than 15% 

adipose tissue (current average range for American woman is 32-42%).  Thus, at 120 

pounds (picture an Olympian) such a woman may harbor more than a dozen pounds of fat 
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from which to procure stem cells.  On the other end of the spectrum, an obese man 

(current average range for American men is 23-31% body fat) may contain hundreds of 

pounds of adipose tissue.  What’s more, plastic surgeons routinely perform liposuction, 

removing and discarding unwanted fat along with the embedded stem cells. Thus the 

procedures for adipose stem cell isolation are already well established, minimally 

invasive and safe. 

 

Adipose Stem/Progenitor Cell Niche 

Stem cells reside in a specialized environment, a niche, that controls many aspects 

of their behavior including quiescence, proliferation, and differentiation (Jones and 

Wagers, 2008; Li and Xie, 2005).  Therefore, niche identification and characterization are 

significant and dynamic areas of stem cell biology with many recent revelations.  

Immunohistochemical methods, combined with GFP marking, showed that adipose stem 

cells are found in the wall of blood vessels that supply white adipose depots, but are 

absent from blood vessels that supply other tissues (Tang et al., 2008).  Utilizing the GFP 

marker, they characterized a micro-anatomic location of adipocyte stem cells, and 

demonstrated that many co-express three mural cell markers (SMA, PDGFRβ and NG2), 

arguing that adipose stem cells constitute a subset of mural cells embedded in the wall of 

blood vessels present within adipose tissue.  PDGFRβ cell surface expression is 

characteristic of the mural population, comprised of vascular smooth muscle cells and 

pericytes, and is required for their formation (Jain, 2003).  Notably, lineage tracing with a 

PDGFRβ-cre strain and cell sorting based upon PDGFRβ expression followed by in vitro 
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or in vivo adipogenesis assays were all consistent with the idea that a subset of mural 

cells are indeed adipose stem cells. 

The idea that the mural compartment is a reservoir for adipose stem cells 

reverberated with studies done more than 25 years ago involving fat depot transplantation 

and fat depot thermal lesions (Iyama et al., 1979; Napolitano, 1963; Richardson et al., 

1982).  These experiments indicated that an uncommon subset of adipose depot resident 

cells were near endothelial cells, possessed long cytoplasmic processes (pericyte-like 

attributes), and contained multiple, small lipid droplets.  The emerging biology of ADSCs 

and MSCs provide indirect support for the possibility that the adipose stem cell resides in 

the mural compartment (Lin et al., 2008; Traktuev et al., 2008).  Indeed, pericytes in a 

variety of tissues have been proposed as an MSC repository (Crisan et al., 2008).  How 

the GFP marked cells (Tang et al., 2008) relate to this pool is unknown, although it seems 

plausible that they represent a subset of this population. 

To further investigate a blood vessel niche of the adipose stem cells, a procedure 

was developed to isolate the SV particulate (SVP) (Tang et al., 2008).  This method was 

designed to maintain the native SV structure in which a niche is located, while removing 

adipocytes that obscure visualization of precursor location.  Analysis of these purified 

SVPs showed mural marker-expressing stem cells beautifully arrayed around vessels.  

The stem cells present in freshly isolated SVP vessels did not contain lipid-droplets, 

whereas organotypic cultures of SVPs led to formation of lipid-laden GFP+ adipocytes 

along the blood vessels, indicating that the vessel-associated and lineage-marked stem 

cells were indeed adipogenic.  Thus, this ex vivo experimental system preserves niche 
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microanatomy and allows the assessment and manipulation of stem cells within this 

critical and privileged environment.  

It is also important to underscore that to be defined as niche the 

microenvironment must provide regulatory inputs to the resident stem cell, beyond 

simply representing a physical location.  And our studies have yet to establish this key 

requirement.  But the studies discussed above do build upon a diverse series of studies 

implicating the blood vessel as a potentially important niche for a variety of progenitors, 

including hematopoietic and neural stem cells, that appear to be in direct contact with 

blood vessels (Hooper et al., 2009; Shen et al., 2008; Tang et al., 2008; Tavazoie et al., 

2008).  The identification of the vasculature as an adipose stem cell niche also supports 

earlier studies indicating that adipocytes form in intimate juxtaposition with blood 

vessels, and that adipogenesis and angiogenesis are tightly orchestrated (Crandall et al., 

1997; Kolonin et al., 2004; Tang et al., 2008).  For example, the number of adipose stem 

cells present within a depot correlates with vascular density.  Light and electron 

microscopic studies (some described above) performed as early as the 1960s suggested 

that adipose stem cells reside in or near the blood vessel.  Some micrographs from these 

studies created the impression that developing fat cells were pulling away from, or even 

emerging from, the vasculature (Iyama et al., 1979; Napolitano, 1963; Richardson et al., 

1982).  During development, depot vasculogenesis correlates temporally and spatially 

with adipocyte formation and angiogenesis similarly correlates with the expansion of the 

adipocyte compartment observed in obesity (Cao, 2007; Crandall et al., 1997; Fukumura 

et al., 2003; Neels et al., 2004).  



	  

20	  

Classical morphological studies suggest that an early event in adipocyte 

development is the formation of a capillary network in loose regions of mesenchymal or 

connective tissue.  During development, the appearance of vascular structures often 

precedes slightly the formation of fat cells in the primitive fat anlagen, after which 

adipocytes appear to sprout along the vasculature (Iyama et al., 1979).  Several studies 

indicate that blood vessel development may promote recruitment of adipose stem cells, 

may stimulate adipogenesis and may induce the morphogenic movements required to 

correctly localize adipocytes (Cao, 2007; Crandall et al., 1997; Fukumura et al., 2003; 

Neels et al., 2004).  Notably this relationship may reflect a reciprocal process as adipose 

lineage cells secrete a variety of angiogenic regulators, including vascular endothelial 

growth factor (VEGF), plasminogen activator inhibitor-1, fibroblast growth factor 2, and 

many matrix metalloproteinases (Cao, 2007).  In vitro “mixing” studies aggregating 

adipose depot resident stem cells with endothelial cells indicate that the stem cells 

stimulate the ability of endothelial cells to form vessels (Traktuev et al., 2009).  

Nishimura et al. observed so called “adipogenic/angiogenic cell clusters” in which 

adipogenesis and angiogenesis occur in close proximity. Notably these clusters increase 

significantly in genetically obese db/db mice (Nishimura et al., 2007), indicating that 

both compartments are stimulated to expand in obesity.  

Since the vasculature may supply important cues for adipocyte stem cells – 

controlling the balance between quiescence, proliferation, and differentiation – anti-

angiogenic factors seem a plausible approach for treating obesity.  Indeed a spectrum of 

angiogenic inhibitors reversibly reduced murine obesity, although these studies suffer 

from possible confounds of an anorexic effect (Rupnick et al., 2002).  Kolonin and 



	  

21	  

colleagues identified a peptide motif that specifically targets white adipose depot 

endothelium.  They then developed a pro-apoptotic peptide linked to this motif that when 

administered to genetically obese and diabetic ob/ob mice rapidly mitigated obesity and 

improved metabolic profiles (Kolonin et al., 2004).  Similarly, treating obese db/db mice 

with an anti-VEGF antibody reduced adipose depot size and diminished the number of 

small, apparently nascent, adipocytes as well as the aforementioned 

adipogenic/angiogenic clusters (Nishimura et al., 2007).   Thus, inhibiting angiogenesis 

in adipose tissues may prove effective in ameliorating obesity and its sequelae.  

 

Adipose Stem/Progenitor Cell in Obesity 

 Beyond development, these adipose progenitor cells are further believed to 

play a role in increased adiposity in adults.  In principal, adipose expansion could involve 

several mechanisms with adipocyte hyperplasia and adipocyte hypertrophy primarily 

considered.  The relative contributions of these two processes depend upon genetic 

factors, diet, and the particular depot (inguinal, perigonadal, etc.) under investigation.  

The presence of a hyperplastic response indicates the involvement of the stem cell 

compartment, but this interpretation does not imply that stem cell recruitment is the 

driving force for expansion.  What is quite clear is that adipocyte hypertrophy is common 

in the development of obesity; indeed, individual adipocytes have a remarkable capacity 

to expand with estimates of a two to three-fold increased volume (Hirsch and Batchelor, 

1976; Salans et al., 1973).  However, it has also been shown that morbidly obese patients 

have a similar adipocyte volume but increased adipocyte number compared to obese 

patients, suggesting that there is a maximum adipocyte volume (Hirsch and Batchelor, 
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1976).  Furthermore, once the stimulus (e.g., caloric intake greater than expenditure) is 

prolonged the hypertrophic response may contribute to metabolic dysregulation.  Since 

new adipocytes are thought protective against metabolic dysfunction, it is plausible that 

these maladaptive responses could be reversed by recruiting additional cells from a stem 

compartment. 

Following the identification of the Lineage-, CD29+, CD34+, Sca1+, CD24+ 

adipose stem cells, Rodeheffer and colleagues also probed the role of these cells in 

obesity, and uncovered intriguing clues (Rodeheffer et al., 2008).  In this case, they 

transplanted the Lineage-, CD29+, CD34+, Sca1+, CD24+ population derived from 

adipocyte-luciferase mice into adipose depots of wild-type mice, rather than those with a 

paucity of fat as described above.  However, no adipocyte formation was detected when 

the wild-type recipients were fed a normal mouse diet (<10% fat).  In contrast, feeding 

the recipient mice a high fat diet induced formation of adipocytes, scored by expression 

of luciferase, indicating that, similar to animals with lipodystrophy, obese animals 

contain physiological (or pathophysiological) signals that stimulate adipose stem cells. 

Weighing into the fray, Joe et al.  studied a Lin-, Sca1+, CD24+ population present 

in the adipose SVF in control and high fat diet conditions (Joe et al., 2009).  Although 

this Lin-, Sca1+, CD24+ contingent may be relatively heterogeneous, Joe and colleagues 

hypothesized that aspects of biological responses provoked therein might reflect the 

behavior of the included adipose stem cell sub-population. In support of this notion, 

several studies report that isolated SVF cells display adipogenic behavior in vitro similar 

to that observed in vivo.  Employing high fat feeding, BrdU labeling, and flow cytometry, 
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Joe and colleagues observed that the dietary stimulus increased proliferation of the Lin-, 

Sca1+, CD24+ fraction (Joe et al., 2009).  

 

Function of Muscle Fibers in Metabolism and Adiposity 

Another physiological change, aside from diet-induced obesity, that can affect 

adiposity is exercise.  There are two main forms of exercise, aerobic (endurance) and 

anaerobic (strength training).  The fundamental difference between these two forms of 

exercise is the type of muscle fiber utilized for each, either slow twitch, oxidative fibers 

or fast twitch, glycolytic fibers.  These fiber types are differentiated based on the isoform 

of myosin heavy chain (MHC) present, with MHC-I and MHC-IIa being slow, and MHC-

IIx and MHC-IIb (rodents only) being fast (Bassel-Duby and Olson, 2006; Schiaffino and 

Reggiani, 1994).  In anaerobic exercise, fast fibers are mainly used; these fibers primarily 

use glycolysis (sugars) to obtain quick bursts of energy necessary for the quick 

contraction speed used in such activities as strength training and sprinting.  For aerobic 

exercise, slow fibers are utilized; these fibers contain mitochondria (giving these fibers a 

reddish color) and are thus able to obtain more energy from nutrients (fatty acids and 

sugars) than fast fibers, which is necessary for endurance exercises like long-distance 

running and swimming (Bassel-Duby and Olson, 2006).  Moreover, slow fibers are also 

more insulin-sensitive, usually expressing higher levels of both insulin signaling 

intermediates and glucose transporters (Marette et al., 1992; Song et al., 1999).  

Interestingly, muscle fibers can change type to fit the needs of the organism.  

Over time, with continual exercise (either anaerobic or aerobic), one type of fiber 

will become more predominant (Bassel-Duby and Olson, 2006).  For example, a 
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professional marathon runner will have more slow fibers than a weight lifter, due to 

switching of fast-twitch to slow-twitch fibers.  This change is due to levels of 

intracellular calcium, whose flux inside myofibers controls both contraction and multiple 

signaling pathways.  These pathways include the myocyte enhancer factor-2/histone 

deacetylase system, the calcinuerin/nuclear factor of activated T-cells system, 

peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) and 

others which may or may not function downstream of calcium changes including 

peroxisome proliferator-activated receptor delta, AMPK, Sox6 and microRNA (mir)-499 

(Bassel-Duby and Olson, 2006; Quiat et al., 2011; van Rooij et al., 2009).  These 

pathways and proteins can all function to control expression of fiber-type remodeling 

genes and are thus extremely important in the muscular adaptation seen with prolonged 

periods of exercise. 

Similar to adipose tissue, muscle also plays a key role in maintaining energy 

homeostasis, being able to utilize both fatty acids and sugars for energy.  Fatty acid 

uptake in muscle usually occurs in times of fasting or activity, when circulating 

carbohydrate levels are low and thus a secondary energy source is required.  However, in 

high-fat states like obesity, muscle can take up excess fatty acids from the blood and store 

them, not utilizing them for energy (Steinberg and Kemp, 2009).  Fatty acids enter the 

cell through interaction with fatty acid translocase (CD36) and fatty acid binding proteins 

(FABP), where it is esterified to long chain acyl-CoA by fatty acyl CoA synthase.  If 

energy is required (i.e., during exercise), the long chain acyl CoA is acted on by carnitine 

palmitoyltransferase-1 (CPT1), producing acylcarnitine, which is then transferred into the 

mitochondria. Once in the mitochondria, acylcarnitine is converted back to long chain 
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acyl CoA by carnitine palmitoyltransferase-2 (CPT2) and sent through β-oxidation.  This 

forms acetyl CoA, which then goes through the tricarboxylic acid (TCA) cycle.  

However, if there is a build up of acetyl CoA, the transfer of acyl CoA into the 

mitochondria can be prevented through inhibition of CPT1.  This occurs through 

synthesis of malonyl CoA by acetyl CoA carboxylase (ACC1 and ACC2).  Malonyl CoA 

acts as an allosteric inhibitor of CPT1, preventing production of acylcarnitine, while also 

participating in fatty acid synthesis.  Lastly, ACC can be inhibited by AMP-activated 

protein kinase (AMPK), which is activated, in part, by a decreased ATP/AMP ratio.  

Activated AMPK phosphorylates ACC, inhibiting malonyl CoA synthesis, which allows 

CPT1 to function properly (Figure 4) (Steinberg and Kemp, 2009; Zhang et al., 2010).  

Muscle tissue can also utilize carbohydrates for energy.  It has long been known 

that muscle acts as a glucose sink; in fact, insulin resistance within muscle cells is a 

hallmark of Type II diabetes and one of the main causes of the negative consequences 

associated with the disease (DeFronzo and Tripathy, 2009).  There are two general ways 

that myocytes are activated to take up glucose, insulin-dependent and insulin-independent 

(Figure 5).  Simply, when insulin binds the insulin receptor on a myocyte, it leads to 

activation of insulin receptor substrate-1 (IRS-1) through phosphorylation.  

Phosphorylated IRS-1 can then increase phosphatidylinositol-3 kinase activity.  This 

leads to translocation of both 3’-phosphoinositide-dependent kinase-1 and its substrate 

protein kinase B (PKB/Akt) to the plasma membrane, leading to Akt phosphorylation.  

Downstream of Akt, Akt substrate of 160 kDa (AS160) is a Rab GTPase activating 

protein that is involved in prevention of movement of glucose transporter 4 (GLUT4) 

vesicles from the cytoplasm to the plasma membrane.  Activated Akt phosphorylates 
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Figure 4.  Fatty Acid Uptake  
Myocytes can take up free fatty acids (FFA) through multiple transporters at the plasma 
membrane (double black lines), including CD36 and fatty acid binding protein (FABP). 
Once in the cell, FFA is acted on by fatty acyl CoA synthase (FACS) to make long chain 
acyl CoA (LCA).  LCA is then translocated into the mitochondria (double maroon lines) 
by both carnitine palmitoyltransferase-1 and 2 (CPT1 and CPT2) and sent through β-
oxidation (β-Ox) to form acetyl-CoA (ACoA), which is used as a substrate for the 
tricarboxylic acid (TCA) cycle.  If too much ACoA is present, it can be converted to 
malonyl CoA (MCA) by acetyl-CoA carboxylase 1 and 2 (ACC).  MCA acts to inhibit 
CPT1 (red line).  Lastly, activated AMP-activated protein kinase (AMPK) can 
phosphorylate ACC, inhibiting the production of MCA and activating CPT1.  
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AS160, inhibiting it and increasing translocation of GLUT4 to the membrane and thus 

increasing glucose movement into the cell (Figure 5) (Kanzaki, 2006). 

