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ABSTRACT 

 

 Obesity and chronic low-grade inflammation are linked to the development of insulin 

resistance and type 2-diabetes. A component to the response to obesity is the accumulation of 

extracellular matrix (ECM) in adipose tissue in what is known as adipose tissue fibrosis, which 

limits the mechanical flexibility of the ECM and promotes metabolic disease by inhibiting 

metabolic adaptation by altering adipocyte function. Currently, the dynamics of ECM 

reorganization in adipose tissue with obesity and the sources of ECM components are not well 

understood. To address this, we investigated the changes in ECM architecture that occur with 

obesity and weight loss. We also explored the role of adipose tissue macrophages (ATMs) in 

influencing ECM remodeling in adipose tissues. Experiments addressed the organization of 

elastin, a relatively unexplored adipose tissue ECM component, and its response to diet induced 

obesity in mice. Our observations revealed ATM interactions with a dynamic mesh-like elastin 

network that becomes denser in adipose tissue of obese animals. The elastin matrix was found to 

be remodeled by obesity independently of MMP-12 and that an MMP-12 deficiency does not 

influence whole body metabolism. As another major component of adipose tissue ECM, we 

investigated the source of the excessive collagen production in adipose tissue in the context of 

weight gain and weight loss, with the hypothesis that ATM-preadipocyte communication is 

central to ECM production. Preadipocytes (CD31-CD45-Sca1+PDGFRα+) were found to be a 

primary source of fibrillar type I collagen, and that obesity expanded the number of collagen-

expressing cells, but also induced its expression at a per cell level. Investigations into 

mechanisms that activate pro-fibrotic preadipocytes revealed that tissue resident macrophages are 
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a major source of TGFβre and that TGFβan signaling is required for induction of collagen I 

production in preadipocytes. We also reveal that unexpectedly, weight loss significantly increases 

fibrotic ECM deposition, and this was associated with persistent adipose tissue metabolic 

dysfunction despite normalization of body weight and fat pad mass. Data suggests collagen I and 

elastin- producing preadipocytes increase in density after weight loss. We conclude that 

preadipocytes are a major source of collagen type I and elasin with both weight gain and weight 

loss. Our results suggest that ATMs are a source of TGFβ and that it is required for activation of 

a collagen I production in preadipocytes. This data provides insights into how physiologic and 

pathophysiologic remodeling differs in adipose tissue and identifies potential nodes for 

intervention to break the link between obesity and disease.    
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Chapter 1 
 
 

Introduction: The Regulation of Adipose Tissue Remodeling 

 
 

Abstract 
 
 
 The ability of adipose tissue to adapt to a changing nutrient environment is critical 

to the maintenance of metabolic control.  Nutrient excess and deficiency alter the shape 

of adipose tissue drastically and trigger many events that are collectively known as 

adipose tissue remodeling. The interest in adipose tissue remodeling has been accelerated 

by the current epidemic of obesity and its associated morbidities including diabetes and 

metabolic syndrome. Excess adipose tissue ECM deposition has recently been recognized 

as a hallmark of obesity associated with metabolic disease.  This chapter summarizes and 

highlights the recent work in this area and provides a framework in which to consider 

how the remodeling events in lean and obese states, with information about the potential 

role adipose tissue macrophages (ATMs) play in this process.  Advancing our 

understanding of the involvement of macrophages in adipose tissue remodeling will 

enhance our understanding of one aspect of the new field of “immunometabolism” which 

connects control systems developed for regulation of immunity with those that control 

This	  chapter	  has	  been	  published:	  Martinez-‐Santibanez	  G,	  and	  Lumeng	  CN.	  Macrophages	  and	  the	  
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metabolism.  It also provides insights into how physiologic and pathophysiologic 

remodeling differs in adipose tissue and identifies potential nodes for intervention to 

break the link between obesity and disease.   

 

Introduction 

As the body’s main site of nutrient storage, adipose tissue must be able to quickly 

respond to both nutrient deprivation and excess. These responses place demands on 

adipose tissue to be able to dynamically react to the changing nutrient environment.  This 

dynamic alteration of adipose tissue structure, size, and shape is generally referred to as 

adipose tissue remodeling.  While the regulation of energy uptake and fatty acid release 

by adipocytes is well understood at the molecular and cellular level, a supporting network 

of non-adipocyte cells and extracellular components provides an additional layer of 

control over adipocyte function.  These stromal components include immune cells such 

as macrophages, and non-immune cells like vascular endothelial cells and preadipocytes, 

all of which participate in the regulation of adipocyte function.  Understanding the 

properties of this complex supporting network in adipose tissue has become increasingly 

important due to the current obesity epidemic.  Being overweight or obese can result in 

adipose tissue dysfunction, which contributes to metabolic disease by ultimately shifting 

lipid accumulation to non-adipose tissues (e.g. liver and muscle) (217).  This introduction 

focuses primarily on current understandings of the changes in the ECM that occur with 

obesity that contribute to adipocyte function and dysfunction.  
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Defining adipose tissue remodeling 

 

 The concept of adipose tissue remodeling has been applied broadly to encompass 

the range of events that occur to adipose tissue depots in response to nutrient excess or 

deficiency (112, 201, 202)  (Figure 1-1). Remodeling has been used to describe the 

changes in the cellular composition of the adipose tissue stromal cell network in response 

to both adipose tissue expansion and contraction (202, 203).  Others use this term to 

describe the deposition and breakdown of the non-cellular components of adipose tissue 

that contribute to its structure (e.g. the ECM).  To add to this complexity, adipose tissue 

remodeling has been used to describe the changes in adipose tissue structure in both 

physiological/adaptive settings (e.g. embryonic development, puberty, pregnancy, and 

weight loss (67, 106, 156) as well as changes that occur in pathologic settings (e.g. 

obesity or lipodystrophy (201). 

 We broadly define adipose tissue remodeling as the process by which adipose tissue 

changes shape, size, structure, and composition.  This definition includes the stromal and 

ECM changes referenced above, but also encompasses changes in adipocyte size 

(hypertrophy) and the generation of new adipocytes (hyperplasia/adipogenesis).  It also 

includes alterations in adipose tissue angiogenesis that are important regulators of 

nutrient delivery to fat.  Like most complex systems, these events are all highly 

interdependent.  For example, adipogenesis requires ECM degradation (41), angiogenesis 

(56), and the coordination with signals from ATMs (114). 
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Adipocyte maintenance 

 

Two primary mechanisms contribute to the volumetric expansion of adipose 

tissue.  With an acute excess of nutrient intake, enlargement in the size of individual 

adipocytes (hypertrophy) can occur rapidly due to an increase in lipid (triglyceride) 

stores.  Alternatively, adipose tissue can expand by generating new adipocytes 

(hyperplasia) from a preadipocyte precursor population.  The relative balance between 

these processes appears to be highly dependent on the location of the fat pad in an 

organism.  For example, in rats, visceral fat depots appear to expand primarily by 

hypertrophy, while subcutaneous fat depots expanded primarily via hyperplasia (50).  

Recent lineage tracking studies in mice show that visceral fat develops primarily post-

natally which contrasts with subcutaneous adipose tissue (227). With diet-induced 

obesity, adipogenesis is initiated after four weeks of high calorie diet while subcutaneous 

adipose tissue expands by hypertrophy primarily for up to 12 weeks. 

The mechanisms utilized in human adipose tissue expansion in obesity are not 

fully delineated, and patterns of fat deposition and expansion vary substantially between 

individuals.  This variation in adipose tissue distribution likely drives the differences in 

metabolic disease risk seen between individuals with similar degrees of adiposity.  A 

consistent observation in obese individuals is that metabolic dysfunction is associated 

with large adipocytes and the impaired ability to generate new adipocytes (66, 85).  This 

may be due to altered gene expression in large adipocytes that overexpress inflammatory 

genes (89).  Others have suggested that it is an over abundance of small adipocytes that 

can no longer hypertrophy that is associated with a more deleterious metabolic phenotype 
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(136, 137).   In both settings, the net effect is the same; the ability of adipose tissue to 

function as an efficient storage vehicle is impaired, forcing other peripheral tissues to 

compensate by inappropriately accumulating lipid.   

Animal studies to support the benefits of efficient adipose tissue expansion came 

from a remarkable study by the Scherer lab (99).  Mice were generated that lacked leptin 

and overexpressed adiponectin.  In this setting, the mice were severely obese but 

surprisingly had normal metabolic profiles with normal glucose tolerance and protection 

from fatty liver disease.  The robust capacity of the adipose tissue to act as a nutrient sink 

in these animals was shown to occur even with high calorie diets as the mice weighed as 

much as 135g without evidence of abnormal metabolism.  The protective phenotype in 

this setting was associated with preferential partitioning of storage to subcutaneous fat 

depots, expansion of small adipocytes, and the absence of inflammatory cells (ATMs in 

particular).  Thus, if adipose tissue is able to retain properties that promote efficient fat 

expansion in the face of tremendous nutrient load, metabolic health may be maintained in 

with severe obesity.  Such mechanisms may be at play in individuals who display a 

metabolically healthy obese phenotype (13, 23) 

Understanding the interaction between adipocyte hypertrophy and hyperplasia 

requires an understanding of the dynamics and kinetics of adipocyte turnover – an issue 

that has remained poorly understood until recently in humans.  By taking advantage of 

worldwide exposure to 14Carbon with aboveground nuclear testing in the 1950’s, 

Spalding and colleagues estimated the turnover rate of adipocyte to be approximately 

10% per year regardless of BMI status (196).  The rate of lipid turnover within adipose 

tissue appears to be an important variable as well.   Metabolic disease is associated with 
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decreased rates of lipid storage and release from adipocytes (10).   In addition, there 

exists a wide variation in the balance between hyperplasia and hypertrophy in 

subcutaneous fat depots between individuals independent of adipocyte turnover rates (9).  

The contribution of these factors to metabolic disease is supported by the observation that 

women with a predominant adipocyte hypertrophy profile had worse insulin resistance 

than those with a hypertrophic profile (196). There remain many important unanswered 

questions in this field regarding whether the number of adipocytes in the adult reach a 

finite number during obesity, or if there is continuous turnover of adipocyte precursor 

populations. 

Much of what we know about the molecular regulation of adipogenesis is largely 

derived from in vitro cells lines that exhibit adipogenic capacity (184).  Over the past 

several years, there has been significant progress made in identifying specific populations 

of preadipocytes in vivo and understanding their differentiation capacity.  This is a fast 

developing field that overlaps with the efforts to identify multi-potent adipose tissue stem 

cells with differentiation capacity beyond adipocytes (e.g. chondrocytes and osteocytes) 

(31). Previous studies have relied on combinations of mouse genetic lineage tracing, 

surface marker analysis by flow cytometry, and adoptive transfer to validate adipogenic 

capacity (17, 114).  

Using these techniques, a number of putative committed preadipocyte populations 

have been identified.  Using platelet derived growth factor receptor alpha (PDGFRα) 

reporter mice, Lee et al identified a Sca-1+ CD34+ PDGFRα+ population in adipose tissue 

with the potential to differentiate into either white or brown adipocytes in the setting of 

lipolysis-stimulated adipose tissue remodeling in mice (115).  These observations overlap 
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with Berry et al who report a population of PDGFRα+ preadipocytes that also co-express 

CD24 (17, 183).  Commitment to the adipocyte lineage is associated with down 

regulation of CD24 expression.  Lineage tracing experiments with adipogenic 

transcription factors PPARγ and Zfp493 identifies committed preadipocytes tightly 

associated and possibly coinciding with endothelial cells in adipose tissue (64, 210, 211, 

213).  How these endothelial derived precursors map onto the PDGFRα+ precursors has 

yet to be fully detailed.   

 

Angiogenesis and hypoxia 

 

 The expansion of fat is directly related to access to nutrients and gas exchange from 

the blood supply. All adipose tissue depots are highly vascularized.  An extensive 

capillary network is formed in association with adipocytes (35, 152).  In adipose tissue 

expansion, blood vessel development (angiogenesis) precedes adipogenesis and 

establishes the architecture of visceral fat pads in mice (67, 70).   In humans, angiogenic 

potential is not equal in all white adipose tissue depots.  Explant experiments show a 

higher angiogenic capacity of subcutaneous adipose tissue compared to visceral adipose 

tissue samples (61).  Adipose tissue from obese patients showed a lower angiogenic 

capacity that was associated with insulin resistance (197). This is consistent with the 

observation that obesity decreases the density of capillaries in adipose tissue while 

increasing the size of larger vessels.  

Angiogenesis in adipose tissue is regulated by a wide range of pro- and anti-

angiogenic factors.  Pro-angiogenic factors are secreted by adipocytes, preadipocytes, 
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endothelial cells, and inflammatory cells (179).  Growing adipocytes produce pro-

angiogenic factors that include VEGF, FGF-2, HGF, IGF, TNFα and TGFβ (116).  

Adipokines can also positively and negatively regulate angiogenesis. Leptin has the 

potential to activate a pro-angiogenic program (225).  Adiponectin has been suggested to 

have both pro- and anti- angiogenic effects (181, 224). On balance, evidence primarily 

suggests that Adiponectin is sufficient to promote angiogenesis in overexpression models 

(99, 109).    

Adipogenesis is dependent on appropriate angiogenesis, as it has been shown that 

the modulation of vascular supply can regulate adipose tissue mass (185).  VEGF is 

referred to as a master regulator of angiogenesis and is essential for the activation of the 

growth of new blood vessels (168).  Blockade of VEGF receptor signaling along with 

high calorie diets can block adipose tissue angiogenesis and inhibit fat expansion (207).  

Conversely, overexpression of VEGF in adipose tissue increases blood vessel density and 

protects against diet-induced obesity, potentially by blunting hypoxia signals and 

increasing thermogenesis (56).  

 A potent drive for new blood vessel formation is tissue hypoxia, and there is 

evidence from several studies that obesity generates a hypoxic environment in adipose 

tissue (77, 239).  This hypoxia may be a means by which adipocyte hypertrophy 

generates a pro-inflammatory response (171, 172, 178).   In vitro, adipocytes and SVF 

cells respond to a hypoxic environment with an induction of inflammatory cytokine 

production (58, 158).  While this hypoxic environment may relate to decreased diffusion 

of oxygen in hypertrophic adipocytes, there is evidence that obesity also impairs blood 

flow to adipose tissue.  Total blood flow into white adipose tissue is not increased in 
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obese patients despite tissue enlargement (222).   In addition, obese patients have been 

shown to have a blunted post-prandial increase in blood flow to adipose tissue (94).  

 An important outstanding issue in the discussion of adipose tissue hypoxia and 

obesity is the measurement methods employed.  The reported partial pressures of oxygen 

(44-55 mmHg (171, 172)) are actually quite high compared to many other tissues (e.g. 

muscle and brain pO2 are around 30mmHg (30)). Therefore, it is likely more accurate that 

there is a relative degree of tissue hypoxia occurring in adipose tissue with obesity.  More 

intriguingly, this suggests the possibility that many non-hypoxic mechanisms have yet to 

be discovered that may be driving many of the angiogenic signals in expanding fat if this 

is the case.   

 While many molecular pathways are activated in response to hypoxia, activation of 

hypoxia-inducible factor-1α (HIF-1α) is a key event that is triggered in obese adipose 

tissue (72).  The role of this activation may have less to do with angiogenesis and more to 

do with regulation of the ECM.  Transgenic overexpression of a constitutively active 

form HIF-1α in adipose tissue did not increase angiogenesis (65). Instead, overexpression 

of HIF-1α induced the expression of multiple ECM components and ECM remodeling 

genes including Col1a1, Col3a1, Eln, Lox, Timp1, and increased tissue inflammation.  

Overall, while hypoxia may be a drive for new vessel formation in some conditions, in 

obesity it may primarily serve as a pro-fibrotic and pro-inflammatory signal. 
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Extracellular matrix composition in adipose tissue 

 

 The ECM is a crucial component of adipose tissue that is necessary for maintaining 

cellular and structural integrity. The ECM is also a source for mechanical signals for 

proper growth and differentiation, and provides a medium for cell-ECM and cell-cell 

crosstalk. This communication permits cells to sense and adapt to their changing 

microenvironment. The generation, maintenance and degradation of adipose tissue ECM 

is regulated by numerous cellular components in adipose tissue, including inflammatory 

cells and adipocytes themselves (Figure 1-2).  