Furthermore, muscle is very unique in that glucose can enter the cell in an 

insulin-independent manner.  This is most evident during exercise, in which increased 

glucose uptake in muscle fibers is linked to AMPK and not insulin sensitization 

(Steinberg and Kemp, 2009).  Activation of AMPK occurs through phosphorylation by 

serine/threonine kinase 11 (LKB1) as well as calmodulin-dependent protein kinase kinase 

(CaMKK).  In muscle, during exercise, this activation leads to phosphorylation of PGC-

1α, which can lead to an increased GLUT4 transcription and mitochondrial biogenesis.  

Furthermore, activated AMPK is also believed to phosphorylate and inactivate two Rab 

GTPase activating proteins, TBC1 domain family member 1 (TBC1D1) and AS160, 

which leads to GLUT4 translocation to the plasma membrane (Figure 5) (Steinberg and 

Kemp, 2009).  Even though AMPK-dependent glucose uptake is a very important 

property in overall muscle physiology, the proteins involved upstream of LKB1 and 

CaMKK are largely unknown.  Lastly, another protein, p38 mitogen-activated signaling 

kinase (p38 MAPK), has been noted to be activated in insulin-dependent, AMPK-

dependent as well as insulin and AMPK-independent glucose uptake in muscle 

(Chambers et al., 2009; Somwar et al., 2000).  However, its function and downstream 

targets during glucose uptake are relatively unknown.  

Regardless of type, routine exercise will lead to a decrease in fat mass.  This has 

been proven multiple times by both exercise models and in genetic mouse models where 

either Type I or Type II fibers predominate, the ultimate result of prolonged exercise 

(McPherron and Lee, 2002; Narkar et al., 2008; Wang et al., 2004).  In these mice, 
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Figure 5.  Insulin Dependent and Independent Glucose Uptake 
Glucose uptake in myocytes can occur through both insulin dependent and independent 
manners.  If insulin (Ins) is present, it will bind to the insulin receptor (yellow) and lead 
to phosphorylation (red circle) of insulin receptor substrate 1 (IRS-1).  This leads to 
activation of phosphatidylinositol-3 kinase (PI3K) and phosphorylation of Akt through 
3’-phosphoinositide-dependent kinase-1 (PDK1).  Akt is activated via this 
phosphorylation and goes on to phosphorylate Akt substrate of 160 kDa (AS160), 
inhibiting it.  AS160 functions to prevent movement of glucose transporter 4 (GLUT4) 
vesicles to the plasma membrane.  Once AS160 is inhibited, GLUT4 vesicles are free to 
translocate to the plasma membrane, allowing glucose to enter the cell. 
Independent of insulin, both serine/threonine kinase 11 (LKB1) as well as calmodulin-
dependent protein kinase kinase (CaMKK) phosphorylate and activate AMP-activated 
protein kinase (AMPK).  Similar to Akt, activated AMPK can phosphorylate and 
deactivate AS160, as well as functionally similar TBC1 domain family member 1 
(TBC1D1), to allow translocation of GLUT4 vesicles to the plasma membrane. 
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increases in adipose mass due to high-fat diet were attenuated compared to control mice.  

Most attribute this to an increased energy need of these muscles, thus the energy from the 

high-fat diet is not being stored in adipose tissue and less weight gain occurs.  However, 

the effect that exercise and muscle fiber type has on adipose progenitor cells 

(proliferation and differentiation) has yet to be examined. 

 

Wnt Signaling in Adipogenesis 

Another area of interest regarding adipose progenitor cells is the in vivo genetics 

involved in proliferation, differentiation and overall maintenance of the adipose lineage.  

This is especially interesting in regards to the genetic changes due to the local niche 

environment.  In many adult stem cell niches, signaling pathways are activated within 

stem cells that control their proliferation and differentiation, the most common being 

Notch, Hedgehog and Wnt (Li and Xie, 2005).  The Wnt signaling pathway has been well 

characterized in multiple stem cell niches, including intestinal, hematopoietic and hair 

follicle and has been shown to be involved in both proliferation and differentiation of 

stem cells (Reya and Clevers, 2005).  In fact, mutations that allow constant Wnt signaling 

stimulation within stem cells has been implicated in multiple cancer types, including 

colorectal cancer, melanoma as well as multiple types of leukemia (Reya and Clevers, 

2005).  Furthermore, the Wnt signaling pathway is also highly involved in 

embryogenesis, especially axis formation, cellular patterning, cellular polarity and early 

stem cell decision (Wang and Wynshaw-Boris, 2004).  

The Wnt signaling pathway is extremely complicated, coordinating the function 

of multiple proteins to activate transcription of specific downstream targets.  The 
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canonical Wnt pathway involves the stabilization of β-catenin, a transcription factor.  

Simply, secreted Wnt ligand binds to the seven-transmembrane receptor Frizzled; signal 

transduction is relayed through Frizzled and Lrp5/6 to disheveled, the latter involved in a 

complex containing APC, Axin, CK1 and glycogen synthase kinase-3 (GSK-3).  In the 

absence of Wnt signaling, GSK-3 phosphorylates β-catenin on key residues, marking it 

for rapid degradation by the ubiquitin-proteasome pathway.  Following Wnt binding, the 

phosphorylation and subsequent degradation of β-catenin is blocked, due to translocation 

of the APC-Axin-CK1-GSK-3 complex to the plasma membrane via disheveled.  This 

allows the stabilized form of β-catenin to move into the nucleus where it interacts with 

the LEF/TCF DNA-binding proteins to activate transcription of target genes (Macdonald 

et al., 2007) (Figure 6).  

 Specifically, Wnt signaling plays an extremely important role in mesenchymal 

stem cell fate decisions.  Mesenchymal stem cells differentiate into cells of the 

mesoderm, including myocytes, osteoblasts, chondrocytes and adipocytes.  Early in 

differentiation, a cellular fate decision is made based upon the activation of β-catenin; if 

activated, the cell can differentiate down the myocyte, osteoblast and chondrocyte lineage 

(Ling et al., 2009).  If β-catenin is degraded, the mesenchymal stem cell will be fated to 

be an adipocyte (Christodoulides et al., 2009).  In the non-adipogenic lineage, this β-

catenin activation is usually transient.  For example, for the chondrocyte lineage, early 

expression of β-catenin is required to escape adipogenesis, but then its levels are 

attenuated as the cell begins chondrogenesis.  However, β-catenin is again activated 
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Figure 6.  Wnt Signaling Pathway 
In the absence of Wnt ligand (left cartoon), the APC-Axin-CK1-GSK3 protein complex 
binds and phosphorylates β-catenin.  This phosphorylation targets β-catenin for the 
proteosome and degradation.  In the presence of Wnt ligand (right cartoon), the binding 
of Wnt ligand to LRP5/6 (green block) and Frizzled (blue transmembrane protein) leads 
to translocation of the APC-Axin-CK1-GSK3 protein complex to the plasma membrane 
via disheveled (Dsh).  This allows β-catenin to escape phosphorylation and enter the 
nucleus to induce transcription. 
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during the later stages of differentiation and is maintained throughout the life of the 

mature chondrocyte (Ling et al., 2009). 

 In vitro, Wnt signaling has been shown to directly inhibit adipogenesis through 

repression of PPARγ and C/EBPα transcription (Ling et al., 2009).  Furthermore, cyclin 

D1 and c-Myc, both downstream transcription targets of β-catenin, can repress 

adipogenesis through direct protein interactions with PPARγ and C/EBPα (Ling et al., 

2009).  On the other hand, it has been shown that PPARγ can directly repress β-catenin.  

This involves protein-protein interactions in which PPARγ binding increases proteosome 

targeting of β-catenin (Christodoulides et al., 2009; Ling et al., 2009).  If and how this 

system functions in vivo remains unknown.  

 However, in vivo experiments in rodents have shown how Wnt signaling can 

affect overall fat mass and metabolism.  Using both normal and obese/diabetic 

backgrounds, MacDougald and colleagues have shown that activation of Wnt signaling 

within adipose tissue can decrease fat mass and improve whole body glucose metabolism 

(Longo et al., 2004; Wright et al., 2007).  To activate Wnt signaling, the Wnt ligand 

Wnt10b was trangenically put under the control of the aP2 promoter, which would drive 

expression of Wnt10b in mature adipocytes (Longo et al., 2004).  This creates a cell non-

autonomous activation of the pathway because Wnt10b is a secreted factor.  Thus, the 

phenotype seen in these mice could be due to activation of Wnt signaling in multiple cell 

types found in adipose tissue, including mature adipocytes, adipose progenitor cells, 

endothelial cells, smooth muscle cells, lymphocytes and possible even cells at a distance 

via the bloodstream.   
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To initially analyze cell-specific activation of Wnt signaling, our lab utilized 

genetic manipulation in the fruit fly Drosophila melanogaster.  Fruit flies store lipids in 

the fat body, which is a collection of cells similar to adipocytes, but that also have 

immune and liver-type functions (Schlegel and Stainier, 2007).  During the larval stage of 

development, the fat body is primarily used for its lipid storage abilities, while in adult 

flies the fat body plays a more complex, dynamic function.  To investigate the hypothesis 

that Wnt activation might blunt fat formation in flies, we drove expression of various 

positive components of the pathway, included the secreted ligand wingless (wg/wnt) and 

an intracellular activator of Wnt signaling disheveled (dsh), in the fat body.  To that end, 

we crossed flies harboring the fat body driver Dcg-GAL4 (Suh et al., 2006) with flies 

transgenic for UAS-wg and UAS-dsh; the former functions non-autonomously and the 

latter functions autonomously within the developing fat body cells per se.  We found that 

Dcg-driven expression of wg and dsh had equivalent reduction in lipid accumulation 

compared to controls (Figure 7A).  We next examined levels of circulating trehalose, the 

main carbohydrate within the hemolymph of D. melanogaster. Both wg and dsh mutant 

flies had decreased circulating trehalose levels (Figure 7B).  These experiments produced 

similar results to those seen by MacDougald and colleagues, with decreased fat mass and 

improved carbohydrate metabolism (Longo et al., 2004).  These data also went on to 

show that the changes seen in the mutant flies are due to Wnt activation in the adipocytes 

themselves, and not other cell types.  

To assess the role of Wnt signaling in the adult fat body, we expressed wg and 

dsh in the fat body of adult flies utilizing our previously described Fat Body Inducible 
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Figure 7.  Metabolic Effects of Wnt Activation Within Drosophila Larval Fat Body 
(A) Triglyceride (TG) content, normalized to protein, of control (Con), Dcg-wg (Wg), 
and Dcg-dsh (Dsh) larvae. 
(B) Hemolymph trehalose levels of control (Con), Dcg-wg (Wg), and Dcg-dsh (Dsh) 
larvae. 
Representative studies on third instar larvae; n ≥ 40 per cohort, repeated ≥ 3 cohorts. 
Error bars indicate standard error of the mean (SEM). Statistical significance was 
assessed by two-tailed Student’s t-test, *p<0.05, **p<0.01. Performed by Drew Stenesen 
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(FBI) fly lines, in which gene expression can be controlled in the fat body in a temporally 

specific manner using RU486 (Suh et al., 2007).  Interestingly, expression of either wg or 

dsh in the adult fat body did not change triglyceride levels (Figure 8). Therefore, it is 

possible that Wnt functions in only specific cells within the adipocyte lineage.  In the 

case of D. melanogaster, larval fat body cells respond to Wnt signaling while adult fat 

body cells do not.  Thus, there is possibility that activation of Wnt signaling in 

mammalian adipose progenitor cells may produce a different phenotype than activation in 

mature adipocytes.  

 

Rationale For Studies 

 Adipose progenitors are a newly defined set of cells, only being isolated and 

characterized over the last five years and, therefore, not much is known about their in 

vivo function and their in vivo genetic control.  As the world’s population continues to 

increase in weight, an understanding of both of these parameters is key to developing 

pharmacological methods to reduce adiposity.  Exercise is a natural form of fat loss; by 

examining the connection between this activity and adipose progenitor function we can 

gain further insight into the role of these cells in adipose tissue physiology as well as 

describe possible crosstalk between myocytes and adipose progenitors.  Genetic studies 

can also further our in vivo understanding of adipose progenitor cells.  By examining the 

function of the Wnt pathway in adipose stem/progenitor cell maintenance, we can learn 

what genes are important for adipose growth and energy homeostasis.  Through both of 

these studies, exercise (muscle-adipose crosstalk) and activation of Wnt signaling, we get  
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Figure 8.  Wnt Activation Within Adult Fat Body 
Triglyceride (TG) levels, normalized to protein, of FBI-Wg and FBI-Dsh randomized to 
vehicle or RU486 as adults. 
Representative studies on adults; n ≥ 40 per cohort, repeated ≥ 3 cohorts. Error bars 
indicated standard error of the mean (SEM). Statistical significance was assessed by two-
tailed Student’s t-test. Performed by Drew Stenesen 
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closer to both a molecular understanding of what drives in vivo adipogenesis and a 

pharmacological source for weight loss. 
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MATERIALS AND METHODS 

	  
Mouse Studies 

The PPARγ-tTA, TRE-Cre, aP2-Cre, fBC, BCA, PPARγ null, TRE-H2B-GFP, 

R26R, mck-mir499, mck-Cre, and fSox6 mice were maintained as described and used to 

generate A-BCA, P-BCA lineage reporter and muscle-specific mouse lines (Quiat et al., 

2011; Tang et al., 2008; van Rooij et al., 2009). The PPARγ null mice were generated by 

crossing mice with Sox2-Cre (Hayashi et al., 2002) to mice harboring a floxed allele of 

PPARγ and PPARγ-tTA. The PPARγ-tTA acts as a null allele, and thus, when the Sox2-

Cre recombines the floxed PPARγ, the knockout is made. This is in a manner similar to 

previous PPARγ null mice (Duan et al., 2007).  Mice were fed normal chow (4% fat, 

Teklad) and kept on normal 12-hour light/dark cycles.  Fat content was measured using a 

minispec mq10 NMR Analyzer (Bruker). For GTTs and ITTs, 1.25mg glucose or 1.5mU 

Humolog (Lilly) /1g mouse weight was injected intraperitoneally (IP) after a 5 hour fast 

(for GTT) or during normal feeding (for fed GTT and ITT) and blood glucose levels were 

measured at the indicated intervals for up to two hours as described (Seo et al., 2009).  To 

induce a diabetic phenotype in control and P-BCA mice, streptozocin (STZ) was injected 

IP into the mice at 0.2mg STZ /1g mouse in 0.1M sodium citrate buffer (pH 5.5) (Pieper 

et al., 1999). To block AMPK activation, Compound C was injected IP into mice at 30mg 

Compound C/kg mouse in 100mM HCl (Kim et al., 2004).  Veterinary care was provided 

by the Division of Comparative Medicine.  All animals were maintained under the 

guidelines of the UT Southwestern Medical Center Animal Care and Use Committee 

according to current NIH guidelines.  
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Voluntary Wheel-Running 

Mice were individual housed in cages equipped with a running wheel and allowed 

to run ad libitum.  Running was recorded using a Dataquest Acquisition and Analysis 

System (Data Sciences International) for up to two months.  Mice were maintained on 

normal 12-hour light/dark cycles (Wu et al., 2001). 

 

Metabolic Phenotyping Experiments 

All the clamp experiments were performed in the metabolic core at the UT 

Southwestern Medical Center at Dallas based on previously described methods (Berglund 

et al., 2008).  In brief, control and mutant mice were anesthetized with Isoflurane 

(Oxygen flow rate: 0.5-1 liter/min and Isoflurane concentration: 2-3%) and the jugular 

vein was catheterized for infusion purposes.  Mice were then monitored for 5 days and 

only mice that remained within 10% of the pre-surgical body weight were studied.  On 

the day of study at ~ 8:00am, mice began a 5 hour fast.  A primed, continuous infusion of 

D- [3-3H]-glucose was initiated at t = -90 minutes to measure glucose turnover.  The 

clamp was started at t = 0 minutes with a continuous insulin infusion (2.5mU/kg/min).  

Glucose was measured every 10 minutes for 2 hours using a commercial glucometer and 

blood samples from the cut tail and euglycemia (150mg/dL) was maintained using a 

variable glucose infusion rate (GIR).  Blood samples to measure glucose turnover and 

clamp insulin were taken at t = 80, 100, and 120 minutes.  A 2-[1-14C]-deoxy-D-glucose 

bolus was administered at 120 minutes to measure tissue-specific glucose uptake and 

blood samples were taken at t = 122, 130, 137, and 145 minutes.  Mice were then 

sacrificed using avertin and tissues were collected to determine glucose uptake.  For 
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somatostatin experiments, catheterized mice were fasted for 2 hours and somatostatin (3 

µg/kg/min prepared with 3% saline-plasma solution) was infused at 0 minutes to prevent 

pancreatic secretion of insulin and glucagon. A glucose tolerance test (2 g/kg i.v.) was 

then performed at 120 minutes.  Blood glucose was measured every 15 min for next 60 

min using blood sample from the cut tail. 

 

Histological Studies and DAB Staining 

Tissues from mutant and control mice were fixed with formalin solution 

overnight, processed using a Microm STP120 tissue processor and then embedded in 

paraffin. For hematoxylin and eosin staining, five to eight micron sections were cut and 

then deparaffinized through three washes in xylene.  The slides were then hydrated 

through graded washes of 100% ethanol (EtOH), 95% EtOH and distilled water and then 

stained with hematoxylin and eosin. Sections were then washed sequentially in distilled 

water, 95% EtOH, 100% EtOH and xylene and coverslipped.  For Trichrome staining, 

Gomori’s one-step trichrome stain protocol was used (Gomori, 1950).  Briefly, five to 

eight micron sections were cut, depraffinized and hydrated as above.  Slides were then 

fixed in Bouin’s fixative for one hour at 56°C.  Sections were washed in distilled water 

and then incubated in Weigert’s iron hematoxylin for ten minutes followed by a wash 

with tap water.  This was followed by a twenty-minute incubation in Gomori’s trichrome 

stain (0.6% w/v chromotrope 2R, 0.3% w/v aniline blue, 1.0% glacial acetic acid and 

0.8% w/v phosphotungstic acid in distilled water).  Slides were then washed in 1.0% 

acetic acid, followed by a wash in distilled water then dehydrated and coverslipped as 

previously described. 
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For immunostaining, the tissue sections were deparaffinized and rehydrated as 

above then boiled in antigen-retrieval solution (1.8% 0.1M citric acid and 8.2% 0.1M 

sodium citrate in distilled water, pH 6.0).  Once cooled, the slides were washed in 

distilled water and then incubated in 3.0% hydrogen peroxide for ten minutes.  Again, 

wash the sections in distilled water and then wash in TBST (TBS with 1.0% Tween-20).  

The slides were then blocked in serum, treated with β-catenin or Fsp-1 antibody, 

incubated with biotinylated secondary antibody then stained using ABC reagent and 

DAB (Thermo Scientific) following manufacture’s protocol in the Vectastain ABC KIT 

(Vector Laboratories).  Slides were then rehydrated and coverslipped as previously 

described. 

 

RNA Extractions and Real-Time PCR 

Total RNA from adipose tissue, muscle tissue and various cells was extracted 

using TRIzol (Invitrogen).  Briefly, tissue and cells were disrupted in TRIzol and then 

chloroform was added to separate nucleic acids from protein.  This was centrifuged, with 

the resultant aqueous layer being mixed with isopropanol to precipitate the RNA.  The 

mixture is further centrifuged, with the RNA forming a pellet.  This pellet is then washed 

in 75% EtOH and then dried and resuspended in distilled water.  The RNA is then 

DNaseI-treated for one hour at 37°C, with EDTA then being added to stop the reaction.  

To make cDNA, we incubated the RNA with random hexamers, dNTPs and Moloney 

Murine Leukemia Virus Reverse Transcriptase as described (Seo et al., 2009).  Gene 

expression was analyzed using 7500 Real-Time PCR System (Applied Biosystems) using 
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SYBR Green Master Mix reagent (Applied Biosystems).  The values for gene expression 

were normalized by beta-actin expression.  

 

Western Blotting and Antibodies 

Immunoblotting was performed according to standard procedures (Seo et al., 

2005).  Protein samples were extracted using PhosphoSafe Extraction Reagent 

(Calbiochem), boiled, and separated on denaturing polyacrylamide gels prior to transfer 

onto nitrocellulose. The membrane was blocked and incubated with primary antibodies.  

All primary antibodies (total and phospho (Thr 172) AMPK, total and phospho (Ser 79) 

ACC, total and phospho (Thr 180/ Tyr 182) p38 MAPK, total and phospho (Ser 473) Akt, 

total and phospho (Ser 1101) IRS1, β-catenin, Glut4, and tubulin) were purchased from 

the Cell Signaling Technology except Fsp-1 and Glut1 (Abcam).  Subsequently, the 

nitrocellulose membranes were washed and incubated with secondary antibodies 

conjugated with HRP (Jackson ImmunoResearch).  Signals were detected with a 

chemiluminescent kit (NEN). 

 

Plasma Membrane Fractionation 

Plasma membrane fractionation was performed as previously described with 

slight modification (Carvalho et al., 2004).  Muscle tissue from hind legs of control and 

P-BCA mice were explanted, frozen, powdered, suspended in HB buffer (20mM Tris, 

1mM EDTA, 255mM Sucrose, pH 7.4), and homogenized with a dounce tissue grinder.  

The supernatant was centrifuged at 16,000g for 20 minutes after tissue debris was 

removed.  The pellet was resuspended with HB buffer and centrifuged on 1.12M sucrose 
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cushion at 100,000g for 15 minutes.  Plasma membrane fraction was collected from the 

interface, diluted with HB buffer and centrifuged at 200,000g for 15 minutes to pellet the 

plasma membrane fraction.  The final pellet was resuspended in SDS lysis buffer, 

sonicated, centrifuged, and the supernatant was used as plasma membrane fraction. 

 

Isolation of Adipose Progenitor Cells and Adipocytes 

Floating adipocytes and SV cells were isolated from explanted adipose depots as 

described (Tang et al., 2008).  Briefly, SV cells were isolated from pooled white adipose 

depots (inguinal and intrascapular for subcutaneous and perigonadal fat pad for visceral) 

that were explanted and minced into fine pieces.  The adipose pieces were then digested 

in adipocyte isolation buffer (100mM HEPES pH 7.4, 120mM NaCl, 50mM KCl, 5mM 

glucose, 1mM CaCl2, 1.5% BSA) containing 1mg/ml of type I collagenase 

(Worthington) at 37°C for 2 hours.  The suspension was then passed through a 210μm 

mesh to remove undigested clumps and debris. The effluent was centrifuged at 500g for 

10 minutes, with the SVF pelleting to the bottom and adipocytes forming a top layer.  

The adipocytes were removed from the top layer for either RNA or nuclei isolation.  The 

SVF pellet was then resuspended in 155mM NH4Cl erythrocyte lysis buffer, and filtered 

through 30μm mesh.  This was then centrifuged at 500g for 10 minutes and the pellet 

washed with PBS.  The resultant isolated cells were subjected to FACS, plated in cell 

culture vessels or RNA isolation. 
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Adipocyte Nuclei Isolation 

This procedure was performed as previously described (Tang et al., 2008).  

Briefly, the adipocytes were isolated as described above and then resuspended in cold 

nuclei extraction buffer (320mM sucrose, 5mM MgCl2, 10mM HEPES, 1% Triton-X at 

pH7.4).   The cells were vortexed gently for 10 seconds and incubated on ice for 15 

minutes.  Nuclei were pelleted at 2000xg, and washed twice with nuclei wash buffer 

(320mM sucrose, 5mM MgCl2, 10mM HEPES at pH7.4).  Nuclei were then either 

prepared for FACS analysis or stained for BrdU. 

 

BrdU Staining 

BrdU was either given in drinking water (0.05% BrdU, 0.1% Splenda) for two 

days to one week or injected intraperitoneally (50mg/kg body weight) examined two 

hours later.  BrdU was analyzed using a BrdU staining kit (BD Biosciences) following 

manufacturer’s protocol.  Briefly, cells or nuclei are fixed, permeabilized, DNase-treated 

and then stained with anti-BrdU antibody.  The cells/nuclei are then stained with APC-

conjugated secondary antibody, then stained with propidium iodide and analyzed using 

FACS.     

 

Cell Culture 

The SVF cells were cultured in Dulbecco's Modified Eagle Media (DMEM) with 10% 

FBS, 100units/ml penicillin and 100μg/ml streptomycin.  For adipogenic induction, 

confluent wells were maintained in growth media supplemented with 1μg/ml insulin for 

at least one week. Oil Red O (0.5% in isopropanol) staining was performed as described 
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(McKay et al., 2003).  Briefly, cells were fixed in 10% formalin, washed, then incubated 

in Oil Red O working solution (four parts water mixed with six parts Oil Red O) for one 

hour at room temperature.  Cells are then washed and analyzed through light microscopy 

or absorbance.  For absorbance analysis, Oil Red O was extracted from cells with 

isopropanol and absorbance (570nm) was measured to quantify stain. 

Recombinant retroviral production and transduction was performed using 

standard methods (Suh et al., 2006).  Recombinant retroviruses (pMX backbone) were 

generated using Fugene6 (Invitrogen) transfection of the retroviral constructs into 

Phoenix packaging cells.  Growth media was changed the next day and viral supernatant 

was harvested and passed through a 0.2 µm filter 48 and 72 hours after transfection.  The 

viral media was supplemented with polybrene (6µg/mL) and applied over two days to 

preconfluent SVF cells.  

 

X-gal Staining  

X-gal staining was performed as described (Tang et al., 2008).  In brief, adipose 

and muscle explants were fixed in 2% formaldehyde, 0.2% glutaraldehyde, PBS for 30 

minutes and then rinsed with three 15-minute changes of wash buffer (2mM MgCl2, 

0.02% NP-40, 0.1M sodium phosphate buffer, pH7.3).  The tissues were stained in wash 

buffer containing 1mg/ml X-gal, 5mM potassium ferrocyanide, 5mM potassium 

ferricyanide overnight at room temperature on a rocker.  Tissue was then washed in wash 

buffer and further fixed in either 10% formalin or 4% paraformaldehyde for histology. 
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Fly Studies 

The Dcg-GAL4 fat body driver was described previously (Suh et al., 2007). The 

driver lines were crossed to either UAS-wg or UAS-dsh in the background of Chico 

heterozygosity.  Triglyceride assays were performed as described (Suh et al., 2007).  In 

brief, larvae were lysed in 0.5% SDS/PBS and triglyceride content was assayed using the 

Infinity Triglyceride Reagent (Sigma) following manufacturer’s protocol.  Protein 

concentrations used to normalize triglyceride levels were measured with a BCA protein 

assay kit (Pierce). 

 

Ex Vivo Glucose Uptake Assay 

Tibialis anterior and extensor digitorum longus muscles were excised from wild-

type P60-P120 males and placed into 100µL of control or mutant serum.  The muscle 

tissue was incubated for approximately three hours and then washed two times in PBS.  

The muscle was then incubated in supplemented glucose-free DMEM (5.0mM 2-deoxy-

D-glucose and 1.65% 3H-labeled 2-deoxy-D-glucose (1.0mC1/mL stock)) for twenty 

minutes at 37°C while shaking at 40rpm.  Tissues were then washed twice in ice-cold 

PBS and then read on scintillation counter. 
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RESULTS I – Adipogenic Response to Exercise and Muscle Fiber Type 

Generation of Reporter Mice 

 To examine the response of adipose progenitor cells to multiple physiological 

stimuli, we generated adipose-specific GFP reporter mice.  To do this, we crossed the 

previously created PPARγ-tTA mouse strain to the tet-response element (TRE)-H2B-GFP 

mouse strain to create PPARγ-tTA; TRE-H2B-GFP (PPARγ-GFP) mice.  In this model, 

H2B-GFP is expressed in all cells that express PPARγ, including both mature adipocytes 

and adipose progenitor cells.  Furthermore, the production of H2B-GFP can be controlled 

with doxycycline (dox); the introduction of dox, through the drinking water, prevents 

PPARγ-tTA from binding to the tet-response element thus inhibiting H2B-GFP 

transcription.  Once H2B-GFP is produced, it is incorporated into the chromatin during 

DNA replication.  H2B-GFP is very stable in the nucleosome and thus can be used not 

only as a PPARγ marker, but as a measure of proliferation.  This is because once dox is 

added to the system, the H2B-GFP present within the cell will be divided evenly amongst 

its daughter cells.  Thus, while on dox, the GFP intensity of highly proliferative cells will 

be less compared to cells that do not divide (Figure 9A).  We can additionally examine 

the proliferative response of progenitors to stimuli through addition of BrdU (Figure 9B). 

 This system can also be used to analyze adipocyte turnover.  It has been shown by 

our lab that during normal adipose homeostasis mature adipocytes go through apoptosis 

and get replaced by new adipocytes.  We can measure this turnover with the PPARγ-GFP 

reporter mice (Figure 9C).  As mentioned above, with dox treatment, GFP fluorescence 

within the SVF becomes diluted as progenitor cells divide.  If those cells with diluted 

GFP become adipocytes (hyperplasia or adipocyte turnover), those adipocytes will not
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Figure 9. Experimental Design of Dox and BrdU Treatment 
Mice will be put into four groups, +/- stimulus (high fat diet or exercise) and +/- stimulus 
with dox, for two months.  
(A) By examining GFP expression and intensity in the SVF, we can investigate the 
proliferative capacity of the progenitor cells with or without stimulus through dox, since 
less GFP equates to increased proliferation.  
(B) By BrdU treating the non-dox mice for two days prior to analysis, we can assess 
overall proliferative changes that have occurred due to the two month exposure to 
stimulus.  
(C) Using the same methods as shown in (A), we can also examine adipocyte 
differentiation and turnover.  This is because, on dox, new adipocytes will be formed 
from SVF cells that have decreased GFP from proliferation.  Therefore, increased 
adipocyte turnover will yield new adipocytes with decreased nuclear GFP.   
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express (or have low expression of) GFP as well.  Thus, over time on dox, mature 

adipocytes will have decreased GFP intensity compared to those adipocytes not treated 

with dox.  Therefore, we can see if external stimuli cause increased differentiation of 

adipose progenitor cells or increased turnover by examining the GFP intensity of mature 

adipocytes after dox treatment. 

 

Effect of High Fat Diet on Adipose Progenitor Function 

 We first wanted to ensure that our system functioned properly, so we examined 

our PPARγ-GFP reporter line in response to high fat diet (60% fat, HFD), since it has 

been shown previously that stromal vascular fraction cells increase proliferation in 

response to HFD (Joe et al., 2009).  To do this, we put two-month old reporter mice into 

four experimental groups for eight weeks: normal chow alone (NC-A), normal chow plus 

dox (NC-D), HFD alone (HFD-A) and HFD plus dox (HFD-D).  Two days prior to 

analysis, we gave the normal chow alone and HFD alone groups BrdU in the drinking 

water.  After eight weeks, we removed adipose tissue from the mice and isolated mature 

adipocytes and SVF cells for GFP and BrdU analysis. 