The ECM surrounding adipocytes is composed of numerous protein and 

carbohydrate components that include collagens, laminins, fibronectin, proteoglycans, 

and many more (62, 190). Adipocytes develop in the context of a dense ECM matrix that 

significantly changes throughout development and during adipogenesis.  Preadipocyte 

differentiation triggers a dynamic deposition of all collagen types followed by later 

degradation of the ECM during the later stages of differentiation (141, 147).  ECM 

scaffolding in fat is also composed of the basement membrane, which contains a large 

complex of Collagen IV, Collagen VIII, as well as heparan sulfate proteoglycans 

laminins (176, 190).  To bind with the ECM, adipocytes will crosslink their own 

Collagen VI to the basement membrane. This may be achieved through protein cross-

linking via the enzymes Lysyl Oxidase and Transglutaminase, which may modulate 

adipogenesis  (52, 81). 

Adipose tissue ECM is composed of both fibrillar (Col I, III) and non-fibrillar 

(Col IV, VI, VIII) collagens. A unique aspect of adipose tissue is that it contains the 
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highest concentration of Collagen Type VI compared to other tissues (97, 170).  Collagen 

VI has been shown to correlate with body mass index and be up regulated in adipose 

tissue with obesity and short term overfeeding (170).  ATMs are tightly associated with 

Collagen VI-rich areas in fat where they demonstrate an alternative-activated phenotype 

(198).  The importance of Collagen VI in controlling adipocyte shape with over nutrition 

was shown in studies of mice deficient for Collagen VI, who demonstrate an exaggerated 

capacity for adipocyte hypertrophy (97). Collagen VI cleavage products can also generate 

signaling molecules which can promote fibrosis via increasing the recruitment of 

macrophages and activating TGFβ signaling (169).  It is also clear that other collagens 

besides Collagen VI are important in adipose tissue remodeling.  In obese children, 

increased collagen content in adipose tissue correlated with decreased fat cells size and 

body mass index that was not related to Collagen VI (206).  

Beyond the components that make up the ECM, a variety of other control 

mechanisms tie ECM signals to cellular function.  One example of this in adipose tissue 

is SPARC (secreted protein acidic and rich in cysteine; osteonectin) and its associated 

complex. The SPARC complex has been implicated in regulating cell-matrix interactions, 

angiogenesis, activation of matrix metalloproteinases (MMPs), and modification of 

cytokines and growth factors (27).  SPARC binds to numerous proteins including 

thrombospondins 1 and 2, osteopontin, fibrillar collagens, and tenascins C and X, and 

may therefore contribute to the organization of the ECM in fat and its interaction with 

adipocytes (187).  

SPARC is induced with obesity and with adipogenesis (33).  It is expressed higher 

in subcutaneous adipose tissue compared to visceral adipose tissue and correlates with 
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BMI and waist circumference (113).  Sparc-null mice have larger body weights and 

larger white adipose depots on normal and high fat diet challenge (26, 150).  These 

observations correlated with decreased adipose tissue collagen content in the Sparc-null 

mice. The mechanism behind these effects may relate to the close relationship between 

ECM signals and adipogenesis, as even bone marrow derived cells from SPARC-null 

mice had increased adipogenic potential.  This may also relate to the capacity for SPARC 

to directly inhibit adipogenesis via an enhancement of β-catenin signaling (151). 

 

Extracellular matrix maintenance and turnover in obesity 

 

Both adipose tissue expansion and reduction require an extensive reorganization 

of the ECM to permit the changes in shape.  Gene expression analysis supports the idea 

that ECM maintenance is dynamically regulated over the lifetime of an adipocyte (127, 

157).  During the early stages of adipocyte hypertrophy and the development of obesity, 

there is an increase in ECM deposition (147).  As tissue hypertrophy continues, the 

deposition and maturation of ECM components accumulates and is dynamically 

modified.  Extracellular proteolytic enzymes primarily control ECM degradation.  There 

are many families of proteins that enact this activity, some of which include the MMPs, 

ADAMs/ADAMTs (a-desintegrin and metalloproteinase with thrombospondin motifs), 

urokinase type (u-PAs), tissue type plasminogen activators (t-PA) and plasminogen 

activator inhibitors (PAIs).  

A better understood family of ECM degrading systems in adipose tissue is the 

20+ member, zinc-dependent family of matrix metalloproteinases (MMPs) (146).  MMPs 
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are loosely classified according to their substrate specificity, although there is substantial 

redundancy in their activities (223).  Still, it is generally believed that the complete MMP 

collection is able to degrade most, if not all, of the ECM components in tissues. MMPs 

activity can be regulated by a family of endogenous inhibitors, called the Tissue 

Inhibitors of Metalloproteinases (TIMPs) which have their own range of specificity of 

action towards MMPs (220).  Beyond their ability to cleave ECM components, MMPs 

can also target various signaling molecules, growth factors, and cell adhesion molecules 

with likely effects on adipose tissue function (155).  For example, MMP-12 can truncate 

CXC-type chemokines that are important in macrophage recruitment and mobility (47). 

MMP can activate pro-IL1β, TNFα, and plasminogen as well as activate other MMPs 

(69, 188). MMPs can also release and activate TGFβ within the ECM (129, 240). Almost 

all of these pathways have been implicated in adipocyte function and adipogenesis, which 

implies the range of activity MMPs play in adipose tissue remodeling.  

Transcriptional profiling has shown significant changes in the expression of 

MMPs and TIMPs in adipose tissue from diet-induced obesity models and genetic models 

of obesity (34, 132).   The predominant source of MMPs and TIMPs are unclear, however 

adipocytes can stimulate MMP activation in response to macrophage derived 

inflammatory signals (157).  While many MMPs and TIMPs are induced with obesity, 

some are down regulated or unchanged.  

 Several studies have shown that MMPs are required for proper adipose tissue 

expansion. Pharmacological inhibition of MMP activity has been shown to suppress 

adipocyte differentiation in vitro (169).  In vivo administration of a broad-spectrum MMP 

inhibitor was able to significantly restrict the growth of both subcutaneous and visceral 
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adipose tissue of animals fed high fat diets (48, 119). In this setting, MMP inhibition led 

to the accumulation of collagen-dense matrix surrounding adipocytes and smaller fat 

depots, demonstrating the importance of MMPs in adipose tissue ECM degradation and 

control of adipose tissue shape.  

Specific inhibition of MMP-2, an enzyme that can degrade Collagen IV and the 

basement membrane, can promote differentiation of pre-adipocyte cell lines in vitro 

(218).  However, in vivo inhibition of MMP-2 in mice fed a high fat diet decreased body 

weight gain without an impact on fat pad weight. MMP-2 inhibition reduced adipocyte 

size and blood vessel density suggesting that MMP-2 may more important in the 

regulation of adipocyte hypertrophy and angiogenesis. Consistent with this, treatment of 

obese mice with the MMP-2 inhibitor had a primary influence on blood vessel size, 

suggesting a role for MMP-2 in maintaining angiogenesis. Similar results were seen with 

MMP-2 deficient mice which have attenuated weight gain and smaller fat pads when fed 

a high fat diet (219). The differences between in vitro and in vivo results in this study 

further advocate the need to understand adipose ECM in the context of the entire stromal 

network.  

 Another striking example of the limitations of in vitro analysis of adipose tissue 

ECM come from studies examining the role of the membrane type MMP-14 (MT1-

MMP) (41, 42).  Mmp14 null mice exhibit decreased adipose tissue mass.  When 

preadipocytes were cultured on standard tissue culture plates, adipogenesis was observed 

to proceed undisturbed.  However, when placed in a dense three dimensional collagen 

matrix, preadipocytes from Mmp14 null mice were unable to grow and differentiate.  This 

ability was restored when the matrix was of a lower density and demonstrated the 
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requirement of adipocyte derived MMP-14 to cleave and loosen their pericellular ECM 

and permit adipocyte expansion.  

 In terms of TIMPs in adipose tissue, the role of TIMP-1 and its role in regulating 

MMP activity has been the most studied to date. Transgenic over-expression of TIMP-1 

increases adipocyte differentiation and lipid storage in mammary gland adipose tissue (4).  

However, overexpression of human TIMP-1 in 3T3-F442A adipocytes and in transgenic 

mice had little effects on adipocyte differentiation, adipose tissue expansion, or body 

weights (49).  Attenuating TIMP-1 activity with a neutralizing antibody enhanced 3T3-

L1 adipocyte differentiation in vitro and also lead to larger adipocytes in vivo (138).   

Moreover, administering recombinant mouse TIMP-1 to mice resulted in early 

development of insulin resistance and higher levels of serum non-esterified fatty acid 

levels along with an increase in hepatic lipid storage.  Timp1 deficient mice have also 

been studied and show lower fat pad weight, smaller adipocytes, and protection from 

diet-induced obesity (118).  Overall, these studies suggest that TIMP-1 contributes to the 

remodeling of adipose tissue by inhibiting certain necessary ECM remodeling activities, 

however the mechanisms of how these events are regulated are unclear.   

The role of TIMP-3 in adipose tissue and adipocyte differentiation has also been 

evaluated. Macrophage-specific TIMP-3 over-expression suggested that TIMP-3 was 

protective towards obesity-induced inflammation and metabolic dysfunction (139).  

Conversely, Timp3 deficient mice showed an increase in both hepatic steatosis and 

adipose tissue inflammation (140). In vitro, TIMP-3 expression is down regulated during 

adipogenesis suggesting that low TIMP-3 expression is required to permit adipocyte 
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hypertrophy (15).  Overall, these results suggest that TIMP-3 may exert another layer of 

control over the extent and timing of ECM degradation in adipose tissue.  

 Collectively, these studies suggest that a tightly controlled balance of ECM 

remodeling enzymes is necessary for proper adipocyte expansion and can influence the 

inflammatory set point of adipose tissue. However, MMPs are often difficult to study 

because they can be regulated at multiple post-transcriptional levels.  Because of the 

multi-step regulatory program of MMPs, future studies focused on how MMP activity is 

regulated in adipose tissue are required.  

 

Adipose tissue fibrosis in obesity and weight loss   

 

 The growing interest in adipose tissue remodeling and the ECM relates to the 

strong correlation between adipose tissue fibrosis and obesity-associated metabolic 

dysfunction (202, 203).  Obesity is associated with an increase in adipose tissue fibrosis, 

a prominent signature in visceral adipose tissue depots that is not regularly observed in 

subcutaneous depots in animals, but may be more prominent in human adipose tissues 

(54, 97). Obesity induces a strong induction of ECM component gene expression, growth 

factors, and enzymes involved in post-translational modifications (20, 74). With obesity, 

it is believed that the imbalance of ECM deposition, ECM degradation, and ECM 

component crosslinking results in accumulation of insoluble fibrotic regions. Beyond 

obesity, fibrosis and expression of certain collagens (e.g. Collagen VI) negatively 

correlate with insulin sensitivity, further implicating fibrosis as a signature of adipose 

tissue dysfunction and poor metabolic health (198). Still, while the majority of findings 
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are consistent in seeing a denser ECM with obesity, the mechanisms by which pathogenic 

fibrosis develops is not understood, and discrete criteria describing at which point the 

fibrotic accumulations result in detrimental influence on adipocyte maintenance and in 

metabolism are still unclear (53).  

 Currently, it is not well understood how modifications of the ECM can affect 

adipose tissue’s ability to store, release, and maintain proper energy balance. Current data 

suggests that adipose fibrosis limits the mechanical flexibility of the ECM, which may 

limit the ability of adipocytes to expand and contract in response to metabolic demand (9, 

10).  In vitro studies suggest that mechanical stress due to an increasingly dense ECM 

inhibits preadipocyte differentiation and hypertrophy (40-42). This limits new adipocyte 

formation and may limit the normal capacity of adipose tissue to store and sequester lipid 

and contributes to the increase in lipid deposition in peripheral non-storage tissues such 

as the liver and muscle. In vitro experiments culturing adipocytes in dense ECM limits 

their sensitivity to insulin, and decreases adiponectin expression and secretion (117). 

Additionally, clinical studies reveal that obese patients have increased ECM density and 

stiffness in subcutaneous adipose tissues (1).  Some reports suggest a possible protective 

role for adipose tissue fibrosis might be to limit adipocyte hypertrophy in visceral adipose 

depots, as smaller adipocyte sizes are associated with a lower inflammatory profile (9, 

10). Overall, the majority of pre-clinical data supports the model that fibrosis promotes 

metabolic dysfunction, however potential benefits to fibrosis have been observed in 

clinical settings.  The differences between the pre-clinical and clinical settings may relate 

to the range of BMI being evaluated, depot being sampled, methods of quantitation of 

fibrosis, and the heterogeneity of human obesity and diabetes status.    



18	  
	  

	  

 The negative effects of ECM on metabolism are highlighted in an animal model 

with impaired ECM deposition. Mice deficient for Collagen VI, an ECM component 

enriched in adipose tissue, were crossed onto a leptin-deficient ob/ob background which 

displays genetic obesity.  The lack of Col6 permitted unrestricted expansion of adipocyte 

size (97). This resulted in an improvement of metabolic parameters and glucose tolerance 

compared to the leptin-deficient controls. This was also associated with fewer crown-like 

structures (CLSs) that represent regions of adipocyte death and inflammation.  These 

findings indicate that increasing the flexibility of the ECM may in fact improve the 

ability of adipocytes to adapt to metabolic demand. This may also indicate that adipocyte 

hypertrophy per se is not sufficient to induce an inflammatory response and that the ECM 

may be a key mediator in translating adipocyte stress. 

 To date, whether or not weight loss resolves adipose tissue fibrosis in humans and 

if it is pathogenic or protective is still under investigation. With weight loss, the ECM 

undergoes significant reorganization that allows for a decrease in adipocyte size (11, 29, 

106). Weight loss can improve a variety of metabolic and inflammatory factors related to 

obesity, however in many cases the risk of cardiovascular disease remains high (237). For 

example, normal weight adults that were obese as children have a 2-3 fold higher risk of 

developing diabetes (177). A striking observation is that the accumulation of ECM 

components appears to persist and even increase in obese patients that have undergone 

weight loss (53, 54). This suggests that resolution of adipose tissue fibrosis may not be 

possible and suggests a potential mechanism for ongoing risk of metabolic disease in 

formerly obese individuals.   
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Fibrosis and mechanical stress 

 

One consequence of fibrotic adipose tissue is an increase in the physical stiffness 

of the microenvironment.  Increased rigidity of the microenvironment can promote self 

renewal of adipocyte progenitors while decreasing their adipogenic capacity (32).  This is 

consistent with the observations that Mmp14 deficient mice have impaired adipocyte 

formation due to the loss of local collagen breakdown (41).  

 A few studies have evaluated the mechanisms by which the mechanical properties 

of the microenvironment modify adipocyte function.  Mechanical stretching of 3T3-L1 

adipocytes inhibits differentiation via ERK-mediated down regulation of PPARγ2 (209). 

Applying a mechanical stress to human preadipocytes by compressive force inhibited 

adipocyte differentiation via COX-2 mediated down regulation of PPARγ2 and C/EBPα 

(78).  These effects were not observed when the compression was done after 

differentiation, suggesting that preadipocytes may be primarily responsive to mechanical 

stress from fibrosis.  

 The Rho/Rho-Kinase (ROCK) signaling pathway plays an important role in the 

mechanotransduction of stress, which converts physical stimuli from the 

microenvironment into biochemical signals.  ROCK is activated in adipose tissue of 

obese Zucker rats, and ROCK activation correlates with the development of glucose 

intolerance via phosphorylation of insulin receptor substrate-1 (IRS-1) (92).  ROCK also 

induces the expression of inflammatory cytokines MCP-1 and TNFα (73, 148). Inhibition 

of ROCK activity by overexpression of an adipocyte-specific dominant-negative RhoA 

attenuated adipocyte hypertrophy, weight gain, and macrophage recruitment to adipose 
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tissues (68).  ROCK inhibition also improved glucose metabolism in mice after high fat 

diet challenge.  Hypertrophy of 3T3-L1 adipocytes was found to correlate with increased 

Rho-Kinase activity and expression of MCP-1 and TNFα. Together, these data may 

demonstrate the importance of adipocyte mechanical sensing in metabolic and 

inflammatory control.  