As expected, the mice fed HFD for two months showed increased body fat 

percentage and depot weight compared to control mice.  Furthermore, the addition of 

doxycycline did not have a significant effect of weight and fat mass (Figure 10A and 

10B).  We next examined whole depots for expression and intensity of GFP.  As a 

control, we compared NC-D to NC-A and saw an overall decrease in GFP, which	  is to be 

expected due to progenitor cell proliferation and adipocyte turnover.  We next examined 

HFD-D mice and found that, compared to NC-D depots, there was less green,
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Figure 10. Body Fat Percentage and Depot Size of Mice on High Fat Diet 
(A) Percent body fat through Nuclear Magnetic Resonance (NMR) of indicated mice.  
(B) Individual adipose depot weights of indicated mice.  IGW = inguinal WAT, ISCW = 
intrascapular WAT, PGW = perigonadal WAT, MWAT = mesenteric WAT 
Representative studies on P120 males; n ≥ 16 per cohort, repeated ≥ 3 cohorts.  Error bars 
indicate SEM. Statistical significance assessed by two-tailed Student’s t-test.  HFD 
groups compared to appropriate normal chow controls.  *, #p<0.05  
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seeming to denote increased progenitor proliferation and increased adipocyte turnover 

(Figure 11).  To further study this, we combined two subcutaneous depots (inguinal and 

intrascapular) and isolated adipocytes and SVF from each of the four groups.  We first 

analyzed the SVF of the NC-D and HFD-D for GFP expression.  In consensus with the 

hypothesis that HFD increase progenitor proliferation, the HFD-D SVF had fewer GFP-

positive (GFP+) cell than NC-D SVF (Figure 12A).  Consistent with the GFP data, HFD-

A had fewer BrdU-positive (BrdU+)GFP+ progenitor cells compared to NC-A (Figure 

12B).  Lastly, to analyze adipocyte turnover, we isolated adipocyte nuclei from NC-D 

and HFD-D and found that there were less GFP+ adipocyte nuclei in the HFD fed mice 

compared to the dox control (Figure 12C).  This suggested that there is increased 

turnover/adipogenesis with HFD feeding.  These results agree with what has been shown 

in previous experiments and confirm that our PPARγ-GFP reporter mouse is an 

appropriate model to study progenitor and adipocyte response to stimuli. 

 

Effect of Exercise on Adipose Progenitor Function 

 We next wanted to analyze the effect of endurance exercise (wheel running) on 

adipose progenitor cells.  We hypothesized that exercise would have the opposite effect 

on adipose progenitor cells compared to HFD; the cells would show both decreased 

proliferation and adipogenesis.  To study this, we put two month old PPARγ-GFP 

reporter mice into four groups for eight weeks: sedentary alone (S-A), sedentary plus dox 

(S-D), exercise alone (E-A) and exercise plus dox (E-D).  Two days prior to analysis we 

gave both S-A and E-A mice BrdU in the drinking water.  After two months, we analyzed 

the adipose tissue for proliferation and turnover effects.  
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Figure 11.  Adipose Depot GFP After Two Months of Dox and HFD 
Fluorescent microscopy pictures of inguinal (IGW) and perigonadal (PGW) adipose 
depots two months after exposure to indicated treatment.  Two-second exposure was used 
to visualize GFP in Dox groups.  Note decreased GFP levels in HFD+Dox compared to 
Dox alone.   - = without Dox, + = with Dox. 
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Figure 12.  Analysis of Subcutaneous SVF and Adipocytes after Exposure to HFD 
(A) Percentage of GFP-positive (GFP+) cells in the SVF of mice two months after 
indicated treatments. 
(B) Percentage of GFP+ cells that are BrdU-positive (BrdU+) in the SVF of mice two 
months after indicated treatments. 
(C) Percentage of GFP+ nuclei in adipocyte fraction isolated after collagenase treatment 
of mice two months after indicated treatment. 
Representative studies on P120 males; n ≥ 16 per cohort, repeated ≥ 3 cohorts.  Error bars 
indicate SEM. Statistical significance assessed by two-tailed Student’s t-test.  Control 
(+Dox) compared to Control and HFD (+Dox) compared to Control (+Dox).  *, #p<0.05  
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As expected, two months of ad libitum wheel running led to decreased body fat 

percentage and fat depot size (Figure 13A and 13B).  It was also noted that dox water did 

not alter either exercise or its effect on weight loss (Figure 13A-13C).  We first examined 

whole depot GFP expression.  Strikingly, E-D adipose depots had increased GFP 

intensity compared to S-D, suggesting decreased progenitor proliferation and decreased 

adipocyte turnover (Figure 14A).  We then isolated SVF and mature adipocytes from all 

four groups.  We first quantified the number of GFP+ cells within the SVF of S-D and E-

D mice and found no difference in GFP+ cell number between the two groups (Figure 

14B).  However, we noticed less BrdU+GFP+ SVF cells in E-A mice compared to 

sedentary alone (not shown).  These two data sets appeared contradictory, so we 

examined GFP intensity differences between the two dox-treated mouse groups.   

We set up three arbitrary bins based on intensity of GFP, GFP low (103-104, P1), 

GFP mid (104-105, P2) and GFP high (>105, P3), and compared GFP intensities (Figure 

14C).  We found that cells from E-D mice had higher GFP intensities (right shift) 

compared to S-D mice (Figure 14D).  Of note, when we binned our BrdU results, we 

found that only P1 (low GFP intensity) showed any difference in BrdU levels between S-

A and E-A mice (Figure 14E).  We next examined the adipocyte nuclei of S-D and E-D 

mice and noticed a higher percentage of GFP-positive nuclei from E-D mice compared to 

sedentary control (Figure 14F).  To further examine differentiation, we removed stromal 

vascular fraction from exercised and sedentary mice and induced them in vitro.  

Remarkably, Oil Red O analysis indicated that differentiation was blunted in the majority  

of exercised SVF compared to sedentary mice (Figure 15A and 15B).  These



	  

55	  

  

A	   	   	   	   	  	  	  	  	  	  B 

	    
C 

 
 
 

 

Figure 13. Body Fat Percentage, Depot Size and Running Rate of Exercised Mice  
(A) Percent body fat through Nuclear Magnetic Resonance (NMR) of indicated mice.  
(B) Individual adipose depot weights of indicated mice.  IGW = inguinal WAT, ISCW = 
intrascapular WAT, PGW = perigonadal WAT, MWAT = mesenteric WAT 
(C) Rate of cycle revolutions of indicated mice on running wheel. 
Representative studies on P120 males; n ≥ 16 per cohort, repeated ≥ 3 cohorts.  Error bars 
indicate SEM. Statistical significance assessed by two-tailed Student’s t-test.  For (A) and 
(B), exercised groups compared to appropriate sedentary controls.  *, #p<0.05  
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Figure 14. Analysis of SVF and Adipocytes after Exposure to Exercise  
(A) Fluorescent microscopy pictures of IGW and PGW depots two months after exposure 
to indicated treatment. Note increased GFP in Exercise+Dox compared to Dox alone. 
(B) Percentage of GFP+ cells in SVF of mice two months after stimulus. 
(C) FACS plot showing P1(Low), P2(Mid) and P3 (Hi) GFP intensity levels. 
(D) Percentage of GFP+ cells within each GFP intensity group of subcutaneous SVF. 
(E) Percentage of BrdU+ GFP+ cells within each GFP intensity group. 
(F) Percentage of GFP+ nuclei in adipocyte fraction two months after treatment. 
Representative studies on subcutaneous depots of P120 males; n ≥ 16 per cohort, repeated 
≥ 3 cohorts.  Error bars indicate SEM. Statistical significance assessed by two-tailed 
Student’s t-test. Sedentary(+Dox) compared to Sedentary and Exercise(+Dox) compared 
to Sedentary(+Dox).*, #p<0.05  
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Figure 15. In Vitro Adipogenesis of SVF from Sedentary and Exercised Mice 
(A) Oil Red O (ORO) staining of indicated SVF plated to confluency and induced for 
four days with insulin. 
(B) Absorbance levels of ORO isolated from SVF after four days of induction with 
insulin. 
Representative studies on P120 males; n ≥ 6 per cohort, repeated ≥ 2 cohorts.  Error bars 
indicate SEM. Statistical significance assessed by two-tailed Student’s t-test. *p<0.05 
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experiments suggest that exercise decreases both adipose progenitor proliferation and 

differentiation.  The above data, including HFD, are summarized in Table 1. 

It is possible that these effects are due to decreasing adiposity and not due to 

exercise itself.  To test this, we ran PPARγ-GFP mice while feeding them HFD and 

compared them to sedentary controls on normal chow.  After two months, body fat 

percentages showed no change between the two groups (Figure 16A).  Thus, the loss of 

adiposity due to exercise was offset by HFD feeding.  We then isolated SVF and 

analyzed the GFP+ cells for BrdU, which was given for two hours prior to analysis.  

Interestingly, even though there was no change in adiposity, exercised mice on HFD still 

had decreased levels of BrdU compared to sedentary mice (Figure 16B).  Thus, it seems 

exercise itself has direct effects on adipose progenitor function. 

 

Genetic Mouse Models of Exercise 

 Endurance exercise leads to multiple physiological changes, including changes 

from a fast to slow muscle fiber type (Figure 17A).  We hypothesized that these slow 

muscle fibers contribute to the adipose progenitor phenotype we see after two months of 

wheel running.  To test this, we utilized two genetic mouse models that have 

predominantly slow muscle fibers, muscle creatine kinase (mck) driven microRNA 499 

(mck-mir499) transgenic mice (Figure 17B) and muscle-specific knockout of Sox6 (mck-

Cre; Sox6f/f or msSox6-/-) (Quiat et al., 2011; van Rooij et al., 2009).  We first wanted to 

analyze these mice for any overt adipose or metabolic phenotype on normal chow.   

As expected, muscle tissue of mck-mir499 mice weighed less compared to 

controls, as slow fibers are smaller than fast fibers (Figure 18A).  However, body fat
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Table 1.  GFP Levels and BrdU Incorporation in Adipose Progenitor Cells during 
HFD and Exercise 
This table highlights the in vivo changes that occur in adipose progenitor cells during 
both high fat diet and exercise.  The green arrows represent the changes that occur 
between dox-treated mice (+/- HFD or exercise) and the blue arrows represent the 
changes that occur between mice not receiving dox (+/- HFD or exercise).  Overall, the 
data shows that HFD treatment increased adipose progenitor proliferation (decreased total 
depot GFP intensity, decreased SVF GFP expression/intensity, increased BrdU 
incorporation) and increased adipocyte turnover (decreased total depot GFP intensity, 
decreased adipocyte GFP expression/intensity).  The data also shows that exercise yields 
the opposite effect with decreased progenitor proliferation (increased total depot GFP 
intensity, increased SVF GFP intensity, decreased BrdU incorporation) and decreased 
adipocyte turnover (increased total depot GFP intensity, increased adipocyte GFP 
expression/intensity). 
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Figure 16. Combination of HFD and Exercise Still Represses Progenitor 
Proliferation 
(A) Body fat percentage of indicated mice after two months of exercise/HFD.  Two left 
groups (sedentary (NC) and exercise (NC)) show normal fat change due to exercise. 
(B) Percentage of GFP+ cells that are BrdU+ within subcutaneous SVF. 
Representative studies on P120 males; n ≥ 6 per cohort, repeated ≥ 2 cohorts.  Error bars 
indicate SEM. Statistical significance assessed by two-tailed Student’s t-test. *p<0.05 
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Figure 17. Muscle Fiber Types of Exercised and mck-mir499 Mice 
(A) Lower body picture of sedentary mice and mice allowed to wheel run ad libitum for 
two months.  Note increased reddening of muscles in exercised mice, denoting increased 
slow fibers.  
(B) Lower body picture of control and mck-mir499 mice. Note increased reddening of 
muscles in mck-mir499 mice, denoting increased slow fibers.  
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percentage was unchanged compared to controls, as was individual fat depot weights 

(Figure 18B and 18C).  Furthermore, adipose histology was unchanged (Figure 18D).  To 

test metabolism, we performed glucose tolerance tests (GTTs) on mck-mir499 mice and 

littermate controls and found no differences (Figure 18E).  We performed similar 

examinations on msSox6-/-, looking at muscle and adipose size, body fat percentage and 

GTTs, and found no changes compared to controls, similar to mck-mir499 mice (Figure 

19A-D).  

 Finding no changes in overall adiposity or metabolism, we next examined the 

SVF, believing that with no explicit fat or metabolic phenotype, any changes in the 

stromal vascular fraction would stem from fiber type changes.  Looking at overall SVF 

proliferation, we found less BrdU+ cells in both mck-mir499 and msSox6-/- mutant mice 

compared to controls (Figure 20A and 20B). To analyze the white adipose progenitor cell 

further, we crossed the mck-mir499 mouse to our PPARγ-GFP reporter system.  Looking 

at proliferation, we gave these mice BrdU and again found decreased levels of 

BrdU+GFP+ cells within the SVF (Figure 20C).  We next analyzed in vitro adipogenesis 

of SVF from the slow fiber mutants. Both the mck-mir499 and msSox6-/- SVF showed 

inhibited differentiation compared to controls (Figure 20D and 20E).  This is interesting 

in that in vivo adiposity was normal even though adipose progenitor cells appeared to 

have repressed function.  Regardless, these findings led us to hypothesize that during 

normal physiological conditions slow muscle fibers can decrease white adipose 

progenitor cell proliferation and adipogenesis.  Of note, the mck-mir499 transgene and 

mck-Cre were not expressed in adipocytes or SVF (not shown). 
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Figure 18. Fat and Metabolic Phenotype of mck-mir499 Transgenic Mice 
(A) Weights of tibialis anterior from control and mck-mir499 mice.  Weights normalized 
to tibia length. 
(B) Percent body fat identified by NMR. 
(C) Depot weight of inguinal fat pad (IWAT). 
(D) Hematoxylin and eosin staining of inguinal fat pad (IWAT). 
(E) Glucose tolerance test (GTT) of control and mck-mir499 (499 Tg). 
Representative studies on P60 females; n ≥ 8 per cohort, repeated ≥ 2 cohorts.  Error bars 
indicate SEM. Statistical significance assessed by two-tailed Student’s t-test. *p<0.05. 
Performed with Douglas Millay 
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Figure 19. Fat and Metabolic Phenotype of msSox6-/- Mutant Mice 
(A) Weights of tibialis anterior from control and msSox6-/- (Sox6-/-) mice.  Weights 
normalized to tibia length. 
(B) Percent body fat identified by NMR. 
(C) Depot weight of inguinal fat pad (IWAT). 
(D) Glucose tolerance test (GTT) of control and msSox6-/-. 
Representative studies on P60 females; n ≥ 8 per cohort, repeated ≥ 2 cohorts.  Error bars 
indicate SEM. Statistical significance assessed by two-tailed Student’s t-test. *p<0.05. 
Performed with Douglas Millay 
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Figure 20. SVF Phenotype in mck-mir499 and msSox6-/- Mice 
(A) Percent BrdU+ cells within total SVF of control and mck-mir499 subcutaneous 
depots.  BrdU was given as a two-hour pulse injected intraperitoneally (IP). 
(B) Percent BrdU+ cells within total SVF of control and msSox6-/- subcutaneous depots. 
BrdU was given as a two-hour pulse injected IP. 
(C) Percent BrdU+ cells within GFP+ SVF fraction of control and mck-mir499 
subcutaneous depots.  BrdU was given as a two-hour pulse injected intraperitoneally (IP). 
(D) and (E) Oil Red O (ORO) staining of plated subcutaneous SVF after four days of 
insulin induction. 
Representative studies on P60 females; n ≥ 8 per cohort, repeated ≥ 3 cohorts.  Error bars 
indicate SEM. Statistical significance assessed by two-tailed Student’s t-test. *p<0.05. 
Performed with Douglas Millay 
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Slow Fibers Reduce Adiposity During HFD 

 Since the proliferation defect in adipose progenitor cells on normal chow 

appeared to have no effect on overall adiposity, we put the mice on HFD for two months 

hypothesizing that this stimulus would elicit an adipogenic phenotype. As previously 

seen in other slow fiber mutant mice (Narkar et al., 2011; Wang et al., 2004), mck-

mir499 mutants on HFD did not gain as much fat mass as controls on the same diet 

(Figure 21A and 21B).  Furthermore, glucose metabolism, measured by GTT, was 

improved compared to controls (Figure 21C).   