 

Changes in macrophage populations with obesity 

 

ATMs are the dominant leukocyte population in adipose tissue in both lean and 

obese states.  Both human and mouse ATMs can be subdivided into two general groups 

based on functional observations, however additional studies suggest this model is overly 

simplistic (122, 228). More recent studies however, have described an additional distinct 

ATM subtype associated with obesity, termed the “metabolically active” or MMe subtype 

(107). The resident ATM population has properties that overlap with alternatively 

activated macrophages (M2) and is associated with suppression of the immune response 

and with ECM remodeling.  Resident ATMs are found in all adipose tissue depots and are 

the dominant population in lean states.  A subtype of CD11c+ ATMs are induced with 

obesity and are associated with tissue damage, pro-inflammatory signaling, and the 

generation of TH1 cytokines such as TNFαwhich is a common hallmark of classically 

activated macrophages (M1).  The functions and roles of MMe macrophages in ECM 

remodeling, while being associated with metabolic dysfunction, have not yet been fully 

explored and remains a promising research avenue.  
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Which ATM population contributes more to adipose tissue ECM deposition and 

to pathogenic fibrosis is unclear.  Some studies have attributed remodeling capacity more 

to the CD11c+ M1 ATM subset than the resident ATM subset (25, 192).  This largely due 

to the association between CD11c+ ATM accumulation and adipose tissue fibrosis in 

obese mice.  These observations are not surprising given that the M1/M2 paradigm is an 

in vitro oversimplification and in vivo tissue macrophage likely assume activity along a 

broad spectrum.  The position of ATMs in direct contact with adipocytes, vascular 

endothelial cells, preadipocytes, and the ECM leave them poised to integrate signals from 

a myriad of inputs and alter the behavior of the remodeling environment  (Figure 1-3).  It 

is becoming clear that ATM plasticity is a result of the diverse environment of adipose 

tissue.   

Developmental remodeling of adipose tissue appears to be crucially controlled by 

resident ATMs (67).  Depleting macrophages during development with clodronate 

liposomes inhibited adipogenesis by perturbing angiogenesis in the developing fat pad.  

In post-natal development, ATMs are concentrated in the tips of growing visceral fat pads 

where they may be contributing to ongoing angiogenesis and adipocyte formation by 

regulating VEGF signaling (35, 204).   

In adult animals, resident M2 ATMs provide critical signals that support 

adipogenesis in many types of adipose tissue remodeling.  Lee et al recently identified an 

adipogenic niche that was formed in during prolonged lipolysis (114).  This model of 

studying reorganizations via lipolysis generated CLS due to the death of white adipocytes 

that were enriched in resident M2 ATMs.  This new structure also appears to be critical to 

the generation of new adipocytes, as the ATMs provide signals that trigger preadipocyte 
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proliferation and new adipogenic foci.  Osteopontin was identified as a signal emanating 

from the M2 ATMs and sensed by the preadipocytes as a migratory and stimulatory 

signal. Osteopontin deficient mice failed to form these regenerative adipogenic foci.   

An important contribution of this paper by Lee et al is the comparison between 

macrophage activation paradigms between several models of induced adipose tissue 

“remodeling.” These included physical disruption, diet induced obesity, and neogenesis 

of adipose tissue in a matrigel plug.  All of these conditions led to the formation of 

similar adipogenic foci, however the macrophage activation profiles differed substantially 

between these conditions.  This suggests a plasticity of ATM function depending on the 

triggers for adipose tissue remodeling and the importance of the local tissue 

microenvironment in generating a macrophage response.   

 A hallmark of obese adipose tissue is the presence of CLS that develop around 

necrotic adipocytes (43, 62).  CLS density is associated with insulin resistance and a pro-

inflammatory environment in adipose tissue (18, 145, 198).  The formation of CLS is 

presumably due to excessive adipocyte hypertrophy and subsequent stress leading to a 

pattern of cell death that resembles necrosis or pyroptosis – a caspase-dependent type of 

programmed cell death.    

 The primary component of CLS are lipid-laden macrophages, however multiple 

leukocytes have been observed to be concentrated there as well, including lymphocytes, 

eosinophils, and mast cells (6, 234).  CLS are enriched for CD11c+ M1-like ATMs which 

take up lipids and cellular debris and generate pro-inflammatory cytokines.  The function 

of ATMs in this context may be to process and prevent lipid release out of adipose tissue.  

Increasing macrophage lipid storage by overexpression of diacylglycerol acyltransferase 
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1 (DGAT1) results in reduced adipose tissue inflammation and an improved metabolic 

profile in obese mice (104).  In addition, this accumulation of M1 ATMs in CLS is 

primarily dependent upon the influx of monocytes from the circulation in response to 

chemotactic signals in adipose tissue (123, 153, 161). 

 

Macrophage regulation of ECM deposition and degradation 

 

 CLS are also associated with dense ECM deposition (43). The localization of M1 

ATMs to these areas suggests that M1 ATMs promote a local pro-fibrotic environment.  

The cells in adipose tissue involved in the deposition of ECM have not been clearly 

delineated.  In many other pro-fibrotic settings, fibroblasts are a major contributor to the 

promotion of ECM accumulation.  In response to pro-inflammatory damage signals and 

growth factors such as TGFβ , fibroblasts can be converted into pro-fibrotic 

myofibroblasts that express Collagen I and smooth muscle actin (α-SMA) (102).  In 

adipose tissue, fibroblasts are abundant and are similar in morphology with adipocyte 

precursors.   

 Evidence suggests a coupling between macrophage pro-inflammatory signals and 

the generation of myofibroblasts in obese adipose tissue.  Pro-inflammatory signals can 

activate gene expression of ECM components in preadipocytes (96).  Conditioned media 

from ATMs can induce the gene expression of α-SMA in adipocyte precursors (24).   In 

this system, TGFβ signaling was required to promote a “myofibroblast” phenotype and 

TGFβ was sufficient to induce promote  induce the gene expression TGFβ can also 

induce the migration and contractility of adipose tissue fibroblasts suggesting direct links 
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between myofibroblasts and mechanical stress (90).  Secreted factors from pro-

inflammatory M1 macrophages can also block the adipogenic capacity of preadipocytes 

(19, 123).  How this may be coupled to a shift toward a myofibroblast phenotype has yet 

to be fully delineated.  Additionally, the evidence suggesting that these pro-fibrotic cells 

actually produce ECM proteins or promote their crosslinking and assembly has not been 

elucidated.  

 It is not clearly understood how the pro-fibrotic capacity overlaps with the ability of 

macrophages to degrade the ECM (131).  In other fibrotic settings, macrophages are 

important in degrading the collagen network, and in adipose tissue, ATMs have been 

shown to have significant ECM remodeling potential in obesity (198).  Still, it is unclear 

if the promotion of ECM degradation pathways (e.g. MMP production) seen in obesity 

can be resolved even with excessive accumulation of ECM. 

 

Significance of adipose tissue ECM research 

 

 Pre-clinical mouse models suggest an integrated model of macrophage control of 

adipose tissue fibrosis.  In lean states, resident ATMs participate in the maintenance of 

adipose tissue by promoting regenerative adipogenesis and ECM remodeling to permit 

adipocyte expansion and contraction upon demand.  Obesity challenges the balance of 

this system by inducing adipocyte hypertrophy and stress, which promotes M1 ATM 

accumulation and reprogramming of the M2 ATM population.  Pro-fibrotic signals from 

ATMs (either CD11c+ or resident) promote the conversion of preadipocytes to a pro-

fibrotic phenotype that promotes ECM deposition.  Fibrosis increases the mechanical 
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stress upon the adipocytes and preadipocytes that further potentiates adipocyte 

dysfunction and stress.  In response to the pro-fibrotic environment, ATMs attempt to 

degrade and remodel the ECM and restore the system to homeostasis.  However, in the 

face of ongoing nutritional excess, this may not be sufficient to restore normal adipose 

tissue function and thus metabolic dysfunction is promoted.   

 The understanding of ECM remodeling will have to take place in the context of 

dynamic nutrient states such as weight gain and weight loss in order to have a more 

complete understanding of the pathogenesis of metabolic disease. In addition, how 

remodeling differs between visceral and subcutaneous fat depots may unlock the links 

between visceral adiposity and metabolic disease.  Increasing our understanding of how 

adipose tissue fibrosis is generated and if it can be resolved may provide novel 

therapeutic strategies that are needed in the face of the obesity epidemic.   

 In this dissertation, we take a step-wise approach to adipose tissue fibrosis to 

address three major gaps in knowledge relating how the ECM is modified in the context 

of weight gain and weight loss. In the following chapter, we examine the architecture and 

organization of a previously unexplored adipose tissue ECM component, the elastin 

matrix, and investigate it mechanisms of its regulation with the development of obesity. 

In the third chapter, we investigate the organization of the collagen matrix with the goal 

of identfying the cellular sources of the excess collagen production in visceral and 

subcutaneous adipose tissues, and identify a potential mechanism of stromal cell pro-

fibrotic activation. In Chapter 4, we investigate the question of whether or not fibrosis is 

reversible after weight loss by examining adipose tissue ECM architecture and 

components both before and after weight loss.  Finally, we conclude with a discussion of 
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our findings in the context of the field of obesity and diabetes research.   

 

Summary Points: 

• The ECM is a crucial component of adipose tissue that is necessary for 

maintaining adipocyte function and structural integrity 

• Insulin resistance is associated with adipose tissue inflammation, excess ECM 

deposition, and adipose tissue fibrosis. 

• Excess adipose tissue ECM may limit the ability of adipocytes to expand and 

contract in size in response to metabolic demand. 

Future Directions  

While many groups have provided a functional base of knowledge of the events 

components of adipose tissue remodeling, there are still many important unresolved 

questions in the field: 

• What are mechanisms that regulate the deposition of ECM components in across 

physiological and pathological spectrums and how does this differ between 

adipose tissue depots? 

• What causes the shift in balance resulting in favoring ECM deposition over ECM 

degradation in adipose tissue? 

• How do interactions between ATMs and preadipocytes or ATMs and mature 

adipocytes influence how the ECM is produced and modified?  

• Does weight loss reverse the fibrotic status of the adipose tissue ECM 

architecture? 
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Figure 1-1.  Adipose tissue remodeling during obesity. With nutrient excess (chronic 
or acute), numerous events are triggered that influence adipose tissue shape. A balance 
between adipocyte hypertrophy, hyperplasia, and death contributes to the nutrient storage 
capacity of a fat depot. Hypertrophy and hyperplasia are linked to angiogenic cues that 
maintain nutrient availability to adipocytes. Adipocyte death is a trigger for the 
accumulation of inflammatory adipose tissue macrophages (ATMs) that form crown-like 
structures (CLSs), which is a hallmark of adipose tissue stress. Extracellular matrix 
(ECM) degradation and deposition in the microenvironment are regulated differently in 
these conditions. Abbreviations: CD11c+, cluster of differentiation 11c or integrin alpha 
X; HIF, hypoxia-inducible factor; MMP, matrix metalloproteinase; TIMPs, tissue 
inhibitors of metalloproteinases; VEGF, vascular endothelial growth factor. 
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Figure 1-2.  Dynamic regulation of adipose tissue extracellular matrix (ECM) with 
obesity. In lean states, the adipose tissue ECM is remodeled in response to acute 
physiologic changes in nutrient availability. This remodeling permits adipocyte 
expansion and contraction in response to nutrient demands. Both conditions require a 
relative dominance of processes that degrade the ECM over those that deposit ECM. 
With chronic obesity, this system is altered. In concert with a decrease in insulin 
sensitivity and inflammation, ECM accumulates around adipocytes. This increases 
mechanical stress by tipping the balance away from ECM degradation and toward ECM 
deposition. In concert with this, adipose tissue macrophages (ATMs) are activated and 
accumulate in ECM-dense regions. The net effect is a loss of adipocyte flexibility as a 
nutrient storage depot, which contributes to the development of metabolic disease and 
insulin resistance. Abbreviations: CLS, crown-like structure; M1 ATM, classically 
activated macrophage. 
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Figure 1-3.  Adipose tissue macrophages (ATMs) and the regulation of adipose 
tissue remodeling. ATMs sit at the interface of many of the pathways that regulate 
adipocyte health. Adipogenesis is promoted by resident alternatively activated 
macrophage (M2) ATM signals (e.g., osteopontin) and is suppressed by pro-
inflammatory cytokines from classically activated macrophage (M1) ATMs. Blockade of 
adipogenic potential can trigger a myofibroblasts or “pro-fibrotic” phenotype in 
preadipocytes by M1 ATM-secreted factors. Adipocyte death is a potent adjuvant for M1 
ATM activation, which promotes abnormal extracellular matrix (ECM) organization and 
fibrosis in conjunction with formation of myofibroblasts. Abbreviations: IL-6, 
interleukin-6; TGFβ, transforming growth factor beta; TNFα, tumor necrosis factor 
alpha. 
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Chapter 2. 

 

Obesity-Induced Remodeling of the Adipose Tissue Elastin Network is  
Independent of the Metalloelastase MMP-12 

 

Abstract 

 

The ECM plays important roles in maintaining adequate adipose tissue function 

and in metabolic regulation. Here we have examined the organization of a relatively 

unexplored adipose tissue ECM component, elastin and its response to diet induced 

obesity in mice. Additionally, we have explored the regulation and requirement of 

macrophage metalloelastase, MMP-12, in adipose tissue ECM remodeling in obesity. In 

visceral fat depots, elastin fibers form a mesh-like net that becomes denser with diet-

induced obesity. In contrast, the elastin fibers in subcutaneous adipose depots are more 

linear in organization, and are tightly associated with ATMs. We found that Mmp12 is 

produced predominantly by ATMs and can be induced with both short- and long-term 

high fat diet challenge and rapid remodeling induced by lipolysis. This contrasts with 

Mmp14 and Timp1, which are further induced only after chronic obesity in non-ATM 

populations.  We examined obese transgenic Mmp12-/- mice and found an increase in 

Portions	  of	  this	  chapter	  are	  in	  press:	  Martinez-‐Santibanez	  G,	  	  Singer	  K,	  Cho	  KW,	  Delproposto	  J,	  
Mergian	  T.,	  	  Lumeng	  CN.	  Obesity-‐induced	  remodeling	  of	  the	  Adipose	  Tissue	  Elastin	  Network	  is	  
Independent	  of	  the	  metalloelastase	  MMP-‐12.	  Adipocyte	  2014.	  
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gene expression of ECM genes with diet-induced obesity, but showed few significant 

differences in metabolic parameters, elastin matrix density, or in adipose tissue 

inflammation. Together, these studies reveal the architecture and diet-induced regulation 

of the elastin matrix and suggest that MMP-12 is not required for elastin matrix 

remodeling or for the metabolic dysfunction that occurs with obesity. 

 

Introduction 

 

The proper function of adipocytes is dependent on stromal cells in adipose tissue, 

as well as the organization and composition of the ECM. Adipose tissue ECM is 

composed of a diverse network of proteins that include collagens (Type I, III, V, and VI), 

fibronectin, and elastin (53). The healthy physiologic expansion of adipose tissue requires 

a tightly regulated balance of ECM deposition, degradation, and post-translational 

modifications (40, 41). Obesity promotes ECM accumulation in adipose tissue, which can 

contribute to fibrosis and ultimately impair its function as an efficient nutrient storage 

organ (81). Associations between adipose tissue fibrosis and metabolic disease has led to 

a considerable interest in understanding the mechanisms that regulate adipose tissue 

ECM remodeling (203).    