We then assayed in vivo differentiation, as repressed adipogenesis could 

contribute to this phenotype. To do this, we gave mice BrdU for seven days after being 

on HFD for six weeks.  It has been shown by our lab that, during normal homeostasis, 

this treatment is sufficient to assay adipogenesis through examination of BrdU in 

adipocyte nuclei.  This BrdU accumulation is most likely due to in vivo differentiation of 

BrdU+ progenitor cells and not mature adipocyte division.  Analysis of adipocyte nuclei 

found a significant decrease in the percentage of BrdU+ adipocytes in the mck-mir499 

mice (Figure 21D).  Thus, during HFD-induced weight gain, mck-mir499 mice are 

protected, in part, due to a decreased ability of adipose progenitors to differentiate. 

 

Muscle Conditioned Media Reduces SVF Proliferation and Differentiation  

 To more accurately define muscle-adipose interactions, we moved to multiple in 

vitro assays.  The first assay performed utilized the C2C12 muscle cell line and 3T3-L1 

adipogenic cell line.  To evaluate whether myocytes could directly affect SVF function 

(proliferation and adipogenesis), we expanded and differentiated C2C12 myoblasts into
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Figure 21. Fat and Metabolic Response of mck-mir499 Mice to HFD 
(A) Weekly weight change during HFD feeding of control and mck-mir499 mice.  
(B) Depot weights of indicated mice seven weeks after HFD feeding.  Inguinal WAT = 
IGW, intrascapular WAT = ISCW, perigonadal WAT = PGW, mesenteric WAT = 
MWAT. 
(C) Glucose tolerance test (GTT) of control and mck-mir499 mice after one month of 
HFD. 
(D) Percentage of BrdU+ adipocyte nuclei obtained from subcutaneous fat depots.  BrdU 
given during last two weeks of HFD treatment in drinking water. 
Representative studies on P120 females; n ≥ 8 per cohort, repeated ≥ 2 cohorts.  Error 
bars indicate SEM. Statistical significance assessed by two-tailed Student’s t-test. 
*p<0.05. Performed with Douglas Millay 
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myotubes and collected growth media (2% horse serum (HS) in DMEM) daily (termed 

myocyte-conditioned media).  We then used three different medias (supplemented with 

appropriate differentiation factors (Suh et al., 2007)) on confluent 3T3-L1 cells: 10% 

FBS/DMEM, 2% HS, and myocyte-conditioned media.  Interestingly, the myocyte-

conditioned media impaired adipogenesis compared to non-conditioned differentiation 

media, seen in both Oil Red O staining and real-time PCR of adipogenic genes (Figure 

22A-22C).  We then passed the myocyte-conditioned media through a three-kilodalton 

(kDa) concentrator to isolate the protein fraction (>3kDa) found in the media.  This 

protein fraction was then diluted 1:10 in normal growth media (myotube-CM) and added 

to 3T3-L1 cells. After two days of incubation, it was found that myotube-CM inhibited 

clonal expansion of 3T3-L1 cells compared to the protein fraction of myoblast-

conditioned media (diluted 1:10 in normal growth media, myoblast-CM) (Figure 22D).  

Furthermore, myotube-CM inhibited 3T3-L1 adipogenic gene expression during 

induction compared to myoblast-CM (Figure 22E).  These experiments suggest that there 

is a myocyte-specific protein that can repress both preadipocyte proliferation and 

adipogenesis.  
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Figure 22. Muscle Fibers Have a Direct Effect on Adipose Progenitor Function 
(A) Oil Red O lipid staining (red color) of 3T3-L1 cells induced in 10% FBS/DMEM 
(control), 2% HS/DMEM or C2C12 myocyte-conditioned media (myocyte CM) 
supplemented with differentiation factors. 
(B) Absorbance levels (515nm) of Oil Red O isolated from 3T3-L1 cells induced in 
indicated media. 
(C) qPCR analysis of adipogenic genes from 3T3-L1 cells induced in indicated media. 
(D) Percent of BrdU+ 3T3-L1 cells after over-night incubation in indicated media. 
(E) qPCR analysis of adipogenic genes from 3T3-L1 cells induced in indicated media. 
n ≥ 9 per cohort, repeated ≥ 2 cohorts.  Error bars indicate SEM. Statistical significance 
assessed by two-tailed Student’s t-test and compared to control. *p<0.05. Performed by 
Douglas Millay 
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Results II – In Vivo Wnt Activation in Adipose Progenitor Cells  

Mice with β-Catenin Activated in Mature Adipocytes Have Normal Metabolism 

MacDougald and colleagues reported that transgenic expression of the secreted 

Wnt10b ligand from mature adipocytes using the FABP4/aP2 promoter resulted in a 

decrease in total body fat (Longo et al., 2004).  That data, along with our fly studies 

(Figure 7 and 8), led us to examine whether cell-autonomous canonical Wnt signaling 

might regulate mammalian fat biology.  To study this, we used a conditional allele of b-

catenin in which Cre expression activates Wnt signaling within the relevant cell similar to 

our approach using fat body Gal4 lines and UAS-dsh in the fly (Figure 7 and 8).  In this 

b-catenin allele (fBC), loxP sites flank the third exon that contains key glycogen synthase 

kinase 3 negative regulatory phosphorylation sites (Harada et al., 1999).  Upon exposure 

to the Cre recombinase, the third exon is removed, resulting in a stabilized, 

constitutively-active form of b-catenin (b-catenin∆ex3 which we will refer to as BCA for 

β-Catenin Activated).  We crossed mice harboring this allele with our previously 

described aP2-Cre mice (Tang et al., 2008) to create aP2-Cre; BCA (A-BCA) mice, in 

which BCA is expressed in mature adipocytes (Figure 23A), similar to the adult induced 

FBI fly lines (Figure 8).  Control mice had either aP2-Cre or fBC.  To examine whether 

this genetic combination was effective, we performed Western blots of control and A-

BCA mutant adipose tissues.  We detected the activated, faster migrating form of β-

catenin only in the mutants, and the levels indicated robust recombination (Figure 23B).  

As the Western blots indicated that β-catenin was activated within A-BCA 

adipocytes, we began to explore the consequences of this activation.  We found that 4-

month old A-BCA mutant mice fed normal chow had no discernable adipose or 
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Figure 23. Activation of β-Catenin Within Mature Adipocytes 
(A) Schematic of mature adipocyte cell-autonomous activation of β-catenin using aP2-
Cre. Maroon arrowheads represent LoxP sites. 
(B) Western blot of control (CON) and A-BCA mutant adipose depot extracts using an 
anti-β-catenin antibody. Slower migrating bands represent wild-type form (β-Catenin); 
faster migrating bands represents the activated form of β-catenin (BCA). Performed with 
Jin Seo 
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metabolic phenotypes (Figure 24A-24F and 25A-25C).  Controls and A-BCA mutants 

had equal amounts of fat based upon Magnetic Resonance Imaging (MRI) scans, Nuclear 

Magnetic Resonance (NMR) analyses, and adipose depot weight, size and morphology 

(Figure 24A-2D).  Histological analyses of the inguinal (IGW) and perigonadal (PGW) 

adipose depots revealed no apparent changes (Figure 24E).  The size and morphology of 

other organs such as heart and kidney were also similar (Figure 24F).  Serum analysis 

showed no significant difference in triglyceride (TG), insulin, adiponectin or leptin levels 

(Figure 25A).  Fed and fasted blood glucose levels were unaltered (Figure 25B).  To 

further analyze glucose metabolism, we subjected control and mutant mice to glucose 

tolerance tests (GTTs).  However, the A-BCA mice showed no change compared to 

controls (Figure 25C).  The lack of adipose or metabolic phenotypes in the A-BCA mice 

resembled the absence of a phenotype when activating the Wnt pathway in adult flies 

using a fat body-inducible driver (Figure 8).  However, this normalcy is quite dissimilar 

from previous data of cell non-autonomous Wnt activation models in which expression of 

Wnt10b driven by aP2 resulted in reduced fat (Longo et al., 2004; Wright et al., 2007).  

The striking differences of the two murine phenotypes may derive from the secretory 

nature of Wnt10b and its possible effects on other cell types present in adipose tissue 

such as endothelial cells and adipose progenitor cells, or cells affected at a distance. 

 

Mice with β-Catenin Activation in the Progenitor Compartment Have Severe Loss 

of Adiposity 

We next examined the effects of cell autonomous Wnt pathway activation in 

adipose progenitor cells, as we had observed developmental-specific effects in the fly
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Figure 24. Fat Phenotype in A-BCA Mutant Mice 
(A)Magnetic Resonance Images (MRI) of control (CON) and A-BCA (MUT) mice. 
Arrows indicate subcutaneous (SQ) adipose depots; arrowheads indicate visceral (VIS) 
adipose depots. Anterior (A); Posterior (P) 
(B) Weight and percent body fat (from Nuclear Magnetic Resonance (NMR) 
spectroscopy) of control and A-BCA male siblings.  
(C) Explants of inguinal (IGW) and perigonadal (PGW) adipose depots of control (CON) 
and A-BCA siblings.  
(D) Weights of the indicated adipose depots of control (CON) and A-BCA mice. IGW = 
inguinal white adipose tissue (WAT), ISCW = intrascapular WAT, RPW = 
retroperitoneal WAT, PGW = perigonadal WAT, MWAT = mesenteric WAT. 
(E) Histological sections of control and A-BCA mutant inguinal (IGW) and perigonadal 
(PGW) WAT stained with hematoxylin and eosin (H&E). 
(F) Kidney and heart weights of control (CON) and A-BCA siblings.  
Representative studies on P120 sibling males; n ≥ 8 per cohort, repeated ≥ 3 cohorts. 
Female data also showed no effect elicited by the A-BCA mutation. Size bar = 100µm. 
Error bars indicate SEM. Statistical significance assessed by two-tailed Student’s t-test. 
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Figure 25. Metabolic Phenotype of A-BCA Mice 
(A) Control (CON) and A-BCA serum levels of triglyceride (TG, mg/dL), insulin 
(ng/mL), adiponectin (ng/mL X1000) and leptin (ng/ml). 
(B) Blood glucose levels of fed or fasted (4 hours) control (CON) and A-BCA siblings. 
(C) Glucose tolerance tests (GTT) after a 4-hour fast of control (CON) and A-BCA 
siblings. Representative studies on P120 sibling males; n ≥ 8 per cohort, repeated ≥ 3 
cohorts. Female data also showed no effect elicited by the A-BCA mutation. Size bar = 
100µm. Error bars indicate SEM. Statistical significance assessed by two-tailed Student’s 
t-test. 
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system (Figure 7).  For this, we turned to a strain, PPARγ-tTA; TRE-Cre, in which Cre is 

expressed in adipose progenitor cells (Tang et al., 2008), and ingressed this combination 

with the above-mentioned floxed β-catenin allele to generate PPARγ-tTA; TRE-Cre; 

BCA (P-BCA) mice (Figure 26A).  To assess whether the genetic arrangement was 

effective, we performed Western blots and detected the activated form of β-catenin in 

mutant, but not in control, adipose tissue (Figure 26B).  We did not detect the activated 

faster-migrating form of β-catenin in other tissues such as liver and brain (Figure 26C). 

We next examined possible adipose phenotypes in the P-BCA mice. In contrast 

to the A-BCA cohorts, P-BCA mice had markedly reduced fat compared to controls.  Of 

note, since PPARγ-tTA is a null allele, all P-BCA controls carry PPARγ-tTA to control 

for PPARγ heterozygosity.  MRI scans indicated a complete absence of subcutaneous 

white adipose tissue accompanied by a dramatic reduction of visceral depots (Figure 

27A).  Consistent with the MRI scans, NMR analyses showed a greater than 80% 

reduction in fat content, similar to reductions seen in a conventional lipodystrophic 

model, PPARγ null mice (Figure 27B and 27C).  These PPARγ null mice were created in 

a similar fashion to the mice described by Mortensen and colleagues (Duan et al., 2007).  

To generate these mice, we introduced an epiblast-specific Cre (Sox2-Cre) (Hayashi et 

al., 2002) and a floxed PPARγ allele into the PPARγ-tTA background.  This breeding 

scheme, which escapes embryonic lethality, allows effective deletion of PPARγ with 

creation of control mice harboring PPARγ-tTA, permitting comparisons to P-BCA and 

their control mice (also with PPARγ-tTA). 

The reduced adipose tissue mass was further supported by measurements of sera 

levels of two adipokines; adiponectin levels were undetectable and leptin levels of 
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Figure 26. Activation of β-Catenin Within Adipose Progenitor Cells 
A) Schematic of progenitor cell-autonomous activation of β-catenin using a tet-
Transactivator (tTA) knocked-into exon 2 of the PPARγ locus. In PPARγ positive cells, 
tTA is translated and binds to the transgenic tet-response element (TRE), inducing Cre 
expression and β-catenin activation. Maroon arrowheads represent LoxP sites. 
(B, C) Western blots of control (CON) and P-BCA adipose depots (B) or livers and 
brains (C) assayed with anti-β-catenin and anti-tubulin antibodies. β-catenin indicates 
wild-type form; BCA indicates activated form with exon 3 removed. Tubulin serves as 
loading control. In C, P-BCA adipose depot extracts are a positive control for BCA. 
Performed with Jin Seo 
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Figure 27. MRI and NMR Scans of P-BCA Mutant Mice 
(A) MRI scans of control and P-BCA siblings. Arrows indicate normal location of 
subcutaneous (SQ) adipose depots; arrowheads indicate visceral (VIS) adipose depots. 
Anterior (A); Posterior (P) 
(B) Plots of weight and percent body fat (from NMR spectroscopy), of control and P-
BCA siblings.  
(C) Plot of percent body fat of PPARγ nulls (PPARγ-/-) and P-BCA mutants.  
Representative studies on P120 sibling males; n ≥ 8 per cohort, repeated ≥ 3 cohorts. 
Female data mirrored these effects elicited by the P-BCA mutation. Error bars indicate 
SEM. Statistical significance assessed by two-tailed Student’s t-test, **p<0.01 
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P-BCA mice were ~1% of controls (Figure 28A).  To further probe the adipose 

phenotype, we explanted subcutaneous and visceral depots and found that visceral depots 

were significantly smaller in the P-BCA mutants (Figure 28B and 28C).  However, in 

contrast to the MRI and NMR analyses that indicated a virtual absence of subcutaneous 

fat (Figure 27A-27C), the explanted subcutaneous depots were of the same size and 

weight as controls (Figure 28B and 28C).  Furthermore, the size of other organs, for 

example, kidney and heart, were unchanged (Figure 28D).  The lack of adiposity of the P-

BCA mice fulfill lipodystrophic criteria (Savage, 2009). 

 

Progenitor β-Catenin Activation Appears to Induce a Fate Change 

The results of the MRI and NMR studies, showing a marked reduction in fat, and 

the normal size and weight of the subcutaneous adipose depots were discordant.  This 

difference was also evident upon palpation of the mutant subcutaneous depots, which 

indicated that although the depots had appropriate morphology, they did not have the 

texture of adipose tissue; rather they were hard and rubbery.  Notably, the subcutaneous 

depots showed an increased density compared to control fat, sinking, rather than floating, 

in water (Figure 29A).  This characteristic is neither observed in any depots of A-BCA 

mice nor in P-BCA visceral adipose tissue.  Histological analyses of representative IGW 

tissue from P-BCA mice showed dense, eosin-positive fibers that had the appearance of 

collagen (Figure 29B).  Visceral fat of P-BCA mutants, although much smaller, had a 

normal histological appearance (Figure 29B).  To identify the fibers that were present in 

the subcutaneous depots, we performed trichrome collagen staining,
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Figure 28. Fat Phenotype of P-BCA Mutant Mice 
(A) Adiponectin and leptin levels of control and P-BCA sibling sera.  
(B) Representative inguinal (IGW) and perigonadal (PGW) WAT explants of control and 
P-BCA siblings. 
(C) Weights of various adipose depots, as in Figure 2F, of control and P-BCA siblings. 
(D) Kidney and heart weights of control (CON) and P-BCA siblings.  
Representative studies on P120 sibling males; n ≥ 8 per cohort, repeated ≥ 3 cohorts. 
Female data mirrored these effects elicited by the P-BCA mutation. Error bars indicate 
SEM. Statistical significance assessed by two-tailed Student’s t-test, *p<0.05, **p<0.01 
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Figure 29. Altered Density and Cellularity of P-BCA Subcutaneous Depots 
(A) Photograph of control (CON) and P-BCA inguinal adipose depots (blue) in water. 
Arrow denotes air-water interface. 
(B) Hematoxylin and eosin (H&E) stained histological sections of control (CON) and P-
BCA inguinal (IGW) and perigonadal (PGW) WAT. 
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which revealed that these depots were extremely fibrotic, with almost no adipocytes 

present (Figure 30A).  Molecular and immunohistological studies showed that cells 

within P-BCA IGW had significantly reduced expression of adipocyte lineage genes 

(e.g., PPARγ) and expression of multiple fibroblast markers (e.g., DDR2, Fsp-1) and 

downstream β-catenin targets (e.g., Wisp2) (Figure 30B and 30C).  Although mutant 

PGW also had increased expression of β-catenin targets, expression of adipose lineage or 

fibroblastic markers were not significantly altered (Figure 30D).  Taken together, these 

data indicate that activating Wnt signaling in the progenitor compartment significantly 

alters both visceral and subcutaneous adipose depots, blunting adipocyte formation.  

However, only the subcutaneous depots appeared to have a lineage shift, with a virtual 

absence of adipose lineage specification and marked fibroblastic replacement. 

 We next explored the possibility that β-catenin activation altered adipose 

progenitor lineage decisions.  To test this, we labeled the progenitors by ingressing a 

TRE-H2B-GFP (H2B = Histone 2B) or PPARγ-tTA; TRE-H2B-GFP reporter into P-

BCA and A-BCA mice, respectively.  In this system, H2B-GFP is stably incorporated 

into the chromatin of adipose lineage cells (Tang et al., 2008).  If cells within the lineage 

continue to express PPARγ, GFP is expressed.  However, if the number of progenitors is 

reduced or if PPARγ expression is blunted, for example secondary to fate changes, GFP 

expression is reduced (Tang et al., 2008).  We examined littermate control and A-BCA 

mutant mice containing the reporter system and found similar levels of GFP intensity in 

both IGW and PGW, indicating comparable levels of PPARγ expression and adipose 

lineage specification between mutants and controls.  This is in contrast to the IGW of P-

BCA mice, which displayed much less GFP fluorescence, and presumably reduced
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Figure 30. Increased Fibrosis in Subcutaneous Depots of P-BCA Mice 
(A) Histological sections of control (CON) and P-BCA IGW and PGW stained with 
trichrome (collagen stains blue). 
(B) Fibroblast specific protein-1 (Fsp-1) immunohistochemistry of P-BCA IGW. Top 
panel shows negative control without primary antibody (CON). Fsp-1 stained dark brown 
(DAB); hematoxylin labels nuclei blue. Red arrows indicate some Fsp-1 positive cells. 
(C,D) qPCR of control (CON) and P-BCA IGW and PGW for the indicated markers: 
PPARγ is an adipogenic transcription factor; Col-1a1, Col-6a1 and DDR2 are fibroblast 
markers; Wisp2 is a Wnt target.  n ≥ 6 per cohort, repeated ≥ 3 cohorts. Size bar = 
100µm. Error bars indicate SEM. Statistical significance was assessed by two-tailed 
Student’s t-test, *p<0.05, **p<0.01 
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PPARγ expression or adipose lineage formation, compared to controls (Figure 31A).  

However, the PGW depot of the P-BCA mutant had a similar fluorescent intensity 

compared to control, even though the depot size was much smaller (Figure 31A).  We 

then quantified adipose progenitors by isolating subcutaneous depot stromal vascular 

fraction (SVF) from controls, A-BCA and P-BCA mutants and subjecting the cells to 

flow cytometric analyses.  A-BCA mice showed no difference in progenitor numbers 

(Figure 31B).  In contrast, the P-BCA mutants had an approximate 60% reduction in 

progenitor cells compared to controls (Figure 31B).  

To test the possibility that the cells present within the fibrotic depot of P-BCA mice may 

have arisen from adipogenic progenitors, but that Wnt activation changed their fate from 

an adipogenic lineage to a fibroblastic one, we ingressed a rosa26-flox-stop-flox-LacZ 

(R26R) indelible marker into the P-BCA mice (Soriano, 1999; Tang et al., 2008).  This 

tool indelibly marks adipose progenitor cells and all descendants with LacZ even if 

PPARγ is turned off, since the removal of the stop cassette and activation of LacZ is a 

genetic change and is present in descendant cells regardless of PPARγ or Cre expression 

(Tang et al., 2008).  Notably, the cells present within the fibrotic depots expressed LacZ 

and therefore derived from a PPARγ-positive cell (Figure 31C).  Consistent with the 

lineage tracing, the fibroblastic cells also contain high levels of nuclear β-catenin upon 

immunohistological examination (Figure 31D).  Thus, the cells present within the fibrotic 

depots express fibroblastic markers, descend from the adipose lineage, and have an 

activated Wnt pathway. 

 To further investigate the possibility that the fate of the progenitor cells was 

altered away from the adipogenic lineage, we isolated SVF from controls and both P-
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Figure 31. Fibroblastic Fate Change in Subcutaneous Depots of P-BCA Mice 
(A) GFP-fluorescent images of IGW and PGW depots. Top row are fat depots from 
control (CON) and A-BCA (MUT) siblings; bottom row are control and P-BCA (MUT) 
sibling depots. 
(B) Stromal vascular cells were harvested and measured for percentage of GFP positivity 
(Y-axis) with flow cytometry. The GFP+ gates were set based on controls with the TRE-
H2B-GFP reporter alone. n ≥ 6 per cohort, repeated ≥ 3 cohorts 
For G and H: A-BCA CON = PPARγ-tTA; TRE-H2B-GFP; aP2-Cre. A-BCA MUT = 
aP2-Cre; BCA; PPARγ-tTA; TRE-H2B-GFP. P-BCA CON = PPARγ-tTA; TRE-Cre; 
TRE-H2B-GFP. P-BCA MUT = PPARγ-tTA; TRE-Cre; BCA; TRE-H2B-GFP. 
(C) Histological sections of X-gal stained P-BCA IGW. Size bar = 100µm 
(D) β-catenin staining of P-BCA IGW sections. Top panel shows negative control 
without primary antibody. β-catenin stains dark brown (DAB); hematoxylin stains nuclei 
blue. Red arrows indicate β-catenin positive nuclei. Size bar = 100µm. Error bars indicate 
SEM. Statistical significance was assessed by two-tailed Student’s t-test, *p<0.05 
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BCA and A-BCA mice.  We cultured the SVF cells in adipogenic conditions and then 

stained them with lipophilic Oil Red O dye as an indicator of adipogenesis.  Control and 

A-BCA cells had equally high adipogenic potential consistent with normal adipose 

progenitor function (Figure 32A).  In contrast, the P-BCA mutant SVF failed to 

differentiate (Figure 32A).  qPCR analyses after induction confirmed the adipogenic 

blockade and showed high expression levels of Wnt target genes, as well as preadipocyte 

(e.g., Pref-1) and fibroblastic markers (Figure 32B).  PPARγ is a master regulator of the 

adipogenic fate, and thus, to determine if the cells retained adipogenic potential, we 

infected SVF cells harvested from subcutaneous P-BCA depots with a PPARγ-expressing 

virus.  However, PPARγ infection of P-BCA cells failed to rescue the adipogenic 

phenotype supporting the notion of a fate change in the adipose progenitor compartment 

(Figure 32C). 

 

The P-BCA Mutants do not Develop Classical Metabolic Consequences of 

Lipodystrophy 

Lipodystrophy, the pathological reduction in fat content, is accompanied by 

panoply of metabolic disturbances, notably hyperlipidemia and secondary ectopic lipid 

deposition (e.g., fatty liver), insulin resistance and hyperglycemia (Fiorenza et al., 2011; 

Garg, 2004).  Based upon MRI and NMR analyses, as well as the paucity of circulating 

adipokines such as adiponectin and leptin (Figures 27 and 28), we reasoned that the P-

BCA mice were likely to have the metabolic disturbances observed in human and murine 

lipodystrophy, and thus decided to further study their metabolism, using PPARγ null 

mice as a conventional lipodystrophic model.  Consistent with that notion, the blood
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Figure 32. Altered Fate of P-BCA SVF not Rescued by PPARγ  
(A, B) Stromal-vascular cells from control, A-BCA and P-BCA mice were isolated, 
cultured and adipogenically induced. Adipogenesis was assayed with Oil Red O staining 
(A, fat stains red) and qPCR analyses (B) of preadipocyte (Pref-1), adipogenic (PPARγ), 
fibroblast (DDR2), and Wnt target (Wisp2) markers. n ≥ 6 per cohort, repeated ≥ 3 
cohorts 
(C) SV cells were isolated from control (CON) and P-BCA mice, infected with either 
empty or PPARγ virus, and adipogenically induced. Adipogenesis was assayed with Oil 
Red O staining. Error bars indicate SEM. Statistical significance was assessed by two-
tailed Student’s t-test, *p<0.05, **p<0.01 
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triglyceride (TG) levels of P-BCA mutant mice were elevated (~4x) and at comparable 

levels to PPARγ null lipodystrophic mice (Figure 33A).  Surprisingly, however, liver 

histology as well as biochemical triglyceride extraction showed that the P-BCA mutant 

mice did not deposit fat in the liver, which, in lipodystrophic and hyperlipidemic models, 

is a typical storage site for excess triglycerides, as seen in the PPARγ null livers 

(Fiorenza et al., 2011; Garg, 2004) (Figure 33B).  This unexpected absence of a hallmark 

consequence of classic lipodystrophy raised the possibility that glucose and insulin 

homeostasis also might not show the typical lipodystrophic defects of hyperglycemia and 

hyperinsulinemia.  Indeed, fed blood glucose and insulin levels were similar between 

control and mutant mice and quite different from the PPARγ null lipodystrophic mice 

(Figure 33C). 

To investigate the dynamics of energy usage, we housed sibling controls and P-

BCA mutants in metabolic chambers to quantify food intake, movement, and respiratory	  

quotient (RQ).  The P-BCA mice displayed a modest increase in activity and food intake 

during the normal sleep period (Figure 34A and 34B).  Further, the RQ values indicated 

that carbohydrates were preferentially utilized during that time (Figure 34C), consistent 

with the increase food intake.  One interpretation of these findings is that P-BCA mice 

were unable to utilize lipids as an energy source, and thus during times of rest, when fat 

is normally metabolized, the mutant mice use carbohydrates.  This leads to an increase in 

food intake, activity and RQ during the sleep cycle.	  

To investigate the hypothesis that the increased RQ, activity, and food 

consumption was due to fasting-induced hypoglycemia, we quantified blood sugar levels 

of controls and P-BCA mutants at baseline and one hour after food removal.  Initial fed 
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Figure 33. Metabolic Phenotype of P-BCA Mice 
(A) Serum triglyceride levels of control (CON), P-BCA, and PPARγ null (PPARγ-/-) 
mice. Significance compared to control.  
(B) H&E stained histological sections of control, P-BCA, and PPARγ null livers (top 
row, bottom right panel). Bar graph of triglyceride quantification of control and P-BCA 
liver extracts (bottom left panel).   
(C) Random (FED) serum blood glucose (left) and serum insulin (right) levels of control, 
P-BCA, and PPARγ null mice. Significance values compared to control.  
Representative studies on P120 sibling males; n ≥ 8 per cohort, repeated ≥ 3 cohorts. 
Error bars indicate SEM. Statistical significance assessed by two-tailed Student’s t-test, 
*p<0.05, **p<0.01 
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Figure 34. P-BCA Mice Require Carbohydrates as an Energy Source 
(D) Food intake during awake and sleep cycles of control and P-BCA siblings. 
(E) Activity (X-Y movement) during awake and sleep cycles of control and P-BCA 
siblings.  
(F) Respiratory quotient (RQ) of control and P-BCA siblings.  
Representative studies on P120 sibling males; n ≥ 6 per cohort, repeated ≥ 2 cohorts. 
Error bars indicate SEM. Statistical significance assessed by two-tailed Student’s t-test, 
*p<0.05 
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glucose levels were equal (Figure 35A).  Although the blood glucose of control mice was 

maintained, the mutant P-BCA mice lowered their blood glucose within one hour of food 

withdrawal (Figure 35A).  Next, we performed GTTs and found that glucose levels were 

significantly lower in the P-BCA mutants compared to controls, the opposite of classical 

lipodystrophy (e.g., PPARg null) (Figure 35B).  We then measured fasted serum insulin 

levels since high insulin levels could explain the hypoglycemia and increased glucose 

uptake.  However, fasting decreased serum insulin levels in parallel with reduced blood 

glucose (Figure 35C).  We then quantified fasted serum levels of other glucose regulatory 

molecules, including IGF-1, IGF-2, glucagon and growth hormone, but found no change 

compared to controls, with IGF-2 undetectable in both control and mutant sera (Figure 

35D, not shown). 

 

P-BCA Mutant Mice Have Increased Glucose Uptake but Normal Insulin Sensitivity 

 To continue to explore the glucose homeostasis of P-BCA mutants and to determine 

whether the reduced glucose levels also occur in an anabolic milieu, we performed a “fed 

GTT”, in which control and mutant siblings were challenged with a glucose load without 

prior fasting.  We found that even in the fed state, P-BCA mutants cleared glucose more 

efficiently than controls (Figure 36A).  To further investigate this phenotype, we 

performed hyperinsulinemic euglycemic clamps on control and P-BCA mutant mice.  In 

these experiments, a constant amount of insulin is infused to increase and equalize sera 

insulin levels between control and P-BCA mice (Figure 36B).  Concurrently, we infused 

a variable amount of glucose to maintain blood glucose levels, quantified every 10 

minutes, at a constant level of approximately 130 mg/dL (Figure 36C).  We measured the 
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Figure 35. P-BCA Mice Have Paradoxical Improvements in Glucose Homeostasis 
(A) Blood glucose levels of control and P-BCA siblings at beginning and 1 hour after 
food removal. 
(B) Glucose tolerance test (GTT) of control, P-BCA, and PPARγ null mice. Significance 
values compared to control. 
(C) Blood glucose (left) and serum insulin (right) levels of control and P-BCA siblings 4 
hours after food withdrawal. 
(D) Sera glucagon, growth hormone (GH) and insulin-like growth factor-1 (IGF1) levels 
of control and P-BCA siblings 4 hours after food removal. 
Representative studies on P120 sibling males; n ≥ 8 per cohort, repeated ≥ 3 cohorts. 
Female data mirrors these effects elicited by the P-BCA mutation. Error bars indicate 
SEM. Statistical significance assessed by two-tailed Student’s t-test, *p<0.05, **p<0.01 
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Figure 36. Normalization of Blood Sugar and Insulin Levels of P-BCA Mice 
(A) Fed glucose tolerance test of control (CON) and P-BCA mutant mice.  
(B) Serum insulin levels were quantified after two hours of insulin and glucose infusion 
in control and P-BCA siblings  
(C) Blood glucose levels during hyperinsulinemic-euglycemic clamps of control and P-
BCA siblings. Insulin and glucose infusions were started at time 0, 5 hours after food 
removal. 
Representative studies on P120 sibling males; n ≥ 8 per cohort, repeated ≥ 2 cohorts. 
Error bars indicate SEM. Statistical significance assessed by two-tailed Student’s t-test, 
*p<0.05, **p<0.01 
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glucose infusion rate (GIR) and found that once the glucose levels were equalized, the 

GIR was five times higher in mutants compared to controls (Figure 37A).  These results 

indicate that P-BCA mutants remove glucose from the blood at much higher rates at 

equal sera concentrations of insulin.  To examine which tissues might have increased 

glucose uptake, we injected low levels of 14C-labeled and metabolically-inert 2-deoxy 

glucose at the end of the hyperinsulinemic euglycemic clamps and thereafter measured 

radioactivity in multiple tissues (muscles, heart, brain, etc).  We found that mutant 

skeletal and cardiac muscles absorbed between two to four times more glucose than 

control tissues (Figure 37B).  Conventionally, these data are thought to be a measure of 

insulin sensitivity and, if so, the clamps suggest that the P-BCA mutants are more 

responsive to insulin than controls.  To further examine insulin sensitivity, we performed 

insulin tolerance tests (ITT) on siblings and P-BCA mutants.  We found that insulin 

reduced glucose levels to the same extent in controls and mutants, indicating relatively 

equal insulin sensitivity (Figure 38A).  To resolve the discrepancy between the 

euglycemic clamp and ITT results, we examined the status of various components of the 

insulin transduction cascade by probing their levels of phosphorylation 15 minutes after 

insulin injection.  Western blots of muscle extracts showed similar levels of IRS-1 and 

Akt phosphorylation (Figure 38B).  These data indicate that the insulin responsiveness of 

the P-BCA mutants was approximately the same as controls and therefore might not be 

responsible for the observed hypoglycemia. 