Elastin is an ECM protein found in almost all tissues, but there is a paucity of 

information regarding its distribution and regulation in adipose tissue.  Elastin is a 

heavily cross-linked protein that enables tissues to stretch and return back to its original 

conformation (76, 98).  In human adipose tissue, the density of the elastin network was 

higher in tissues from lean individuals compared to obese individuals, suggesting 
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remodeling of the elastin network with increased adiposity (197). An interaction between 

collagen and elastin networks in adipose tissue has been suggested, as elastin expression 

is decreased in Collagen VI-deficient mice, which have a less dense collagen matrix that 

is permissive to adipocyte hypertrophy (97).  Inhibition of lysyl oxidase, an enzyme that 

crosslinks both collagen and elastin fibers, can improve metabolic parameters in obese 

animals (65, 128). In addition to this structural role, elastin-derived peptides have been 

shown to contribute to insulin resistance by blocking glucose uptake in muscle and 

adipose tissue (22). 

The degradation of the ECM proteins such as collagen and elastin is controlled by 

proteinases that include matrix metalloproteinases (MMPs) and their endogenous 

inhibitors such as tissue inhibitors of metalloproteinases (TIMPs) (34, 119).  We focus on 

MMP-12 is a metalloelastase because it has the capacity to degrade elastin, and because it 

plays important roles in tissue fibrosis and injury in other tissues (71, 83, 230). Mmp12 

expression is highly induced in adipose tissue of mice with diet-induced obesity, and its 

expression has been reported in both mature adipocytes as well as in ATMs (34, 82, 132, 

192). The importance of Mmp12 in obesity-induced metabolic dysfunction remains 

unclear as one report failed to identify any metabolic phenotype in Mmp12-/- mice despite 

a decrease in ATMs and another found that Mmp12 deficiency provided protection from 

metabolic dysfunction and obesity-induced adipose tissue inflammation (14). 

In this chapter, we describe an extensive network of elastin fibers in adipose 

tissue that are regulated by diet-induced obesity. Elastin deposition is increased in 

visceral adipose tissue depots with obesity and there are significant qualitative 

differences in the cross linking of elastin fibers between depots.  Since we observe a 
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strong physical association between ATMs and elastin we have examined the response to 

dietary obesity in Mmp12-/- mice and observe changes in ECM gene expression but no 

significant change in metabolic measures with Mmp12 deficiency. 

 

Materials and Methods 

 

Animal Studies.  

C57BL/6J and B6.129X-Mmp12tm1Sds/J (Mmp12-/-) mice were obtained from The 

Jackson Laboratories. Male C57 mice, (6 weeks of age) were fed a normal diet (ND, 

4.5% fat Research Diets, New Brunswick, NJ), or High fat diet (HFD, 60% fat from lard; 

Research Diets). For Mmp12-/- experiments, littermate males were fed a HFD ad libitum 

starting at 8 weeks of age. For lipolysis experiments, mice fed a ND or HFD for 16 weeks 

were injected with 1mg/kg of CL316243 or PBS-vehicle intraperitonealy (IP) for three 

consecutive days. All procedures were approved by the University of Michigan 

University Committee on Use of Care of Animals and were in compliance with the 

Institute of Laboratory Animal Research Guide for the Care and Use of Laboratory 

Animals.  

 

Quantitative real-time PCR.  

Tissues were frozen in liquid nitrogen and stored at -80°C. Total RNA was 

isolated from adipose tissues, SVCs, or FACS-sorted cells using the RNeasy Lipid Tissue 

Kit or QIAzol lysis reagent (Qiagen, Valencia, CA) followed by DNAse digestion 

according to manufacturer’s instructions. cDNA was generated from 0.5-1ug of RNA 



34	  
	  

	  

using the High Capacity cDNA Reverse Transcription Kits (Applied Biosystems, 

Carlsbad, CA). Real-time PCR analysis was performed using SYBR Green PCR Master 

Mix (Applied Biosystems) and StepOnePlus thermocycler (Applied Biosystems). 

Relative expression was performed in duplicate samples and determined using the 2- Δ

elatimethod after normalizing to Arbp.  Mmp12 to Timp1 ratios calculated by dividing 

Mmp12 relative expression levels by Timp1 relative expression levels.  

 

Microscopy and Histology.  

Tissues used for sectioning were fixed and stored in 10% Buffered Formalin. 

Anti-Elastin antibodies for immunofluorescence staining were kindly provided by Dr. 

Robert Mecham (Washington University in St. Louis). Macrophages were stained with 

anti-MGL-1 (AbCam) or anti-Mac-2 (eBiosciences) antibodies. Whole mount 

immunofluorescence microscopy was performed as described (123).  Images were 

captured using an Olympus inverted microscope fitted with an Olympus DP72 camera. 

ImageJ software (NIH) was used to measure adipocyte size and to assemble composite 

images. Mean Linear Intercept (MLI) was used to measure the mean free distance 

between elastin matrix fibers, and was performed by point counting method as described 

(103).  Elastin positive area (%Eln+ area) was calculated with ImageJ software.  

 

Analysis of adipose tissue stromal vascular fraction (SVF).   

SVF isolation and flow cytometry were performed as described (144). Antibodies 

used were: CD45-eFluor405, CD64-PE, and CD11c-APCCy7, F480-APC, CD11b-

APCCy7, in addition to propidium iodide viability stain. Flow Cytometry was performed 
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using a FACS CANTO II Flow Cytometer (BD Biosciences) and sorting on a FACSAria 

III.  Analysis with FlowJo software (Tree Star, Ashland, OR). 

 

Metabolic studies.  

 Glucose and Insulin tolerance tests were performed as described (143). 

Plasma insulin levels were measured using a mouse insulin ELISA kit (Crystal Chem, 

Downers Grove, IL). Body composition analysis (body fat, lean mass, free fluid) was 

performed by the Animal Phenotyping Core at the University of Michigan’s Nutrition 

and Obesity Research Center using the NMR-based analyzer (Minispec LF90II, Bruker 

Optics). 

 

Statistical analysis.  

 Data are expressed as the mean +/- the standard error of the mean (SEM). 

GraphPad Prism software (GraphPad Software, La Jolla, CA) was used for statistical 

analyses. Differences between groups were determined using unpaired two-tailed 

Student’s t-test, where a p≤0.05 was considered significant.  

 

Results 

 

Adipose tissue depot specific differences in the organization of the elastin matrix 

While the collagen network is relatively well characterized in adipose tissue, little 

is known about the distribution of the adipose tissue elastin network and how this 

changes with obesity.  We assessed elastin composition in adipose tissue using several 
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complementary methods.  First, Verhoeff’s stain, previously used to identify elastin in 

other tissues, was performed on section from visceral (epididymal; eWAT) and 

subcutaneous (inguinal; iWAT) white adipose tissue depots from lean (16wks ND) and 

obese (16wks HFD) male C57BL/6 mice. In lean mice, Verhoeff+ regions were more 

prominent in iWAT compared to eWAT (Figure 2-1A).  With obesity, Verhoeff+ areas 

increased in eWAT and were concentrated around crown-like structures (CLSs) - regions 

of adipocyte death and ATM accumulation. In contrast, iWAT from obese mice had 

reduced Verhoeff+ regions relative to lean tissues. To verify the specificity of Verhoeff’s 

stain for elastin, we performed immunohistochemistry (IHC) for elastin on eWAT and 

iWAT from lean and obese (Figure 2-1B). In eWAT, elastin+ regions were increased 

with HFD and recapitulated the observations with Verhoeff stain.  Less elastin+ staining 

was observed in iWAT compared to eWAT and there were no significant changes in 

elastin positivity in iWAT with HFD.  The iWAT staining did not match the Verhoeff’s 

reagent and suggests non-specific staining in iWAT may limit the use of the Verhoeff’s 

reagent.  

As a third approach, elastin was assessed in fixed whole mount adipose tissue 

samples by immunofluorescence microscopy.  Elastin fibers in eWAT of ND mice 

formed a highly cross-linked mesh-like network around adipocytes (Figure 2-2A).  In 

stark contrast, elastin fibers in iWAT were organized in individual fiber bundles with less 

cross-linking compared to eWAT (Figure 2-2B).  After 16 weeks of HFD, the elastin 

network in eWAT showed an increase in the density of elastin fibers and with more 

intersecting fibers (Figure 2-2C). The iWAT elastin network in obese mice also 

demonstrated a qualitative increase in intersecting fibers (Figure 2-2D).  Quantification 
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of elastin+ regions confirmed the increase in elastin fibers in eWAT, but not iWAT with 

HFD (Figure 2-2E). The mean linear intercept (MLI) method was utilized to quantify 

reticulation (increased branching is associated with a decrease in MLI) (8, 126).  This 

demonstrated a significant increase in elastin branching in eWAT compared to iWAT and 

an increase in branching with HFD feeding (decrease in MLI) (Figure 2-2F). No 

significant changes in elastin (Eln) gene expression were seen in eWAT or iWAT 

suggesting that post-transcriptional regulation of elastin degradation/formation may be a 

critically regulated step (Figure2-2G). 

 

Mmp12 expression is induced in ATMs with obesity.  

MGL1+ resident ATMs are found in all adipose tissue depots and are the 

dominant macrophage population in lean mice (124). In iWAT, MGL1+ ATMs were 

observed to be tightly associated with elastin fibers (Figure 2-2H). The close physical 

association between ATMs and elastin fibers led us to explore the hypothesis that 

macrophages may participate in the remodeling of the elastin matrix via the macrophage 

metalloelastase MMP-12.  

We examined Mmp12 expression in four adipose tissue depots (eWAT, iWAT, 

peri-renal adipose tissue (rWAT) and mesenteric adipose tissue (mWAT)) after a short, 

4-week HFD challenge to induce rapid fat expansion. This short term HFD treatment 

induced significant adipose tissue expansion without accumulation of CD11c+ ATMs 

(data not shown).  Gene expression analysis revealed that Mmp12 was induced at least 80 

fold in all four depots after HFD challenge when compared to lean age-matched ND-fed 

controls (Figure 2-3A). In contrast, the expression of Timp1, an endogenous inhibitor of 
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MMP-12, was not altered by obesity in eWAT or iWAT, but was induced in mWAT and 

rWAT depots (Figure 2-3B).  Expression of Mmp14, a pericellular collagenase, 

decreased in eWAT with short term HFD, but did not change in other depots (Figure 2-

3C).   Long-term HFD (16wks) induced both Mmp12 and Timp1 expression in eWAT 

(Figure 2-3D,E). Mmp14 increased in eWAT after HFD (Figure 2-3F).    

Based on the range of reports in the literature, we next set out to clarify the source 

of Mmp12 expression in adipose tissue after diet-induced obesity. We analyzed Mmp12 

gene expression from total adipose tissue or from adipose tissues that had been 

fractionated to separate mature adipocytes and the stromal vascular fraction (SVF). 

Consistent with previous reports, the SVF was identified as the major site of Mmp12 

induction (Figure 2-4A).  FACS cell sorting was then used to separate ATMs 

(F4/80+CD11b+) and Non-ATMs from the SVF. Mmp12 expression was enriched in the 

ATM sub-fraction from both lean and obese groups and was induced by HFD only in the 

ATM sub-fraction. (Figure 2-4B) In contrast, the expression of Timp1 and Mmp14 were 

more prominently expressed in the non-ATM sub-fraction, where they were both induced 

with HFD (Figure 2-4,-D).   Overall, our data demonstrate a rapid induction of Mmp12 in 

ATMs with fat expansion that precedes other genes involved in ECM remodeling. 

 

Lipolytic remodeling activates Mmp12 expression.  

To observe rapid adipose tissue remodeling in a different context, we employed 

the use of an acute lipolysis model (106).  To examine the regulation of Mmp12 gene 

expression in this setting, we assessed age-matched lean (ND) and obese (16-week HFD) 

mice after three days of treatment with a d  adrenergic receptor agonist, CL-316243 (CL).  
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Compared to lean vehicle-treated controls, Mmp12 was induced by CL compound 

(Figure 2-5A).  In obese mice, Mmp12 was highly expressed compared to lean controls, 

however CL did not induce further Mmp12 expression in obese mice. CL had no 

significant effects on Timp1 expression or Mmp14 expression in lean or obese mice 

(Figure 2-5B,C).  

 

Mmp12 deficiency does not alter weight or metabolism with high fat diet feeding.  

From our observations, we hypothesized that MMP-12 would play a critical role 

in modifying the elastin matrix to permit adipocyte hypertrophy in response to high 

calorie diets and obesity.  Therefore, we tested the impact of Mmp12 deficiency on 

adiposity and measures of metabolic dysfunction and inflammation in adipose tissue. To 

assess this, Mmp12-/-, Mmp12+/-, and Mmp12+/+ littermates were fed ND or HFD for 10 

weeks. In adult lean mice, there were no significant differences in body weight or glucose 

metabolism as seen by fasting glucose measurements (data not shown).  In the HFD fed 

group, Mmp12-/- and Mmp12+/- mice had higher body weights compared to Mmp12+/+ 

during the later stages of HFD feeding (Figure 2-6A). However, body composition 

analysis showed no significant differences in percent lean or fat mass. To evaluate 

glucose regulation, we measured fasting glucose and insulin levels, and performed 

glucose and insulin tolerance tests and observed no significant differences between 

genotypes (Figure 2-6B). Tissue weights of the liver, eWAT, iWAT, and rWAT fat 

depots did not differ between genotypes, indicating that adipose tissue expansion was not 

dependent upon Mmp12 (Figure 2-6C).  Adipocyte size (Figure 2-6D) and density (# of 
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adipocytes per gram, not shown) did not differ between genotypes, nor did expression of 

the markers of adiposity Lep or AdipoQ (Figure 2-6E). 

To evaluate if Mmp12 plays a role in chronic obesity and metabolism, we fed 

Mmp12-/- and Mmp12+/+ HFD for 25-27 weeks.  In contrast to short term feeding, no 

significant differences in body weight, body composition, fat pad weights, or glucose 

tolerance were observed between genotypes (data not shown). Together, these data 

suggest that an Mmp12 deficiency does not play a significant role in adipose tissue 

expansion, metabolism, or chronic obesity.  

 

Mmp12 deficiency does not influence ECM deposition or ATM accumulation  

We assessed long term HFD fed Mmp12-/- and Mmp12+/+ mice for adipose tissue 

ECM and did not observe significant differences in the deposition of total collagen as 

measured by Picrosirius collagen stain (data not shown). Similarly, we did not see 

differences in the organization of the elastin matrix in eWAT as measured by Verhoeff’s 

stain (Figure 2-6F).   Because Mmp12 may impact ATM function, we examined CLS 

formation and observed a mild qualitative decrease in the number of Mac-2+ CLS in 

eWAT of Mmp12-/- animals similar to other reports (Figure 2-6G) (14).  However, flow 

cytometry analysis failed to detect any differences in the quantity of CD11c+ ATMs and 

CD11c- resident ATMs in long term HFD fed Mmp12+/+ and Mmp12-/- mice (data not 

shown).  
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Mmp12 deficient animals express higher levels of ECM genes 

Finally, we assessed if Mmp12 deficiency influences ECM gene expression in 

adipose tissue.  From the eWAT from HFD- fed Mmp12-/- and Mmp12+/+ mice, small but 

statistically significant increases in the expression of Col1a, Col5a, Col6a3, and Tgfb1 in 

eWAT of Mmp12-/- mice were observed (Figure 2-7A). We did not observe differences in 

expression of genes involved in crosslinking ECM components and ECM processing 

(Figure 7B).  Evaluation of genes related to macrophage migration and inflammation in 

adipose tissue showed an increase in Csf1, but a decrease in Mrc1 gene expression (a 

marker of alternatively activated macrophages) (Figure 2-7C). No significant differences 

in expression of chemokine genes were observed (Figure 2-7D).  

 

Discussion 

 

The makeup of the adipose tissue ECM has the potential to influence whole-body 

metabolism by modifying the ability of adipocytes to store nutrients. Of the ECM 

components, adipose tissue elastin is one of the least understood. Elastin has unique 

mechanical properties that provide tissue flexibility and resilience to deformation (5).  

Our findings demonstrate 1) a distinct depot-specific architecture of the elastin network 

in adipose tissue with more a dense network of elastin fibers in visceral compared to 

subcutaneous adipose tissues, 2) speculation of the use of elastin fibers perhaps as a 

scaffold by ATMs, 3) ATMs are the main source of the metalloelastase Mmp12 that is 

induced with lipolysis, short term, and chronic HFD challenge, and 4) obese Mmp12-/- 
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mice have increase expression of ECM genes, but do not demonstrate significant 

differences in glucose metabolism or adipose tissue inflammation compared to WT mice.   

In several tissue fibrosis settings, the density of elastin has been shown to increase 

after injury (21, 226). Our results match a study reporting the pericellular localization of 

heterogenic elastin fibers around adipocytes (5). Our results add further detail about its 

organization and changes with obesity and suggest the importance of post-translational 

regulation of elastin stability and fiber organization in adipose tissue. The stark 

differences in elastin organization and mesh density between the visceral and 

subcutaneous depots may shed some light into why the expansion and inflammatory 

potential of these two fat pads are different. We posit that the organization of elastin 

fibers may be responsible for the metabolic and inflammatory differences between 

visceral the subcutaneous adipose depots. 

Our immunostaining revealed the surprising observation that many resident 

ATMs are bound to elastin fibers, and was more clearly observed in subcutaneous depots.  

This may fall in line with observations that elastin and its fragments can stimulate 

macrophage chemotaxis (84, 91). ATMs may be using elastin fibers as an organizing 

scaffold or alternatively located there poised to degrade or remodel the elastin network.  

To further study the role of MMP-12 in adipose tissue, we challenged Mmp12-/- 

mice to short term and long term HFD. We observed a small increase in total body 

weight in the Mmp12-/- mice compared to WT controls with the short-term treatment.  

This effect was not observed with a longer HFD challenge.  Our short term diet challenge 

results are comparable to the study by Lee et al , however our studies differ because they 

demonstrated a profound increase in adipose tissue mass in Mmp12-/- mice which we did 
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not observe (111).   It is unclear why the body weight differences did not persist with 

chronic feeding in our studies.  In both cohorts however, we did not observe significant 

metabolic differences related to Mmp12 deficiency. This observation concurs with 

Bauters et al which show no metabolic phenotype despite an decrease in ATMs, and 

conflicts with Lee et al who suggest that Mmp12 plays a role in aggravating insulin 

resistance (14, 111).  Differences in experimental design and husbandry conditions (e.g. 

microbiome) may explain our differing results.  Bauters et al used a mouse strain on a 

mixed genetic background.  Lee et al used Mmp12-/- animals on a C57BL/6 background, 

yet it is unclear if littermate controls were used.  We feel that the use of littermate and 

heterozygous controls is required to control for husbandry conditions.   

The observation that Mmp12 is robustly and rapidly induced with lipolytic and 

obesogenic stimuli in iWAT may be consistent with a requirement for elastin to be 

remodeled to permit adipocyte morphological changes such as with hypertrophy.  

However, from our mouse studies, it appears that overall Mmp12 is dispensable in the 

overall regulation of the elastin network.  Our findings further emphasize the importance 

of overlapping and redundant function of MMPs and other ECM remodeling enzymes.  It 

suggests that other elastases such as cathepsins and neutrophil elastases which have been 

implicated in obesity and metabolic disease may play a more prominent role in ECM 

reorganization (205, 238). Overall, while we have added further detail in one of the 

components of the adipose tissue ECM, our data suggests that MMP-12 may not play a 

significant role in regulating the elastin matrix, metabolism, or in modifying adipose 

tissue macrophage recruitment or phenotypes in mice.  
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Figure 2-1. High fat diet-induced obesity modifies the adipose tissue elastin matrix.  
Paraffin embedded sections were stained with (A) Verhoeff Van Giesonlism, or in 
modifying adipose tissue macrophage recruitment or phenotypes in mice. of MMPs and 
other ECM remodeling enzymes.  It sugges) mouse epididymal (eWAT) and 
subcutaneous inguinal (iWAT) tissues. Representative images shown from one of 5 
replicate samples with similar results.  (scale bar = 100μM).  
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Figure 2-2. Elastin matrix architecture differences between visceral and 
subcutaneous tissues. Immunofluorescence imaging of elastin (red), resident ATMs 
(MGL1; green), and blood vessels (Isolectin; Blue). (A,B) Representation of whole 
mount tissues from lean (ND) eWAT and iWAT and (C,D) obese (HFD) eWAT and 
iWAT. (scale bar = 50μM). (E) Graphical representation of percent elastin positive 
(%Eln+ area) and (F) reticulation by Mean Linear Intercept (MLI). (G) Gene expression 
analysis of Elastin from eWAT from ND and HFD animals. (H) Representative image of 
ATMs bound to Elastin matrix (scale bar = 100μM). (mean ± SEM; n= 2-4 per 
group*p<0.05) 
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Figure 2-3. Mmp12 is dynamically regulated in adipose tissue with short term and 
long-term diet induced obesity. Analysis of (A) Mmp12, B) Timp1, and (C) Mmp14 
gene expression in major fat pad depots (mWAT = mesenteric, rWAT = perirenal) from 
lean (ND) and obese (HFD) mice after 4 weeks (n=4). (D-E, G) eWAT gene expression 
analysis for (D) Mmp12, (E) Timp1, and (F) Mmp14 from animals on ND or HFD for 16 
weeks. (mean ± SEM; n=4-6 per group, *p<0.05, **<0.01***0.001, ****0.0001) 
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Figure 2-4. Mmp12 is primarily induced in adipose tissue macrophages with HFD. 
(A) Expression of Mmp12 from total eWAT, dissociated adipocyte fraction (Adipo), and 
the stromal vascular fraction (SVF) normalized to total ND eWAT levels.  Expression 
analysis of (B) Mmp12, (C) Timp1, and (D) Mmp14 from FACS sorted eWAT SVF. 
(ATMs= Black bars, F4/80+ CD11b+, Non-ATMs = White bars, F4/80-CD11b-). (mean ± 
SEM; n=4 per group, *p<0.05, **<0.01***0.001, ****0.0001)  
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Figure 2-5. Model of acute lipolysis induces Mmp12 in visceral adipose tissues.  Gene 
expression analysis of (A) Mmp12, (B) Timp1, and (C) Mmp14 in eWAT from ND (white 
bars) and HFD (black bars) fed mice after I.P. injection of CL-316243 (CL) for 3 days. 
(mean ± SEM; n=3 per group, *p<0.05) 
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Figure 2-6. Mmp12 deficiency does not influence body composition or metabolism.  
(A) Body weights were measured in male Mmp12-/-, Mmp12+/-, and Mmp12+/+ mice fed 
HFD for 10 weeks, body composition was measured at 8 weeks of HFD. (B) Glucose 
Tolerance Tests (GTT), Insulin tolerance tests (ITT), and fasting serum insulin 
concentrations were examined. (C) eWAT weights were recorded after sacrifice, and (D) 
a graphical representation of adipocyte number by size was recorded. (D) AdipoQ and 
Lep gene expression was examined. (F) Verhoeff’s stain and (G) immunofluorescence 
stain for Mac-2+ ATMs in HFD-fed Mmp12-/- mice and wild type controls shown in gray 
scale. (scale bar = 100μm)  (mean ± SEM; n=4-10).  

0
10

00
20

00
30

00
40

00
50

00
60

00
70

00
80

00
90

00

10
00

0
11

00
0

12
00

0

13
00

0

14
00

0
0

50

100

150

Adipocyte Area (µm2)

# 
of

 c
el

ls

MMP-12 +/+

MMP-12 -/-

0.0

0.5

1.0

1.5

2.0

2.5

R
el

at
iv

e 
E

xp
re

ss
io

n 
(A

.U
.) AdipoQ

0.0

0.5

1.0

1.5

2.0

2.5

R
el

at
iv

e 
E

xp
re

ss
io

n 
(A

.U
.) Lep

MMP-12 +/+

MMP-12 -/-

D E

F

G

100μM

100μM



50	  
	  

	  

 
 
Figure 2-7. Gene expression analysis of markers of extracellular matrix remodeling 
in Mmp12-/- mice. Mmp12+/+ data shown in white bars, Mmp12-/- in black bars. (A,B) 
Gene expression analyses of ECM remodeling-related genes and markers of ECM 
maturity and crosslinking, (C,D) inflammatory cytokines and chemokines are shown 
(mean ± SEM; n=4-8, *p<0.05, **<0.01***0.001).  
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Chapter 3.  
 

Diet-Induced Obesity Expands Collagen-I+ Preadipocyte Populations in Mice 

 

Abstract 

 

  The density of the adipose tissue ECM increases with chronic obesity and can 

lead to adipose tissue fibrosis, which is associated with insulin resistance and metabolic 

disease. Adipose tissue fibrosis correlates with the accumulation of ATMs and stromal 

cells in matrix-dense regions, however these interactions are not well defined. Here, we 

set out to identify stromal factors contributing to ECM production and the mechanisms 

by which this program is activated in diet-induced obesity. Adipose tissue fibrosis was 

noted to be prominent in visceral but not subcutaneous depots only after prolonged high 

fat diet feeding.  Microarray analysis and identification of Collagen I+ preadipocytes by 

flow cytometry demonstrate that preadipocytes are the major source of collagen I 

production with diet-induced obesity.  ColI+ preadipocytes accumulated in visceral fat 

pads to a greater extent than subcutaneous fat pads.  Secreted factors from visceral, but 

not subcutaneous adipose tissue induced collagen I in preadipocytes, and TGF -1 was 

identified as a likely candidate for this as it is induced in ATMs in obese mice.  In vitro 

Currently	  under	  review:	  	  Martinez	  Santibanez	  G,	  	  Zamarron	  BF,	  Geletka	  L.	  Lingaya	  MA,	  Lucas	  H,	  
Maley	  N,	  Singer	  K,	  Morris	  D,	  Muir	  L,	  Chun	  TW,	  O’Rourke	  B,	  Lumeng	  CN.	  Diet-‐induced	  obesity	  
expants	  Collagen-‐I+	  preadipocyte	  populations.	  Submitted	  AJP	  Endo	  
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experiments revealed that alternative activated macrophages, but not classical or 

metabolically activated macrophages induced expression of fibrillar type I collagen in 

primary preadipocytes via TGFu-1 signaling pathway. We conclude that preadipocytes 

are the main source of collagen I expression and implicate TGFß-dependent signals 

between macrophages and preadipocytes in triggering adipose collagen I production.  

 

Introduction 

 

Obesity is a strong risk factor for type 2 diabetes and is associated with metabolic 

disturbances relating to nutrient sensing and regulation (166). Adipose tissue is the 

body’s main energy repository and one of its most important functions is to store and 

release nutrients according to metabolic demand (112). The progression from a lean to an 

obese state involves changes in adipose tissue structure that include adipocyte 

hypertrophy (increased cell size) and hyperplasia (new adipocyte formation) (202). This 

transformation is regulated by cells that include preadipocytes, endothelial cells and 

immune cells such as macrophages.  Many of these adipose tissue stromal cells undergo 

quantitiative and qualitative changes with obesity and contribute to the development of 

insulin resistance and progression to diabetes (12, 63, 235).   

The ECM plays a pivotal role in adipose tissue remodeling events and comprises 

a substantial portion of the adipose tissue non-cellular bulk (133, 176, 233).  ECM 

remodeling, the active deposition and degradation of the ECM proteins, plays crucial 

roles in adipogenesis, adipocyte function, and adipose tissue structural integrity (41, 42, 

53). Adipose tissue ECM is comprised of many structural protein and carbohydrate 
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components, predominantly the family of collagens – both fibrillar (e.g. Type I) and non-

fibrillar (e.g. Type VI) (53, 133, 170). With obesity, an imbalance of ECM deposition, 

degradation, and crosslinking of ECM compounds results in higher accumulations of 

insoluble collagen fibrils, often referred to as adipose tissue fibrosis. Adipose tissue 

fibrosis is a hallmark of obesity and is a feature of metabolically dysfunctional adipose 

tissue (53, 198, 203).  Obesity induces the expression of a wide range of genes related to 

ECM production (20, 74). While it is widely accepted that the interstitial deposition of 

fibrotic material is associated with obesity, mechanisms by which fibrosis develops and 

at what point the excess deposition becomes a pathological concern are still unresolved 

(53, 134).   

Pre-clinical studies suggest that the dense ECM deposition seen with adipose 

tissue fibrosis limits the ability of preadipocytes to differentiate and form new adipocytes 

and of adipocytes to hypertrophy with nutrient excess (41, 42, 198). In this setting, 

adipocytes fail to efficiently store nutrients as fatty acids leading to ectopic lipid 

deposition in tissues such as the liver and muscle, with negative effects on whole-body 

metabolism (75). Decreasing ECM deposition by genetic deletion of non-fibrillar 

collagen type VI was shown to permit adipocyte hypertrophy and improve whole-body 

glucose metabolism in mice (97).  The relationship between adipose tissue fibrosis, ECM, 

and structural measures in humans may be more complex, but ECM physiology has been 

shown to differentiate healthy and unhealthy obese individuals (1, 108). 

In other fibrotic diseases, ECM deposition is associated with tissue damage and a 

local inflammatory reaction driven by leukocytes.  The inciting factor in obese adipose 

tissue may be physical and mechanical stress of enlarged adipocytes.  For reasons still 



54	  
	  

	  

now known, this hypertrophy is associated with the activation of leukocytes such as mast 

cells and macrophages (75, 198) that may promote a fibrotic response. ATMs are 

heterogeneous and are best known for their roles in regulating chronic inflammation and 

their contribution to the development of insulin resistance (12, 122, 228).  Resident tissue 

ATMs are present in lean and obese states and express markers of M2 or alternatively 

activated macrophages and may play an immunosuppressive role to prevent inflammation 

and facilitate preadipocyte differentiation (160).  Obesity induces the generation of 

CD11c+ ATMs with some features of M1 or classically activated macrophages that have 

the capacity to inhibit adipocyte differentiation by generating pro-inflammatory signals 

(43, 125).  While many studies support the concept that the M1-M2 spectrum of 

macrophage activation contributes to metabolic disease, recent studies suggest this model 

is overly simplistic and that a distinct “metabolically active” macrophage activation state 

(MMe) is a feature of ATMs in obesity and diabetes (107, 122, 142, 149, 159).   

In many settings of tissue repair and fibrosis, macrophages play important roles as 

effectors and initiators of ECM remodeling (110, 231).  Evidence also supports an 

important role for ATMs in obesity associated ECM remodeling. There is a reported 

association of M2c “remodeling” phenotype macrophages in this context (43, 60, 96, 

198). ATMs play critical roles in the developmental growth and remodeling of adipose 

tissue (160, 191, 202).  In obese states, ATMs co-localize with preadipocytes in regions 

undergoing remodeling and new adipocyte formation (114). Macrophage-secreted factors 

such as inhibin beta A, a TGFß family member, have been identified as factors secreted 

from classically activated macrophages that induce a pro-fibrotic phenotype in 

preadipocytes (60, 96).  However, the influence of the range of macrophage activation 
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states on preadipocyte fibrosis and the importance of these cells in the fibrotic response 

are unresolved.   

Here, we investigate the regulation of ECM in adipose tissue in mouse models of 

diet-induced obesity (DIO) with the goal of identifying the cells responsible for ECM 

deposition with obesity and to understand their regulation. Using novel flow cytometry 

techniques to identify collagen-expressing adipose stromal cells, we support a primary 

role for preadipocytes in the induction of fibrillar type I collagen production with DIO. 

We have examined how macrophage-derived signals influence preadipocyte ECM 

production and demonstrate that the M2 alternative activation state, but not M1 or MMe 

activated macrophages have the strongest effect on induction of preadipocyte collagen I 

expression via TGFβ signaling.  We demonstrate that a pro-fibrotic profile in resident 

ATMs is induced in obese mice, suggesting that they are a potential source of pro-fibrotic 

signals. Our observations advance our understanding of ATM activation states and their 

supporting role in regulating adipose tissue ECM deposition, which may ultimately 

influences whole body metabolism.  