 

Insulin is Not Necessary for P-BCA Mutant Hypoglycemia 

 To investigate whether insulin action was required for the paradoxical 
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Figure 37. Increased Glucose Uptake in P-BCA Mice Compared to Control 
(A,B) Hyperinsulinemic-euglycemic clamps of control and P-BCA siblings. Insulin and 
glucose infusions were started at time 0, 5 hours after food removal.  (A) glucose infusion 
rate (GIR) 15 minutes before and during clamp. (B) Glucose uptake of indicated muscles 
(Vastus = vastus medialis, Gastroc = gastrocnemius) derived from isotope incorporation 
30 minutes after injection of C14deoxyglucose at time 120 minutes of clamp. 
Representative studies on P120 sibling males; n ≥ 6 per cohort, repeated ≥ 2 cohorts. 
Error bars indicate SEM. Statistical significance assessed by two-tailed Student’s t-test, 
*p<0.05, **p<0.01 
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Figure 38. Normal Insulin Sensitivity in P-BCA Mice Compared to Control 
(E) Insulin tolerance test (ITT) of control and P-BCA siblings. n ≥ 8 per cohort, repeated 
≥ 3 cohorts 
(F) Control (C1, C2) and P-BCA mutant (M1, M2) mice were injected with insulin. 15 
minutes later gastrocnemius muscle extracts were analyzed with Western blots using the 
indicated antibodies. p = phosphorylated, t = total 
Error bars indicate SEM. Statistical significance assessed by two-tailed Student’s t-test. 
Performed with Jin Seo 
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hypoglycemia observed in the P-BCA mouse model, we attempted to block insulin 

secretion through two experimental methods.  In one approach, we infused somatostatin, 

a hormone that inhibits secretion of insulin and glucagon (Sakurai et al., 1974), and 

examined glucose levels during fasting and during a glucose tolerance test (Figure 39A).  

Somatostatin infusion appeared effective, as insulin was undetectable in the P-BCA sera; 

yet food withdrawal still provoked a significant drop in blood glucose levels in the 

mutants, but not in controls (Figure 39A and 39B).  After two hours of somatostatin 

infusion, we performed GTTs.  Even in the absence of insulin, mutant P-BCA mice, 

compared to sibling controls, had a muted response to the glucose injection and their 

blood glucose levels returned to baseline rapidly after the glucose infusion (Figure 39A).  

These data are consistent with the notion that in the acute setting, insulin is not required 

for the hypoglycemia and increased glucose clearance observed in the P-BCA mutants. 

 To analyze the effect of chronic insulin deficiency on P-BCA hypoglycemia, we 

administered streptozotocin (STZ), a small molecule that destroys the insulin-producing 

pancreatic beta cells (Pieper et al., 1999), to control and P-BCA siblings.  Consistent with 

beta cell destruction, insulin became almost undetectable, allowing us to investigate 

glucose dynamics during longer-term insulin deficiency (Figure 40A).  After STZ 

administration, fed and fasted blood glucose levels increased significantly in controls and 

P-BCA mutants consistent with loss of insulin production (Figure 40B).  Nonetheless, 

GTTs showed that mutant P-BCA mice given STZ maintained a significantly lower blood 

sugar level after glucose injection compared to control STZ-treated mice (Figure 40B).  

 We next attempted to see if the glucose lowering effect might function in the setting 

of insulin resistance.  To that end, we returned to the fly system, which has some
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Figure 39. Short Term Reduction of Insulin Due to Somatostatin Does Not Increase 
Blood Sugar in P-BCA Mice 
(A) Blood glucose levels of control (CON) and P-BCA male siblings during somatostatin 
infusion. Mice were fasted for two hours prior to somatostatin infusion, started at time 0. 
At the 120-minute time point (red arrow) a bolus of glucose was injected with continued 
somatostatin infusion.  
(B) Bar graph of P-BCA insulin levels at time 0 and 155 minutes.  
Representative studies on P120 sibling males; n ≥ 8 per cohort, repeated ≥ 2 cohorts. 
Error bars indicate SEM. Statistical significance assessed by two-tailed Student’s t-test, 
*p<0.05, **p<0.01  
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Figure 40. Long Term Reduction of Insulin Due to Streptozocin is not as Effective at 
Raising Blood Sugar During GTT in P-BCA Mice Compared to Controls  
(B) Insulin levels of control, streptozocin (STZ) control and STZ-P-BCA siblings three 
weeks after STZ administration.  
(C) Glucose tolerance tests of vehicle and STZ-treated control and P-BCA siblings. 
Significance values are compared to respective controls. 
Representative studies on P120 sibling males; n ≥ 8 per cohort, repeated ≥ 2 cohorts. 
Error bars indicate SEM. Statistical significance assessed by two-tailed Student’s t-test, 
*p<0.05, **p<0.01. Performed with Jin Seo 
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advantages for quantitative genetic interaction studies.  To evoke insulin resistance, we 

investigated phenotypes of flies harboring a mutant allele of chico, the fly IRS-1 

homolog.  Chico mutant flies had elevated levels of circulating carbohydrate, consistent 

with inhibition of insulin signaling (Figure 41).  To determine whether the hypoglycemic 

effect of fat body activation of Wnt signaling would be effective in an insulin resistant 

state, we ingressed the Wnt activated alleles into the insulin resistant chico mutant flies.  

We found that the Wnt glucose lowering effect was dominant, as the Dcg-GAL4; UAS-

wg; chico flies not only corrected the hyperglycemia observed in insulin resistant chico 

mutant flies but glucose levels were indistinguishable from the Dcg-GAL4; UAS-wg 

hypoglycemic flies (Figure 41).  Together these data indicate that at least part of the 

observed increase in peripheral glucose uptake is independent of insulin signaling, and 

the fly data are consistent with the notion that the activity can function in insulin-resistant 

states. 

 

Muscles of P-BCA Mutants Have Increased AMPK and p38 MAPK, but Unaltered 

Wnt Signaling  

 Skeletal muscle can increase glucose uptake through insulin dependent and 

independent mechanisms (Steinberg and Kemp, 2009).  AMPK activation is a key 

mediator of the latter, enhancing muscle glucose utilization during exercise (Fujii et al., 

2006).  Since the glucose lowering effect observed in P-BCA also occurred in an insulin-

independent manner (Figures 39-41), we examined the levels of AMPK activity in 

control and mutant muscles.  As the increased glucose uptake was observed in both fed 

and fasted states (Figures 35B and 36A), we evaluated muscle protein extracts obtained
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Figure 41. Insulin Resistance Does Not Rescue Decreased Hemolymph Sugar Levels 
in Wnt-Activated Larvae 
Hemolymph trehalose levels of control (Con), UAS-Wg (Wg), IRS-1 mutant (Chico), and 
UAS-Wg; IRS-1 mutant (Chico/Wg) larvae. All larvae contain Dcg-GAL4. n ≥ 20 per 
cohort, repeated ≥ 2 cohorts  
Error bars indicate SEM. Statistical significance assessed by two-tailed Student’s t-test, 
*p<0.05, **p<0.01. Performed by Drew Stenesen 
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from littermate control and mutants from both conditions and performed Western blots 

for AMPK phosphorylation as a measure of AMPK activation.  We found increased 

AMPK phosphorylation in mutant muscles compared to controls in both the fed and 

fasted milieu (Figure 42A).  We next examined phosphorylation of acetyl-CoA 

carboxylase (ACC), a direct target and readout of AMPK action (Steinberg and Kemp, 

2009).  We found that levels of phosphorylated ACC were increased in mutant muscle 

compared to controls, consistent with AMPK activation (Figure 42A).  We also analyzed 

p38 MAPK, as it has been previously shown to be involved in glucose uptake in 

myocytes (Chambers et al., 2009; Lemieux et al., 2003; Somwar et al., 2000).  In P-BCA 

mutant mice, compared to controls, we found increased activation of p38 MAPK, as 

measured by phosphorylation, without an increase in insulin signaling, as measured by 

Akt phosphorylation (Figure 42A).   

 In muscle, AMPK and p38 MAPK increase glucose uptake by stimulating the 

translocation of glucose transporters to the cell surface (Lemieux et al., 2003; Steinberg 

and Kemp, 2009).  To explore such a potential mechanism we analyzed membrane 

fractions of control and mutant muscles for levels of glucose transporters 1 and 4 (Glut1, 

Glut4) with Western blots.  We found that plasma membranes of P-BCA muscle had 

higher levels of Glut4, and to a lesser extent Glut1, than controls (Figure 42B). To 

examine the necessity of AMPK for glucose uptake, we injected both control and P-BCA 

mice with Compound C, an AMPK inhibitor (Zhou et al., 2001). There was an immediate 

response in the P-BCA mice, showing an increase in blood sugar during fasting, which 

was exaggerated by GTT (Figure 43A and 43B). Further, P-BCA mice had a more 

pronounced increase in blood glucose during GTT when compared to control mice.  
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Figure 42. Insulin-Independent Pathways of Glucose Uptake Are Activated in 
Muscles of P-BCA Mice 
(A) Western blots of proteins isolated from fed and fasted (4 hours) sibling P120 male 
gastrocnemius muscles probed with the indicated antibodies. C = control, M = P-BCA 
mutant, p = phosphorylated, t = total 
(B) Western blot of isolated plasma membranes fractionated from whole muscle extract. 
C = control, M = P-BCA mutant. Performed by Jin Seo 
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Figure 43. AMPK Inhibition Reverses Glucose Phenotype in P-BCA Mice  
(A) Blood glucose levels of P-BCA males injected with vehicle (P-BCA-VH) or 
Compound C (P-BCA-CC). Mice were injected at time 0, fasted for four hours, then a 
glucose tolerance test was performed (red arrow).  
(B) Percent change of blood glucose in Compound C-injected P-BCA males compared to 
vehicle (P-BCA-CC/VH) and Compound C-injected sibling controls compared to vehicle 
(CON-CC/VH) during glucose tolerance test.  Mice were injected with Compound C and 
fasted for four hours before glucose tolerance test was started.  
Representative studies on P120 sibling males; n ≥ 8 per cohort, repeated ≥ 2 cohorts. 
Error bars indicate SEM. Statistical significance assessed by two-tailed Student’s t-test, 
*p<0.05, **p<0.01. Performed with Jin Seo 
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These data show that activated AMPK is required for the increased glucose uptake seen 

in the mutant mice (Figure 43A and 43B). 

 We next addressed the possibility that the functional changes observed in muscle 

tissue was due to tissue autonomous actions, which could occur if the Cre driver was 

ectopically expressed in the myogenic lineage.  We first lineage traced the Cre driver 

using the indelible Rosa26 marking system to assess the integrated history of the driver in 

muscles during adulthood and development.  However, we did not detect any significant 

X-gal staining in muscle tissue (Figure 44A).  Consistent with those observations, the 

faster-migrating activated form of b-catenin observed in adipose tissue was not detected 

on Western blots of muscle extracts (Figure 44B).  We also examined levels of 

expression of Wnt target genes in mutant and control muscle.  However, qPCR analyses 

did not support the idea that the Wnt pathway is activated in muscle (Figure 44C).  If this 

was a tissue non-autonomous affect, then the blood of P-BCA should carry the molecule 

that is increasing glucose uptake.  To examine this, we isolated wild-type muscle tissue 

and incubated it in either control or P-BCA serum for three hours.  We then performed a 

glucose uptake assay and found that muscle incubated in P-BCA serum absorbed 25-30% 

more glucose compared to control serum (Figure 45A-45D).    Taken together, these data 

are consistent with the notion that Wnt activation at distance sites alters muscle to 

increase glucose uptake in a non-autonomous manner (Figure 46).  Mechanistically, this 

may occur via AMPK and p38 MAPK activation and increased glucose transporter cell 

surface localization (Figure 46). 
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Figure 44. β-Catenin is not Activated in Muscle Tissue of P-BCA Mice 
(A) Inguinal adipose depots and gastrocnemius muscles of PPARγ-tTA; TRE-Cre; R26R 
(CON) and PPARγ-tTA; TRE-Cre; R26R; BCA mice were explanted and incubated in X-
gal. Blue color reflects LacZ expression. 
(B) Western blot of gastrocnemius muscle extracts of 4 control and 4 P-BCA siblings 
probed with anti-β-catenin and anti-tubulin antibodies. β-catenin indicates wild-type 
form; BCA indicates activated form with exon 3 removed. Tubulin serves as loading 
control. P-BCA adipose depot extracts are a positive control for BCA. 
(C) qPCR of gastrocnemius muscle extracts of control and P-BCA for the indicated β-
catenin target genes. n ≥ 8 per cohort, repeated ≥ 3 cohorts 
Error bars indicate SEM. Statistical significance was assessed by two-tailed Student’s t-
test. Performed with Jin Seo 
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Figure 45. Serum from P-BCA Mice Increases Glucose Uptake in Wild-Type Muscle 
(A) Tibialis Anterior (TA) muscles were incubated in either control (CT) or P-BCA 
serum and then glucose uptake assays were performed using radio-labeled glucose. CPM 
= counts per minute 
(B) Extensor Digitorum Longus (EDL) muscles were incubated in either control (CT) or 
P-BCA serum and then glucose uptake assays were performed using radio-labeled 
glucose. 
(C) Graphical representation of glucose uptake per milligram of TA muscle. 
Serums from P120 male mice; n ≥ 8 per cohort, repeated ≥ 2 cohorts. Error bars indicate 
SEM. Statistical significance assessed by two-tailed Student’s t-test, *p<0.05, **p<0.01. 
Performed with Jin Seo  

CPM TA

CT Serum P-BCA Serum
0

10000

20000

30000

C
PM

**

CPM EDL

CT Serum P-BCA Serum
0

10000

20000

30000

C
P

M

**

CPM/mg TA

CT Serum P-BCA Serum
0

200

400

600

800

1000

C
P

M
/m

g

*



	  

107	  

   
	  

	  
	  

Figure 46. Hypothetical Model of Increased Glucose Uptake in P-BCA Mutants 
Model showing wild-type (normal, top two panels) and P-BCA (bottom two panels) 
adipose tissue and muscle. In normal adipose depots, progenitor cells (surrounding blood 
vessel) produce adipocytes that contain triglycerides. In normal muscle, insulin signaling 
controls glucose uptake via glucose transporter translocation (denoted by green arrows). 
Activation of Wnt signaling in adipose progenitor cells leads to an unusual form of 
lipodystrophy (denoted by increased blood triglycerides) that involves a stem cell lineage 
change and subsequent fibroblastic replacement of subcutaneous adipocytes. P-BCA 
lipodystrophy is paradoxically accompanied by increased glucose uptake in muscle, 
increased glucose transporters at the myocyte cell surface, and activated AMPK and p38 
MAPK (denoted by blue arrows). Although the regulation of insulin secretion and action 
appear normal, insulin is not necessary for the stimulated glucose uptake (faded green 
arrows). Rather, the changes in muscle (e.g., increased glucose uptake, activated AMPK, 
etc.) are secondary to an additional non-autonomous signal, for example a factor (glucose 
dynamics factor, blue pentagon) secreted from the cells in which β-catenin is activated. 
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DISCUSSION 

Exercise, Slow Muscle Fibers and Adipogenesis 

It is common knowledge that exercise can reduce fat mass.  It is believed that this 

occurs through breakdown and secretion of lipid by adipocytes due to increased energy 

needs of muscle (Gollnick, 1977).  This secretion leads to smaller adipocytes and thus 

smaller adipose tissues.  We hypothesized that exercise can also affect adipose progenitor 

cells, promoting decreased proliferation and differentiation.  We reasoned that during 

periods of muscle contraction, when circulating nutrients are being provided by mature 

adipocytes, not stored by them, there would be no need for newly formed adipocytes and 

thus adipose progenitors would become more quiescent.  To test this, we used the 

previously described PPARγ-tTA; TRE-H2B-GFP system (Tang et al., 2011; Tang et al., 

2008) to measure adipocyte differentiation and adipose progenitor proliferation after two 

months of wheel running.  Strikingly, in vivo and in vitro adipogenesis, as well as in vivo 

progenitor proliferation, were all suppressed after endurance exercise.  Furthermore, to 

eliminate the confounding factor of weight loss during exercise, we fed mice high fat diet 

during exercise and found this suppression was still present, suggesting that the act of 

exercise itself, and not fat mass reduction, can repress adipose progenitors. 