 

Materials and Methods 

 

Animal Studies 

C57BL/6J Male mice were fed ad libitum normal diet (4.5% calories from fat; 

PMI Nutrition International) or high fat diet (60% calories from fat; Research Diets) 

starting at 6 weeks of age for durations as described. Animal procedures were approved 

by the University Committee on Use and Care of Animals at the University of Michigan 
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and were conducted in compliance with the Institute of Laboratory Animal Research 

Guide for the Care and Use of Laboratory Animals. 

 

Total Collagen assessment 

Total collagen staining was performed on formalin-fixed paraffin-embedded 

tissue sections using the Picrosirus Red Stain Kit (Polysciences, Inc. Warrington, PA). 

Images were captured using an Olympus inverted microscope fitted with an Olympus 

DP27 camera. Image J software (NIH) was used to measure density. Hydroxyproline 

content was measured in 50mg of tissue input using the Hydroxyproline assay kit from 

QuickZyme Biosciences (Leiden, Netherlands, dist. Cedarlane Labs Burlington, NC).  

 

Flow Cytometry and Cell sorting 

Adipose tissues were dissociated as previously described (36). Fractionation of 

major adipose tissue populations was performed using a combination of centrifugation, 

biotinylated anti-CD31 antibodies (Affymetrix eBioscience, San Diego, CA) and lineage 

depletion kit from Milteny Biotech, Inc. (San Diego, CA). Fluorescence activated cell 

sorting was performed on cells stained CD11b+F4/80+ or CD11b-F4/80- (Affymetrix 

eBioscience, San Diego, CA) using a FACSaria (BD Biosciences, San Jose, CA). For 

intracellular collagen staining, cells were incubated in Fc Block then stained with surface 

antibodies (Affymetrix eBioscience, San Diego, CA) and Live/Dead viability stain 

(Thermo Fisher Scientific-Life Technologies, Carlsbad, CA) for leukocytes (Live/Dead-

CD64+, CD45+) preadipocytes (Live/Dead-CD31-CD45-Sca-1+, PDGFR α +) and 

endothelial cells (CD31+) for 45 min at 4°C. Briefly, intracellular stains were performed 
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using FOXP3 Fix/Perm buffer (BioLegend, San Diego, CA) followed by 15 min block 

with 0.5% goat serum, a 1hr incubation with 0.5μg of rabbit Collagen Type I antibody 

(Rockland, Limerick, PA), three washes, and 30 min incubation with 0.2μg of goat anti-

rabbit AlexaFluor 647 antibody (Thermo Fisher Scientific-Life Technologies, Carlsbad, 

CA). Flow cytometry performed on FACSCanto II Flow Cytometer (BD Biosciences, 

San Jose, CA.) and analyzed with FlowJo data analysis software (Ashland, OR).  

 

Explant tissue culture and conditioned media  

Tissue explants were cut to 150mg pieces and cultured in serum-free AIM-V 

AlbuMAX (BSA) media for 48 hours at 37°C (Thermo Scientific-Life Technologies 

Carlsbad, CA). For cytokine array analysis, tissues were cultured in serum-free DMEM 

with antibiotics for 48 hours 37°C. Explant conditioned media was pooled and assessed 

with the Proteome Profiler Cytokine Array (Panel A) (R&D systems, Minneapolis, MN). 

Immunoblots were quantified after background subtraction for integrated pixel density 

with ImageJ.  Secreted TGFβ-1 protein from tissue explants was collected in serum-free 

DMEM and measured with ELISA at the University of Michigan Cancer Center 

Immunology core facility. 

 

Cell culture experiments 

3T3-L1 mouse preadipocytes from American Type Culture Collection (Manassas, 

VA) were cultured and differentiated as described (121). Cells were treated with 

recombinant IL-1β at 10pg/mL and IL-1Ra at 40pg/mL for 48hrs (R&D systems, 

Minneapolis, MN). Primary stromal cells were cultured in 10% heat-inactivated FBS and 
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high glucose DMEM and Primocin (Invivogen, San Diego, CA). ALK5/TGFβ signaling 

inhibitor SB431542 (Tocris, Bristol, UK) was used at 100nM for 48hrs. ImageStream 

analysis was performed at the University of Michigan flow cytometry core facilities using 

ImageStreamX Mark II flow cytometer (EMD-Millipore-Amnis, Seattle, WA). 

Immunofluorescence staining was performed on 10% buffered formalin-fixed cells with 

Collagen Type I or Pro-collagen I antibody (Rockland, Limerick, PA) AlexaFluor 488 

antibody (Thermo Fisher Scientific-Life Technologies, Carlsbad, CA), aSMA-Cy3 

antibodies (Sigma-Aldrich, St. Louis, MO), and DAPI (Thermo Fisher Life 

Technologies, Carlsbad, CA). For 3T3-L1 macrophage conditioned media exposure 

experiments, 2mLs of undiluted conditioned media was added to 50K cells/well in 6 well 

dishes.  

 

Bone marrow-derived macrophages and activation  

Bone marrow cells were isolated from mice by flushing tibias and fibulas. Cells were 

differentiated into bone marrow-derived macrophages as described (195). Following 

differentiation, macrophages were activated to M1, M2, and MMe activation states as 

described (107). After 3 X 5min washes with PBS, conditioned media was collected for 

24 hours in serum-free low-glucose DMEM with antibiotics. Secreted TGFβ-1 protein 

levels were measured with ELISA at the University of Michigan Cancer Center 

Immunology core facility.  
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Gene expression analysis 

Total RNA was extracted using RNeasy Mini Kits (QIAGEN), and cDNA was 

generated from 0.5ug of RNA using high-capacity cDNA reverse transcription kits 

(Applied Biosystems). Power SYBR Green PCR Master Mix (Applied Biosystems) and 

the StepOnePlus System (Applied Biosystems) were used for real-time quantitative PCR. 

Arbp expression was used as an internal control for data normalization. Samples were 

assayed in duplicate, and relative expression was determined using the 2−ΔΔCT method.   

For microarray analysis, RNA was purified from FACS sorted viable “resident” 

(CD45+CD64+CD11c-) and CD11c+ (CD45+CD64+CD11c+).  Affymetrix microarray 

analysis (Mouse Gene ST 2.1) was performed as described in triplicate samples from lean 

and obese (HFD-fed for 16 weeks) (n=3 per group) (124).  Pathway analysis was 

performed with DAVID (79, 80).   

 

Statistical Analysis 

Data are shown as mean ± standard error of the mean (SEM). Differences 

between groups were determined using two-tailed Student t tests and one-way ANOVA 

analysis with GraphPad Prism 6.0e software. p < 0.05 was considered significant.  

 

Results 

 

Diet-induced obesity increases adipose tissue ECM deposition in visceral fat depots 

Since relatively few studies have evaluated how adipose tissue ECM changes with 

duration of high fat diet feeding over time, we performed a time course analysis of 
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C57/BL6 male mice fed either normal chow diet (ND) or HFD for 4 to 24 weeks. Body 

weights increased significantly with longer duration of HFD challenge (Figure 3-1A). 

Epididymal white adipose tissue (eWAT) weights increased with HFD and peak 

hypertrophy was reached at 12 weeks of diet challenge with a subsequent decline at later 

time points (Figure 3-1B). In contrast, subcutaneous inguinal white adipose tissue 

(iWAT) tissue weights peaked later after 16 weeks of diet challenge before stabilizing 

(Figure 3-1C).  

To evaluate if collagen accumulation was a possible contributor to the differences 

in adipose tissue hypertrophy, we examined collagen deposition via picrosirius red total 

collagen stain at 12 and 24 weeks of diet (Figure 3-1D). HFD induced a qualitative 

increase in pericellular collagen staining around adipocytes in eWAT at 12 weeks that 

increased at 24 weeks. Also observed as an increase in smaller adipocytes reminiscent of 

new adipogenesis. In iWAT however, we did not observe a qualitative increase in 

collagen based on picrosirius red staining with obesity.  This data suggests that in diet 

induced obesity models, total collagen density is a feature that appears in eWAT prior to 

iWAT and correlates with a limitation in adipose tissue hypertrophy.   

Biochemical assessment of hydroxyproline was used on adipose tissue samples to 

quantify total collagen content in eWAT from animals fed HFD. Compared to age 

matched ND mice, 8 weeks of HFD induced a decrease in collagen content in eWAT.  

eWAT samples from mice fed a HFD for longer durations demonstrated a trend towards 

an increase in hydroxyproline content (Figure 3-1E). Hydroxyproline content in iWAT is 

lower after 16 weeks of HFD (Figure 3-1F).  Gene expression analysis of fibrillar 

Col1a1 and non-fibrillar Col6a3 in eWAT demonstrated the induction of both genes after 
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8 weeks of HFD exposure that correlates with the histologic analyses (Figure 3-1G). 

Conversely, we observed a downward trend of expression of these ECM components in 

iWAT with HFD. These findings highlight the depot specific differences in the 

association between adipose tissue fibrosis and limitation in fat expansion.  

 

Collagen expression decreases with adipocyte differentiation 

Despite the evidence supporting increases in adipose tissue ECM gene expression 

and density in eWAT with obesity, the cellular sources of ECM production in adipose 

tissue are not clearly delineated. To investigate this in preadipocytes/adipocytes, we 

evaluated the dynamics of ECM gene expression in preadipocytes as they differentiate to 

lipid-laden adipocytes. 3T3-L1 preadipocytes were differentiated for 0, 3, 6, or 9 days 

and gene expression analysis was performed. During the course of differentiation, the 

expression of fibrillar collagen I (Col1a1) decreased as did the expression of lysyl 

oxidase (Lox), a key enzyme that crosslinks collagen and elastin fibers to mature the 

ECM (Figure 3-2A) (45). In contrast, the expression of non-fibrillar collagen VI 

(Col6a3) was more prominent in mature adipocytes compared to preadipocytes. These 

data suggest that undifferentiated preadipocytes express more fibrillar Col1a1 and switch 

to express non-fibrillar Col6a3 during differentiation.  

To validate these results in primary tissues from mice, we evaluated ECM 

expression in stratified adipose tissue stromal vascular fraction (SVF) cells. We isolated 

populations of eWAT SVF cells from age-matched ND and HFD-fed mice using a 

combination of centrifugation and magnetic bead cell sorting (Figure 3-2B).  This 

protocol allowed us to generate four fractions enriched for 1) mature adipocytes, 2) 
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CD31- CD45-  preadipocytes, 3) lineage positive (Lin+) CD45+ leukocytes, and 4) CD31+ 

endothelial cells.  In ND-fed animals, the preadipocyte-enriched fraction expressed the 

highest levels of Col1a1 at about a level ~20 fold higher than mature adipocytes (Figure 

3-2C). After HFD challenge, the preadipocyte-enriched fraction express Col1a1 at levels 

upwards of ~200X higher compared to mature adipocytes (Figure 3-2D). We also 

observed the induction of Col1a1 expression in leukocytes and endothelial cell fractions 

with HFD.  However, similar to ND tissues, the expression of Col1a1 in leukocytes and 

endothelial cells was only a fraction of the levels expressed by preadipocytes.   

We also examined Col6a3 and Lox expression in these samples.  In lean animals, 

the expression of Col6a3 is highest in the leukocytes compared to the mature adipocyte 

fraction (Figure 3-2E). After DIO however, there was an induction of Col6a3 in 

preadipocyte fraction and endothelial cells.  Preadipocytes had the highest expression of 

Col6a3 on a per cell basis.  Lox is primarily expressed by leukocytes in lean animals.  

With DIO, Lox expression was suppressed in leukocytes and induced in the preadipocyte 

enriched fraction (Figure 3-2F). These data may implicate the CD31- CD45-  

preadipocyte-enriched fraction as the major adipose tissue stromal component 

responsible for the induction of ECM and ECM regulatory genes with obesity and 

potential key contributors to ECM deposition during the progression of obesity. 

 

Microarray analysis demonstrates that preadipocytes are the major source of ECM gene 

expression in lean and obese adipose tissue 

To better understand the contributions of adipose tissue SVF cells to the pro-

fibrotic response to obesity, we used FACS to purify macrophages (CD45+ CD64+) and 
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preadipocytes (CD31- CD45- Sca-1+ PDGFR α +) from eWAT and performed 

transcriptional microarray profiling (Figure 3-2G) (115) (216).  By enriching for PDGFR

α+ cells by flow cytometry, we have eliminated other possible mesenchymal cells (e.g. 

PDGFRα- pericytes that may have contaminated our previous CD31- CD45-  fractions 

(114, 115). In lean mice, we compared the expression profile of “resident” ATMs (CD45+ 

CD64+ CD11c-) and preadipocytes, the two most prominent SVF populations.  

Preadipocytes were significantly enriched for gene expression pathways involved in 

fibrinolysis, focal adhesion, ECM-receptor interactions, TGFß signaling, and integrin 

signaling (Figure 3-2H). Similar gene expression pathways were enriched in 

preadipocytes when we compared the gene expression profiles of CD11c+ ATMs and 

preadipocytes in HFD fed mice (data not shown).  This suggested that in both lean and 

obese settings, preadipocytes are the primary source of pro-fibrotic ECM gene 

expression.   

To evaluate the qualitative effects of HFD on preadipocytes, we compared the 

gene expression profiles of preadipocytes purified from ND and HFD fed animals.  This 

demonstrated a significant increase in gene pathways involved in ECM-receptor 

interactions, hematopoietic lineage, complement signaling, and cell adhesion components 

in preadipocytes from HFD fed mice (Figure 3-2I).  Decreases in gene pathways 

involved in amino acid metabolism and steroid biosynthesis were observed in HFD 

preadipocytes.  In summary, our microarray profiling further supports the role of 

preadipocytes as a major source of ECM component gene expression in lean and obese 

states and that DIO significantly activates the expression of ECM-receptor regulatory 

genes in preadipocytes.  
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Intracellular flow cytometry staining identifies collagen I+ (ColI+) preadipocytes  

In order to directly assess fibrillar collagen I production in adipose tissue stromal 

cells, we utilized intracellular flow cytometry with anti-collagen I antibodies, a method 

developed to identify fibrocytes in pulmonary fibrosis (175). ImageStream confocal 

imaging of 3T3-L1 preadipocytes in suspension identified punctate intracellular ColI+ 

staining vesicles that were independent of BODIPY+ lipid droplets (Figure 3-3A). Flow 

cytometry analysis of 3T3-L1 preadipocytes demonstrated positive ColI staining 

compared to isotype and secondary antibody-only controls (Figure 3-3B). 

Immunofluorescence visualization of immature pro-collagen I and mature collagen I 

revealed similar punctate staining patterns consistent with the active production of 

collagen protein in preadipocytes that matches gene expression profiling (Fig 3B). 

Primary preadipocytes isolated from mouse eWAT also reveal ColI+ cells using both flow 

cytometry and immunofluorescence detection methods (Figure 3-3C).  Overall, we 

validate the use of flow cytometry to delineate collagen I expressing preadipocytes.  

 

ColI+ preadipocytes are expanded with HFD in visceral but not subcutaneous depots 

Using our intracellular flow cytometry method, we set out to characterize collagen 

I expression in SVF cells in eWAT and iWAT with DIO. In both depots from ND and 

HFD-challenged animals, we observed ColI+ cells in the three major stromal vascular 

fraction cell populations: endothelial cells (CD31+), leukocytes (CD45+), and 

preadipocytes (CD31-CD45-Sca-1+, PDGFRα+). In eWAT, only about 10% of CD45+ 

leukocytes were ColI+ and these did not change with DIO in either eWAT or iWAT, 

making leukocytes unlikely to be a significant source of collagen production with DIO 
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(Figure 3-4A,B). A population of ColI + endothelial cells (CD31+ ColI +) was identified in 

both ND and HFD mice, which amounted to ~10% of the SVF population.   In eWAT the 

percentage of CD31+ ColI + decreased with DIO.  In contrast, the percent of PDGFRα+ 

ColI + preadipocytes rose from ~60% in the lean animal to ~90% in the HFD animals 

demonstrating a correlation between ColI + preadipocytes and fibrosis measures in eWAT 

with DIO. 

Next, we compared the percentage of ColI + cells as a percent of total SVF cells in 

the three major SVF populations in eWAT and iWAT. First, ColI + endothelial cells 

decrease from 7% to ~4% of the eWAT SVF with HFD, while in iWAT, ColI + 

endothelial cells increased significantly from 9% to 22% (p<0.0005) (Figure 3-4B).   No 

significant changes in ColI + leukocytes were observed in eWAT or iWAT with HFD.  In 

eWAT from lean mice, ColI + preadipocytes made up ~18% of the SVF.  This proportion 

significantly increased to ~32% with HFD.  In contrast, ColI + preadipocytes in the iWAT 

decrease with obesity. Representative eWAT and iWAT flow cytometry dot plots of 

preadipocyte populations are shown (Figure 3-4C.)  

Flow cytometry permitted a quantitative assessment of per-cell collagen I content 

by assessment of mean fluorescence intensity (MFI). Comparing the three populations, 

CD45+ cells were dimly stained (~750 MFI) compared to CD31+ endothelial cells and 

preadipocytes (~8000-14,000 MFI) (Figure 3-4D). After HFD, endothelial cell MFI 

decreased while preadipocyte MFI increased significantly. Collectively, our results 

demonstrate 1) an induction of ColI expression in eWAT preadipocytes with DIO, and 2) 

a quantitative increase of ColI+ preadipocytes with DIO.    
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Fat depot-specific differences in ColI + preadipocytes  

Next, we set out to further understand how the progression of obesity affects the 

quantity of collagen-expressing preadipocytes over time. Mice were fed a HFD for 10, 

20, and 30 weeks. In   eWAT, the percentage of ColI + cells significantly higher than age 

matched ND controls regardless the duration of HFD challenge (Figure 3-4E). Between 

10 and 20 weeks of HFD, the proportion of ColI + preadipocytes increases significantly in 

eWAT, but did not increase further after 20 weeks of HFD feeding.  At all time points, 

the content of ColI + preadipocytes in iWAT was less than in eWAT.  The proportion of 

ColI + preadipocytes in iWAT increases significantly at 10 weeks of HFD.  Surprisingly, 

we observed a decrease in these cells after 20 weeks of HFD relative to age matched ND 

controls due to an increase in these cells in lean mice between 10 and 20 weeks of age. 

After 30 weeks of HFD, no differences between ND and HFD were found between 

iWAT ColI + preadipocytes (Figure 3-4F).  

 

Adipose tissue secreted factors induce ECM expression in preadipocytes 

We next set out to examine if adipose tissue secreted factors were sufficient to 

modulate ECM expression in preadipocytes.  To address this, we designed an in vitro 

model where we collected conditioned media (CM) from eWAT and iWAT explants 

taken from ND and HFD-fed mice and then exposed 3T3-L1 preadipocytes to these 

media for 48 hours and followed with gene expression analysis.  Compared to media only 

controls, ND eWAT CM was sufficient to induce the expression of many ECM and 

fibrosis-related genes including Col4a1, Acta2, and Timp1 (Figure 3-5A).  ND iWAT 

CM-treated samples also induced Acta2 and Timp1 expression but not Col4a1.  HFD 
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eWAT CM induced Col4a1 to a similar degree as ND eWAT, however Col1a1, Col6a1, 

Col5a1, and Acta2 were induced by HFD eWAT CM to a greater extent than ND eWAT 

CM.  HFD iWAT CM did not induce Col1a1 expression and decreased expression of 

Acta2 and Timp1 relative to ND iWAT CM (Figure 3-5B). Flow cytometry MFI data 

further supported the ability of HFD eWAT CM can alone induce collagen I in these cells 

(Figure 3-5C). Together, findings are consistent with both our histology and flow 

cytometry data, suggesting that secreted factors derived from eWAT have a higher 

fibrogenic potential than those from iWAT.  

We hypothesized that inflammatory chemokines and cytokines uniquely secreted 

by HFD eWAT explants, but not HFD iWAT explants, could explain the induction of 

collagen I expression in preadipocytes.  To screen for potential factors, we performed a 

cytokine array analysis on the explant conditioned media to measure the relative amounts 

of 40 mouse cytokines secreted from similar weight adipose tissue explants from ND and 

HFD mice (Figure 3-5 D,E). Comparison of cytokines generated from ND and HFD 

mice revealed detectable expression of 22 cytokines above background in eWAT 

explants and 22 cytokines detected in iWAT.  Surprisingly, most cytokines were lower in 

HFD explants relative to ND explants.  IL-1 receptor antagonist (IL1RA) was one of the 

few cytokines identified as upregulated in eWAT and but not in iWAT as a potential pro-

fibrotic factor.  To test if IL1RA is sufficient to induce collagen production in 

preadipocytes, we treated 3T3-L1s with recombinant IL1RA. Flow cytometry analysis 

revealed that IL1RA was not sufficient to induce collagen expression. These data suggest 

that signaling mechanisms that regulate collagen expression in preadipocytes may not be 

chemokine-based.  
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TGFβ-1 as a potential signaling mechanism for pro-fibrotic preadipocyte activation  

We next set out to identify other putative pro-fibrotic factors secreted by HFD 

eWAT that might regulate expression of ECM components in preadipocytes. Our 

microarray data implicated TGFß signaling pathways in preadipocytes to fibrosis.  The 

source(s) of TGFß-1 in adipose tissue are not fully understood.  We first measured Tgfb1 

gene expression in total eWAT from lean and obese animals and observed a significant 

induction of Tgfb1 with DIO (Figure 3-6A). We then measured TGFβ-1 protein levels 

in conditioned media from eWAT explants from lean and obese animals. ELISA analysis 

reveals higher TGFβ-1 protein produced from HFD eWAT explants (Figure 3-6B), but 

not in iWAT explants (data not shown). To identify the primary regulated source of 

Tgfb1 in both lean and obese adipose tissue, we separated adipocytes and the stromal 

vascular fraction cells from eWAT by magnetic immunoaffinity isolation as in (Figure 3-

2B). We observed that both leukocytes and endothelial cells are major sources of Tgfb1 

regardless of diet, and the expression levels in both populations decreased with HFD 

(Figure 3-6C). To determine the contribution of ATM Tgfb1 expression, we performed 

gene expression analysis of FACS sorted ATMs (CD11b+F4/80+) and the non-ATM 

(CD11b-F4/80-) from eWAT SVF cells. Gene expression analysis revealed that ATMs 

express Tgfb1 at higher levels than non-ATMs in lean and obese mice (Figure 3-6D). 

Together, our data suggest that ATMs are a main source of Tgfb1 in eWAT.  

 

Alternatively activated macrophages induce collagen I in primary preadipocytes 

To understand how macrophage activation states influenced TGFß-1 expression, 

conditioned media from M0, M1, M2, and MMe macrophages were assessed for TGFß-1 
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production via ELISA (Figure 3-7A) (107).  M1 macrophages had decreased TGFß-1 

production compared to unstimulated M0. While M2 and MMe activation both 

significantly induced TGFß-1 compared to unpolarized M0 macrophages, the highest 

levels of TGFß-1 were secreted by M2 alternatively activated macrophages.   

Given these observations, we set out to investigate if TGFß-1 signaling was 

required for activating a pro-fibrotic preadipocyte phenotype. We exposed primary 

preadipocytes derived from mouse eWAT to macrophage-conditioned media (M0, M1, 

M2, MMe) with or without the TGFß-1 signaling inhibitor, SB431542 and measured 

collagen I protein expression by flow cytometry. CM from M2 macrophages was the 

strongest inducer of collagen I production (Figure 3-7B) compared to M0, M1 and MMe-

CM. The effect of M2-CM on collagen I induction was lost with the addition of the 

TGFß-1 signaling inhibitor SB431542.  This suggests that the potent effects of M2 

macrophages induced collagen I via a TGFß-1 receptor signaling pathway.   

Our data suggests that TGFß-1 as a macrophage derived signal that contributes to 

a pro-fibrotic phenotype in preadipocytes.  However, this is somewhat at odds with the 

decrease in Tgfb1 seen with HFD and the induction of pro-inflammatory M1/MMe 

activated CD11c+ ATMs with obesity.  We next considered the possibility that altered 

signals in resident CD11c- ATMs with obesity may be an underappreciated source of pro-

fibrotic signals. We compared gene expression profiles of resident CD11c- ATMs in 

eWAT from lean and obese animals (Figure 3-7C). Microarray analysis reveals elevated 

expression of gene pathways related to ECM-receptor interactions, focal adhesion, and 

lysosome pathway in resident macrophages from HFD mice. Overall, these data suggest 



70	  
	  

	  

that resident ATMs from obese animals are unlike those of lean animals and are 

characterized by the induction of pro-fibrotic gene expression profile.   

 

Discussion 

 

Along with adipocyte hypertrophy, the progression from a lean to an obese state 

includes the dynamic reorganization of the adipose tissue ECM and takes the form of 

fibrosis with chronic obesity (203).  The progression to fibrosis in many tissue settings 

has been proposed to occur in four major phases: injury, activation of effector cells, 

dynamic deposition and crosslinking of ECM, and insufficient ECM resorption that 

promotes the accumulation of insoluble fibril-associated collagens (182). In this study, 

we have focused on understanding the sources of ECM production in adipose tissue with 

obesity and the mechanisms that contribute to phases 2-4 of the above paradigm in 

relation to obesity status and adipose tissue depots.   

Our findings shed light on the sources of ECM in adipose tissue, and highlight the 

differences in fibrotic potential between fat depots in mouse models of diet-induced 

obesity.  The increased density of the ECM in fibrotic adipose tissue increases the 

mechanical rigidity of the tissue and limits adipocyte function as an efficient nutrient 

store (202, 203).  Our data in a model of diet-induced obesity support this as we observed 

that adipose tissue hypertrophy in eWAT peaks in conjunction with an increase in fibrotic 

gene expression, ECM accumulation in adipose tissue, and an increase in the quantity and 

degree of expression of ColI in preadipocytes. iWAT lags behind eWAT in terms of 

ECM accumulation and ColI + preadipocyte accumulation suggesting tissue specific 
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regulation.  Our results are consistent with other studies (7), but provide stronger 

evidence that adipose tissue stromal cells contribute significantly to these changes.  

Our quantitation of hydroxyproline did not show a robust increase in collagen 

expression as did the picrosirius red histology staining and gene expression data. Few 

studies have used hydroxyproline quantitation in assessments of collagen content in 

adipose tissues; one study in particular performs an additional normalization step to 

account for this inconsistency (65). A possible explanation of why our hydroxyproline 

and histology/gene expression data is not aligned is due to the increase in lipid content in 

adipocytes that comes with obesity and may decreases total protein content in the input 

tissue substrate. Additionally, fibrosis develops heterogeneously in pericellular space; 

therefore averaging out hydroxyproline content per mg of tissue may obscure the 

findings.  

In obese mice and humans, gene expression of Col1a1 has been consistently 

reported, but the source of regulated expression of collagen I is unresolved (97, 214). 

Collagen I is a major insoluble fibril-forming component of the ECM in all tissues and is 

acutely induced by stimuli such as hypoxia and TGFß1 in fibroblasts (57, 65).  Groups 

have also reported PDGFRα signaling activation in promoting a pro-fibrotic mechanism 

and in blocking the adipogenic program in perivascular cells (86). Together, our data that 

further points to preadipocytes and their expression of fibril-forming collagen I is in 

agreement with published findings.  

We have employed methods to identify ColI + preadipocytes to establish that 

preadipocytes are a principal source of fibrillar collagen I.  While all major cellular 

populations in adipose tissue (mature adipocytes, endothelial cells, and leukocytes) 
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express ColI + to some degree, preadipocytes were the largest ColI + population in lean 

states and were the only ColI + population significantly induced with caloric excess. DIO 

also stimulated preadipocytes to increase their collagen I production on a per cell basis.  

Reflecting the increase in fibrosis in visceral depots, ColI + preadipocytes were enriched 

in eWAT compared to subcutaneous iWAT depots, but increased in both with HFD 

induced obesity. A potential limitation in intracellular flow cytometry is in the detecting 

of cells that may have ingested collagen such as seen in pulmonary fibrocytes (100). Our 

data suggests that the detection of pro-collagen I in preadipocytes along with the gene 

expression profiling from FACS sorted cells make this possibility unlikely for 

preadipocytes.  An additional caveat is that we based our observations of collagen 

expression on an immature form of collagen, which does not necessarily reflect the true 

nature of fibrotic collagen that has undergone the post-translational modifications and 

crosslinking to render it insoluble.  

Total collagen content measured by complementary methods indicated that at per 

milligram of tissue, iWAT from lean animals contains more collagen I than in eWAT.  

HFD induced collagen accumulation and a fibrotic profile in eWAT but not in iWAT. 

Uniquely, our data reveal that after HFD, the largest population of ColI + cells in iWAT 

are CD31+ endothelial cells and not preadipocytes as we observed in eWAT.  This 

suggests that a major differentiator between eWAT and iWAT in the control of fibrosis 

may be the capacity to degrade fibrillar collagen.  This may vary with duration of HFD 

stimulation as we observed that Col1a1 gene expression was not substantially induced 

until after 8 weeks of HFD.  This correlated with the observation of lower adipose tissue 

collagen content in eWAT with shorter (6-8 weeks) HFD exposure.  These data 
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altogether further reveal differences in adipose tissue depot fibrogenic potential, chronic 

inflammation, and influence on metabolism.  

Conditioned media from eWAT or iWAT explants revealed that eWAT, but not 

iWAT, induced Col1a1 expression in 3T3-L1 preadipocytes. Cytokine arrays identified 

IL-1RA a candidate that was induced in eWAT but not iWAT with HFD, however this 

cytokine was not sufficient to induce Col1a1.  This led us to consider other secreted 

molecules as possible mediators of preadipocyte fibrosis such as TGFß-1. TGFß-1 plays 

a complex role in metabolism in that it plays numerous functions in development, 

growth, and wound repair (208). TGFß-1 is implicated in ECM remodeling, as it can 

inhibit matrix metalloproteinase ECM degradation activity, which could further promote 

ECM accumulation (167).  At the physiological level, TGFß-1 plays a regulatory role in 

insulin transcription, and blocking TGFß-1 signaling can protect against obesity-induced 

insulin resistance (236). TGFß-1 can inhibit adipogenesis via a Wnt-independent, Smad3-

mediated pathway in preadipocytes (37, 38, 215).  

TGFß and associated signaling pathways have in the past been investigated in 

human preadipocytes, however we believe this study produced insufficient results in a 

study of only a single fibrosis marker (24). Our current study further implicates TGFß-1 

in fibrosis as we investigate its role in the expression of synthesized intracellular fibril-

forming collagen type I.  

Inflammation is also associated with fibrosis in pre-clinical studies and is 

essential for adipose tissue expansion and remodeling (232).  ATM depletion or 

inactivation attenuates fibrosis (221). In our studies, we observed higher levels of Tgfb1 

gene expression in tissues from obese animals and that ATMs are a main source of Tgfb1. 
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Our gene expression data suggests that the increase of Tgfb1 expression in whole tissue is 

most likely due to a quantitative increase in ATM content and not in per cell expression 

with obesity.  We replicated macrophage activation states normally present in lean and 

obese animals using an in vitro model in order to investigate how ATM activation 

influenced preadipocyte ECM expression. Previous studies have only evaluated quiescent 

or M1 activated macrophage signaling to preadipocytes (96). Despite the association 

between CD11c+ ATM accumulation with obesity and fibrosis, we observed that M1 and 

MMe polarized bone marrow-derived macrophages did not induce significant collagen 

protein expression in preadipocytes compared to M2 macrophage conditioned media. 

This agrees with other reports that implicate M2 macrophages in ECM remodeling via 

TGFß-1 to promote ECM accumulation (167, 198). Potential approaches to support this 

model include generating mice with macrophage-specific deletion of TGFß-1.  

Together, we propose a model where after dietary challenge, resident “M2” 

ATMs, but not pro-inflammatory “M1” or metabolically activated “MMe” ATMs, 

promote a pro-fibrotic phenotype in preadipocytes.  In support of this, our microarray 

studies demonstrate significant activation of ECM-receptor pathways in resident ATMs 

between lean and obese mice.   