Even though it is possible that physical movement could directly regulate adipose 

progenitor function, these data seem to indicate that muscular changes during endurance 

exercise affect adipose progenitor cells.  One of the major changes that occur with 

continued endurance exercise is a shift from Type II (fast) to Type I (slow) muscle fibers, 

which are more oxidative and thus can utilize both glucose and lipids for energy to 

maintain movements for longer periods of time (Bassel-Duby and Olson, 2006).  To 
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examine the effect of Type I fibers on adiposity, we utilized two mutant mouse strains 

(mck-mir499 and msSox6-/-) that have predominantly slow muscle fibers (Quiat et al., 

2011; van Rooij et al., 2009).  During normal, sedentary conditions, both mouse strains 

had normal body weight, fat mass and metabolic parameters (including glucose tolerance 

tests).  However, both total SVF and adipose progenitor cells showed decreased 

proliferation, while plated SVF displayed decreased adipogenesis.  This data led us to 

hypothesize that the reduction seen was not enough to alter normal adipose growth and 

metabolic function.  Thus, we hypothesized that there is a “functional range” of 

proliferation and adipogenesis that adipose progenitor cells must maintain to ensure 

normal adipose development.  Therefore, the repressed proliferation and adipogenesis of 

adipose progenitor cells in slow fiber mutants could still be in the “functional range,” 

maintaining normal adipose growth and metabolism.     

To alter this range, we put the slow fiber mutant mice on a high fat diet (60% fat) 

to provoke a hypertrophic and hyperplastic response in the adipose tissue.  Similar to 

previous studies (Narkar et al., 2011; Wang et al., 2004), giving these mice HFD reduced 

fat mass as well as improved glucose homeostasis compared to controls.  Most have 

attributed this effect to the increased energetic needs and capacities of slow muscle fibers, 

utilizing more lipids compared to controls (Wang et al., 2004).  However, we suspected 

that this reduction of weight gain was, in part, due to the repressed nature of the adipose 

progenitor cells.  In other words, HFD caused a shift in the “functional range” of the 

adipose progenitor cells, requiring increased proliferation and adipogenesis to 

accommodate the increased influx of lipid.  It is possible that this increased demand can 
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not be met by slow fiber mutant adipose progenitor cells, leading to decreased fat mass 

and improved metabolism compared to controls on HFD.  

To test this, we initially analyzed in vivo adipogenesis during high fat diet 

feeding, since this would be a direct measure of the adipose progenitor contribution to 

adipose growth.  Through BrdU studies, we found that in vivo adipogenesis was 

repressed in slow fiber mutant mice on HFD compared to controls.  These data suggest 

that Type I myocytes can play an active role in regulating adipose tissue and that the fat 

changes seen in slow fiber mutant mice are not solely due to increased lipid uptake in 

muscle.  Even though it is possible that adipose progenitors respond to nutritional cues, 

the reduced proliferation seen on normal chow (in the background of a normal metabolic 

phenotype) suggests that myocytes can directly regulate progenitor function. 

 We then moved to in vitro assays of proliferation and adipogenesis since it would 

allow a better environment to study direct effects of muscle on adipose as well as control 

for nutrient availability, which we are unable to do in vivo.  Using a myoblast/myocyte 

cell line, C2C12 cells, and an adipocyte cell line, 3T3-L1 cells, we performed multiple 

conditioned media experiments analyzing the effect of C2C12 cells on proliferation and 

adipogenesis of 3T3-L1 cells.  We found that conditioned media from C2C12 myotubes, 

but not C2C12 myoblasts, suppressed both 3T3-L1 proliferation and adipogenesis.  

Although these result support our hypothesis that muscle can directly manipulate adipose 

progenitor cells, C2C12 myotubes are not Type I fibers and 3T3-L1 cells are not true 

adipose progenitors, deriving from mouse embryonic fibroblasts.  Thus, to recapitulate 

what we see in vivo, we are creating an ex vivo assay by plating muscle tissue in Matrigel 

and harvesting media daily.  We will then compare the effect of media from mck-mir499 
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and control muscles on SVF genetic profile, proliferation and adipogenesis.  This 

experiment will help to further define the role of slow muscle fibers in adipose progenitor 

function.  

 All the above data, including exercise experiments, slow fiber mice studies and in 

vitro assays, strongly suggest that muscle tissue plays a direct role in controlling white 

adipose progenitor function.  Critically, the in vitro assays indicate the secretion of a 

protein (myokine) from muscle that can affect adipose progenitors.  The ability of 

myocytes to secrete protein factors has been well characterized (interleukin-6, 

myostatin); however, their in vivo effects on adipose progenitor cells are not well 

understood (Lee, 2004; Pedersen, 2011; Pedersen and Febbraio, 2008).  Furthermore, 

some of these myokines, including interleukin-6, are secreted during and after exercise, 

but their expression levels are unchanged in mck-mir499 mutant muscle (not shown).  To 

define the possible myokines secreted from Type I muscle fibers, we are analyzing 

microarray data comparing mck-mir499 muscle to controls in the hopes of identifying 

genes that have secretory properties.  Once we have candidate genes, we can analyze both 

in vivo and in vitro models to see if these secreted molecules can directly affect 

adipogenesis and progenitor cell proliferation. 

 

Wnt Signaling and Glucose Metabolism 

Wnt signaling has been shown to inhibit adipogenesis in a 3T3-L1 cell culture 

system and reduce adipose accumulation in a transgenic mouse system (Longo et al., 

2004; Ross et al., 2000; Wright et al., 2007).  The studies presented here have extended 

the scope and importance of previous findings by further defining Wnt function within 
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both white adipose progenitor cells and mature adipocytes, as well as exploring the 

metabolic changes that occur with Wnt signaling activation within progenitor cells. 

We hypothesized that cell-autonomous activation of Wnt signaling in adipose 

progenitor cells, but not mature adipocytes, would reduce adipocyte accumulation 

through a decrease in hyperplasia.  To study this, we used two different mouse systems to 

investigate the cell-autonomous, in vivo role of Wnt signaling in adipose tissue.  In 

addition to the well-characterized aP2-Cre driver, we used the PPARγ-tTA knock-in 

mouse line to drive expression of a constitutively active form of β-catenin specifically in 

adipose tissue.  Interestingly, the aP2-Cre system showed no changes in both fat size and 

metabolic parameters.  The PPARγ-tTA; TRE-Cre system gave much more severe 

results; mice had lipodystrophic amounts of fat, severe subcutaneous fibrosis stemming 

from an adipose lineage fate change, and increased peripheral glucose uptake with fasting 

hypoglycemia.  There are several possible explanations for the observed differences 

between our two mouse systems, the simplest being that β-catenin is being activated in 

different cells within the adipose lineage and thus having different effects.  Critically, it 

appears that Wnt signaling plays little role in mature adipocyte function and, conversely, 

plays a much larger role in adipose progenitor differentiation and function. This is 

apparent in the modified adipose landscape present within the P-BCA mice, which shows 

both a dearth of visceral adipose and fibrotic replacement of subcutaneous fat depots.  

This fibrosis is very compelling in that it is produced from an in vivo fate change 

in which the cells maintain their structural identity (fibrotic depots have the shape of 

normal fat depots) but lose their adipogenic potential.  Interestingly, increased Wnt 

signaling due to aging has been implicated in increased fibrosis within muscle tissue 
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(Brack et al., 2007).  This loss of adipogenic potential is most likely due to PPARγ 

repression caused by the activation of β-catenin, which has been proven previously 

(Bennett et al., 2002; Christodoulides et al., 2009; Ross et al., 2000).  Furthermore, the 

fibrosis itself is not unique to this mouse, as the aP2-Wnt10b mouse described showed 

dermal fibrosis (Longo et al., 2004).  However, the extent of fibrosis seen in P-BCA mice 

far exceeds that seen in aP2-Wnt10b mice.  This could be due regional differences, as 

perhaps dermal progenitors are the most susceptible to this fibrotic change (and Wnt 

activation) while other subcutaneous depots are much more resistant and require constant 

β-catenin activation that can only be maintained cell autonomously; while lastly, visceral 

progenitors are wholly resistant to fibrosis.  Stem cell differences among different depots 

have been and continue to be extensively studied (Sadie-Van Gijsen et al., 2010; 

Tchkonia et al., 2002; Tchkonia et al., 2007), and differentiation abilities beyond adipose 

need to be further examined to gain the most out of these cells as a therapeutic reservoir.  

Finally, the molecular cause of this fibrosis needs to be further explored, as it would lead 

to a better understanding of fate determination within adipose tissues. 

Another striking phenotype was the marked improvement in glucose utilization in 

the P-BCA mice.  Commonly, lipodystrophy will lead to glucose intolerance and, 

eventually, diabetes (Fiorenza et al., 2011; Garg, 2004).  This diabetic response to 

lipodystrophy is due to multiple factors, including lack of circulating adiponectin and 

leptin and increased serum triglycerides, which lead to uncontrollable blood sugar 

through hyperphagia with limited glucose uptake and damage to metabolically-active 

tissues, respectively (Fiorenza et al., 2011; Garg, 2004).  However, P-BCA mice, which 

have a similar amount of whole body lipid compared to other lipodystrophic mouse 
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models (Cortes et al., 2009; Moitra et al., 1998; Pajvani et al., 2005; Shimomura et al., 

1998), have the opposite metabolic phenotype.  These mice have no ability to store 

triglycerides, with high serum levels of triglycerides but no lipid storage within fat, liver 

or muscle and no signs of lipotoxicity.  Along with this inability to store lipids, there 

appears to be a lack of triglyceride utilization, which corresponds with an increased RQ, 

increased feeding levels and the drastic drop in blood glucose levels after fasting. 

This drop in fasting blood sugar denoted a functional glucose regulatory system, 

which is unheard of in a lipodystrophic mouse that lacks both leptin and adiponectin.  To 

further explore this, we performed glucose tolerance tests and hyperinsulinemic-

euglycemic clamps.  These experiments showed that P-BCA had improved glucose 

uptake compared to controls, with the clamp showing that muscle and heart tissues take 

up two fold higher levels of glucose compared to controls. 

These changes in glucose homeostasis appeared very similar to increased insulin 

sensitivity, however insulin function, assayed through insulin tolerance tests and 

phosphorylation of downstream targets, was comparable to control.  In fact, removal of 

insulin through both somatostatin (short-term) and streptozocin (long-term) could not 

completely revert the blood sugar of P-BCA mice to diabetic levels.  This is also true in 

the fly, which, even in the background of insulin resistance, showed decreased levels of 

sugar in hemolymph.  This led us to examine AMPK and p38 MAPK, since both have 

been shown to increase glucose uptake independent of insulin. Surprisingly, both kinases 

were highly activated in P-BCA muscle compared to controls.  Pharmacologically, 

activation of AMPK is a well-known way to increase glucose uptake, as seen in the 

commonly used diabetic drug metformin, which is an AMPK agonist (Musi et al., 2002).  
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However, how the P-BCA mice induce AMPK and p38 MAPK phosphorylation within 

muscles remains unknown.  To further show that AMPK functions to reduce blood sugar 

in P-BCA mice, we injected mutant and control with Compound C, an AMPK inhibitor 

(Zhou et al., 2001).  Upon inhibition, blood glucose levels in P-BCA mice rose 

dramatically with glucose injection compared to vehicle-injected P-BCA mice, showing 

in vivo necessity of AMPK to control blood sugar levels in these mutant mice. 

Since it appears that β-catenin activation is not present in muscle, a tissue non-

autonomous, serum factor seemed likely.  To test this, we performed an ex vivo 

experiment by incubating excised control muscle in either control or P-BCA mutant sera 

and found that a three hour incubation in P-BCA serum led to a 25-30% increase in 

glucose uptake.  Therefore, we determined that there is an unidentified molecule in P-

BCA serum that can activate glucose uptake and AMPK/p38 MAPK and we are actively 

trying to identify what that molecule is.  We are also performing experiments to identify 

the source of the molecule, with our primary hypothesis being that the fibrotic fat pads, 

and the cells within, are somehow still metabolically active and affecting peripheral 

tissues.  Therefore, the identification of the cell type within the fibrotic depots is 

important because it can help us to understand the metabolic capacities of the tissue.  

The effects of Wnt signaling on the mesenchymal lineage suggests that the cells 

present within the fibrotic tissue are primitive, metabolically active, mesenchymal cells 

that are unable to differentiate, and not mature fibroblasts.  This is because during 

mesenchymal differentiation Wnt signaling plays a pivotal and dynamic role in lineage 

specification.  In early mesenchymal stem cells, Wnt signaling activates both 

chondrogenic and osteoblastogenic differentiation while inhibiting adipogenic 
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differentiation (Ling et al., 2009).  However, once those fate decisions occur, Wnt 

signaling must be inhibiting for further maturation to continue (Davis and Zur Nieden, 

2008; Ling et al., 2009).  Thus, it would appear that cells present in the fibrotic depots 

might be early mesenchymal stem/progenitor cells.  In fact, collagen-1α1, a gene that is 

upregulated in the P-BCA fibrotic tissue, is a marker of early chondrogenic stem cells 

(Lefebvre and Smits, 2005).  Also, it is known that mesenchymal stem cells have an 

extensive secretome, including multiple growth and differentiation factors (Skalnikova et 

al., 2011).  Thus, it is possible that these fibrotic cells are primitive mesenchymal stem 

cells that are unable to differentiate due to Wnt activation, but are able to secrete a 

metabolically functional factor.  We are currently performing microarray analysis on the 

cells present within the fibrotic tissue in hopes of gaining both a better understanding of 

the identification of those cells as well as possible candidates for the glucose dynamics 

factor. 

 

Conclusion 

Utilizing both physiological and genetic models, these sets of experiments 

provide new insights into the genetics and function of adipose progenitor cells. 

Unexpectedly, they also highlighted the notion of muscle-adipose crosstalk that helps to 

control and maintain metabolic homeostasis, with myocyte alteration through both 

exercise and genetic mutations affecting adipose progenitor function and β-catenin 

activation within adipose tissue stimulating myocyte glucose absorption.  

However, there is still much work to be done before we can reach a full 

understanding of how adipose and muscle regulate each other, including the molecular 
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mechanism that is responsible for the repressed adipose progenitor function in exercise 

and slow fiber mouse models, as well as the tissue source causing the increased glucose 

uptake and AMPK/p38 MAPK activation in muscles of P-BCA mice.  Finally, we need to 

gain a better understanding how these phenotypes occur.  In each experimental set, there 

appears to be a secreted factor from the mutated tissues, but the identities of these are 

unknown.  Experimentation needs to be done to identify, purify and test these putative 

factors because, if they exist, they would be incredibly effective as therapies targeting 

obesity and diabetes. 
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