In summary, our observations reveal that preadipocytes are major producers of 

fibrillar type I collagen. Because adipose tissue fibrosis in the pathological sense has few 

explicit criteria, it still remains unclear at what threshold point or at what scale the 

increased fibrotic deposition begins to have negative effects on metabolism. In addition, 

there remain significant gaps between our understanding of adipose tissue ECM 

remodeling in clinical and pre-clinical models.  In mice, the link between fibrosis, 
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macrophage inflammation, and insulin resistance is fairly uniform.  In clinical 

populations, the relationship between fibrosis and metabolic disease is more complex in 

line with variation between the relationship between obesity and metabolic health (1, 54, 

105, 108, 203).  Our studies suggest that the function and pro-fibrotic state of 

preadipocytes may contribute to this variation and may be a future direction of research 

to unravel this problem.  
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Figure 3-1. Obesity increases ECM density in visceral adipose tissue depots. 
(A) Body weight, and eWAT and iWAT fat pad weights (B-C) were measured from ND 
and HFD mice challenged 4, 8, 12, 16, 20, or 24 weeks of HFD. (D) Picrosirius red 
histological stains from ND/HFD eWAT and iWAT tissues at 12 weeks and 24 weeks of 
diet, with quantification of %Col+ staining area at 24 weeks of HFD (scale bar = 200μ
M). (E) Total eWAT collagen content shown from time course HFD, ND sample is from 
adult mouse at 16 weeks of age. (F) Total collagen content shown from iWAT tissue of 
ND or 16 weeks HFD diet. (G) Gene expression analysis of eWAT and iWAT at 4, 8, or 
16 weeks of HFD, each time point is represented as fold change over age-matched ND 
controls. Samples represented as fold change over age-matched lean controls. (mean ± 
SEM; n=4 per group for all graphs, *p<0.05, **<0.01***0.001, ****0.0001)  
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Figure 3-2. Preadipocytes are major source of collagen type I in adipose tissue.  
(A) Time course 3T3-L1 preadipocyte cell line differentiation and gene expression 
analysis, all data points normalized to Day 0 time point. (B) Magnetic microbead cell 
fractionation strategy is shown. (C-F) Gene expression analysis on sorted populations 
from eWAT, from ND and 16wk HFD age-matched animals. All data normalized to 
internal adipocyte fraction values.  (mean ± SEM; n=4 per group for all graphs, *p<0.05, 
**<0.01***0.001, ****0.0001)  
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Figure 3-2 continued.  
(G) Gating strategy for preadipocytes is shown (CD31-CD45-Sca-1+PDGFRa+). (H-I) A 
visual representation of microarray analysis data showing fold change of gene expression 
cluster families (mean ± SEM; n=3-4 per group, *p<0.05, **<0.01***0.001, ****0.0001)  
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Figure 3-3. Validation of collagen type I detection in preadipocytes. (A) Image 
Stream cytometer visualization of 3T3-L1 cells in suspension stained with lipid stain 
(BODIPY) in green and Col 1 in red. (B) Intracellular Collagen I flow cytometry staining 
controls, immunofluorescence pro-collagen I and mature collagen I stains (green), and 
actin cytoskeleton (red) are shown on 3T3-L1 cells. (C) Primary mouse preadipocyte 
flow cytometry and immunofluorescence stains are shown (scale bar = 100μM).  
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Figure 3-4. ColI + preadipocytes are induced in visceral adipose tissue depots with 
diet-induced obesity. (A) Flow cytometry stains reveal Collagen expression in major 
adipose tissue stromal populations in ND and HFD eWAT. (B) Populations of ColI + 
populations were examined in eWAT and iWAT after 16 weeks of HFD challenge. (C) 
Representative dot plots of preadipocyte populations and Collagen I expression from 
eWAT and iWAT from ND and HFD-fed animals. (D) Median fluorescence intensity 
(MFI) of Collagen I stain is shown. (E-F) Populations of gated CD31-CD45- ColI + 
preadipocytes from eWAT and iWAT are shown at 10, 20, and 30 weeks of HFD 
challenge (mean ± SEM; n=4 per group, *p<0.05, **<0.01***0.001, ****0.0001).  
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Figure 3-5. Obesity-associated factors from visceral adipose tissue explants induce 
collagen type I expression in preadipocytes. (A-B) Gene expression analysis of fibrosis 
markers from 3T3-L1 preadipocyte cells exposed to eWAT or iWAT explant conditioned 
media. (C) Collagen I MFI from 3T3-L1s exposed to ND and HFD eWAT explant 
conditioned media. (D-E) Cytokine array blots are shown from eWAT and iWAT explant 
conditioned media. (40wks HFD with ND age-matched lean controls). (F) Intracellular 
Collagen I MFI flow cytometry stain from 3T3-L1s treated with cytokines. (mean ± 
SEM; n=24 per group, *p<0.05, **<0.01***0.001, ****0.0001)  
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Figure 3-6. Adipose tissue macrophage-derived TGFβ-1 is induced with obesity  
(A) Gene expression of Tgfb1 in eWAT after 20 weeks of HFD. (B) ELISA quantitation 
of TGFβ-1 protein levels in eWAT conditioned media. (C) Gene expression of Tgfb1 in 
microbead-sorted stromal populations. (D) Gene expression analysis on FACS-sorted 
ATMs and Non-ATMs shown from ND or 16 week HFD-fed animals. (mean ± SEM; 
n=3-4 per group for all graphs, *p<0.05, **<0.01***0.001, ****0.0001)  
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Figure 3-7. Alternatively activated macrophage-derived factors induce collagen type 
I expression in preadipocytes via TGFß signaling. (A) Quantified TGFβ-1 levels 
secreted from activated macrophages (B) Collagen I MFI from primary mouse 
preadipocytes treated with activated macrophage conditioned media and TGFβ -1 
signaling inhibitor. (C) Gene family fold change increase comparing resident 
macrophages from lean and obese eWAT. (mean ± SEM; n=3-4 per group, *p<0.05, 
**<0.01***0.001, ****0.0001).  
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Chapter 4 

 

Adipose Tissue Fibrosis After Weight Loss is Related to  
Retention of Pro-fibrotic Preadipocytes  

 

Abstract  

 

Obesity alters the architecture of the ECM and is associated with excessive ECM 

accumulation in the form of adipose tissue fibrosis. Weight loss can improve metabolism 

and decrease adipose tissue inflammation, however in many cases, the risk of 

cardiovascular and metabolic disease remains high in formally obese individuals. The 

reasons for this are unclear, but one potential mechanism is that obesity induces 

permanent changes in adipose tissue function that do not resolve with weight loss.  This 

hypothesis is supported by reports that suggest that adipose tissue fibrosis is sustained in 

in patients after bariatric surgery induced weight loss. To examine the mechanisms 

behind this effect, we have utilized an animal model of weight loss to investigate how the 

ECM is reorganized with loss of fat mass. We observed that ECM accumulation increases 

dramatically after weight loss, and that insulin sensitivity remains abnormal despite 

normalization in body weight by removal of high fat diet feeding.  Endothelial cells and 

preadipocytes are major sources of ECM components type I collagen and elastin.  ColI+ 

preadipocyte content increases in gonadal fat pads and remain elevated in quantity with 
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weight loss. In contrast, the quantity of ColI+ preadipocytes return to normal levels in 

subcutaneous adipose tissue with weight loss.  The per cell expression of ColI and Elastin 

are decreased with weight loss, suggesting that the signals inducing ECM production are 

dampened.  Gene expression analysis supported a general decrease in pro-fibrotic gene 

expression in eWAT with weight loss.  Candidate cytokines were identified by protein 

array, and were found to be associated with restoration of a low fibrotic environment with 

weight loss.  These data suggest that the sustained presence of adipose tissue fibrosis 

after weight loss in eWAT does not relate to a sustained high level of ECM production 

and may relate to a decrease in ECM degradation machinery. Our findings have 

implications to sustained impairment in adipose tissue function after weight loss.   

 

Introduction  

 

The ECM in adipose tissue plays an important role in the regulation of 

adipogenesis, adipocyte function, and adipose tissue architecture (39, 44). Adipose tissue 

expansion requires orchestrated interplay between numerous cell types (177, 186, 200). 

With the development of obesity, an increase in ECM density is widely observed which 

is hypothesized to reduce structural plasticity of adipose tissue and contributing to 

metabolic dysfunction (53, 74). This plasticity is integral to metabolic function of adipose 

tissues, as the inability to remodel the ECM is correlated with aberrant insulin sensitivity 

and metabolic disease (53, 197, 202). However, some studies suggest fibrosis may have a 

protective effect on metabolism by restricting adipocyte hypertrophy (9, 10, 203). Given 

the importance of healthy adipose tissue expansion and contraction in metabolic health 
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we are interested in understanding how the adipose tissue ECM is remodeled in different 

nutrient settings. Understanding how adipose tissue is ECM remodeling in weight loss in 

particular is of high priority given the common problem of substantial weight regain after 

initial weight loss (WL) interventions.  Understanding the long-term changes obesity has 

on adipose tissue may also aid in the understanding why the risk of cardiovascular 

disease does not diminish despite the resolution of obesity (177, 237).  

 During WL, the ECM undergoes massive reorganizations in architecture in 

response to a rapid decrease in adipocyte size and quantitative change in stromal cell 

populations (29, 106). Evidence suggests that adipose tissue function and architecture do 

not return to normal in patients that have undergone bariatric surgery, which may be due 

to a permanent disruption of ECM architecture generated by chronic obesity (53, 54). 

Studies have shown that diabetic patients have stiffer and more fibrotic subcutaneous 

adipose tissues and lose less weight after bariatric surgeries, providing further support for 

the ECM flexibility-metabolism paradigm (1, 174). One of the most striking observations 

is that ECM accumulation appears to persist even in obese patients that have undergone 

WL (53, 54, 135). Gene expression studies of humans that have undergone bariatric 

surgery reveal altered expression of ECM components after WL (53). Data that integrate 

both metabolic and histological studies from clinical and pre-clinical models are limited 

as few, if any, studies have investigated effects of WL in a longitudinal manner (1).   

The persistence of inflammation adipose tissue after is hypothesized to be a major 

contributor to ECM deposition, and several studies have supported a link between the two 

processes (54, 186, 199). Adipose tissue from subcutaneous regions of formally obese 

patients have an inflammatory profile more similar to obese patients (29). There have 
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also been conflicting studies reporting that metabolic perturbations remain in formally 

obese mice as well as humans (3, 44). Animal models of short-term weight-loss reveal 

the recruitment of ATMs, which appears to have functions in initiating ECM remodeling 

and in the metabolism of excess lipids (54, 106, 110, 231). In human models of surgery-

induced WL, there is a decrease of inflammatory ATM activation and an overall decrease 

of ATMs (29, 44).  

There are three major gaps in knowledge of how WL alters the adipose tissue 

ECM. First, the cellular components in adipose tissue that produce ECM materials with 

weight loss have yet to be fully delineated. Second, the connections between the 

qualitative and quantitative changes in stromal populations, and the increase in ECM 

accumulation that is observed after WL are not understood. Third, mechanisms of cell-

cell and cell-matrix communications that influence ECM component production are also 

not well understood.  Filling these gaps in knowledge has the potential to identify 

modifiable pathways to either amplify weight loss responses or potentiate to increase 

resolution of adipose tissue inflammation in the weight-reduced state.   

In this work, we fill in these gaps with an investigation that integrates metabolic 

data with in-depth observations of histological findings and investigations into changes in 

adipose tissue stromal cells with WL relating to ECM production. Our animal model 

studies reveal that, along with the inability for insulin sensitivity to normalize after WL, 

the ECM becomes denser after WL.  While the quantitative increase in preadipocytes 

induced by HFD are sustained after prolonged weight loss, the per cell expression of 

ECM proteins such as collagen and elastin are decreased.  This suggests that the 
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sustained level of adipose tissue fibrosis seen after weight loss is not due to ongoing 

activation of ECM production.   

 

Materials and Methods 

 

Animal Studies 

C57BL/6J Male mice were fed ad libitum normal diet (4.5% calories from fat; 

PMI Nutrition International) or high fat diet (60% calories from fat; Research Diets) 

starting at 6 weeks of age for durations as described.  WL was induced by replacing high 

fat diet, with ad libitum normal diet for duration described. Glucose tolerance tests (GTT) 

and insulin tolerance tests (ITT) were performed after a 6-hour fast. For GTT, mice were 

injected IP with D-glucose (0.7 g/kg). For ITT, mice were injected IP with human insulin 

(1 unit/kg). For both GTT and ITT, blood glucose concentrations (mg/dl) were measured 

0, 15, 30, 45, 60, 90, and 120 min after injection. Animal procedures were approved by 

the University Committee on Use and Care of Animals at the University of Michigan and 

were conducted in compliance with the Institute of Laboratory Animal Research Guide 

for the Care and Use of Laboratory Animals.  

 

Total collagen assessment 

Total collagen staining was performed on formalin-fixed paraffin-embedded 

tissue sections using the Picrosirus Red Stain Kit (Polysciences, Inc. Warrington, PA) or 

by Masson’s Trichrome stain performed by the Tissue Core of the University of 

Michigan Comprehensive Cancer Center. Images were captured using an Olympus 
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inverted microscope fitted with an Olympus DP27 camera. Image J software (NIH) was 

used to measure density. Hydroxyproline content was measured using the 

Hydroxyproline assay kit from QuickZyme Biosciences (Leiden, Netherlands, dist. 

Cedarlane Labs Burlington, NC).  

 

Flow Cytometry  

Adipose tissues were dissociated as previously described (36). For intracellular 

collagen staining, cells were incubated in Fc Block then stained with surface antibodies 

(Affymetrix eBioscience, San Diego, CA) and Live/Dead viability stain (Thermo Fisher 

Scientific-Life Technologies, Carlsbad, CA) for leukocytes (Live/Dead-CD64+, CD45+) 

preadipocytes (Live/Dead-CD31-CD45-Sca-1+, PDGFRα+) and endothelial cells (CD31+) 

for 45 min at 4°C. Briefly, intracellular stains were performed using FOXP3 Fix/Perm 

buffer (BioLegend, San Diego, CA) followed by 15 min block with 0.5% goat serum, a 

1hr incubation with 0.5μg of rabbit Collagen Type I antibody (Rockland, Limerick, PA) 

or a-Elastin antibody (abcam, Cambridge, UK), three washes, and 30 min incubation with 

0.2μg of goat anti-rabbit AlexaFluor 647 antibody (Thermo Fisher Scientific-Life 

Technologies, Carlsbad, CA). Flow cytometry performed on FACSCanto II Flow 

Cytometer or BD Accuri C6 (BD Biosciences, San Jose, CA.) and analyzed with FlowJo 

data analysis software (Ashland, OR).  

 

Explant tissue culture and conditioned media  

Tissue explants were cut to 150mg pieces and cultured in serum-free AIM-V 

AlbuMAX (BSA) media for 48 hours at 37°C (Thermo Scientific-Life Technologies 
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Carlsbad, CA). For ELISA and Cytokine Array, tissues were cultured in serum-free 

DMEM with antibiotics for 48 hours 37°C. Explant conditioned media was pooled and 

assessed with the Proteome Profiler Cytokine Array (Panel A) (R&D systems, 

Minneapolis, MN). Immunoblots were quantified after black/white equilibration for 

integrated pixel density with ImageJ.  Secreted TGFβ-1 protein from tissue explants 

were measured with ELISA at the University of Michigan Cancer Center Immunology 

core facility. 

 

Gene expression analysis 

Total RNA was extracted using RNeasy Mini Kits (QIAGEN), and cDNA was 

generated from 0.5ug of RNA using high-capacity cDNA reverse transcription kits 

(Applied Biosystems). Power SYBR Green PCR Master Mix (Applied Biosystems) and 

the StepOnePlus System (Applied Biosystems) were used for real-time quantitative PCR. 

Arbp expression was used as an internal control for data normalization. Samples were 

assayed in duplicate, and relative expression was determined using the 2−ΔΔCT method.  

 

Statistical Analysis 

Data are shown as mean ± standard error of the mean (SEM). Differences 

between groups were determined using two-tailed Student t test analysis with GraphPad 

Prism 6.0e software. p < 0.05 was considered significant.  
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Results 

 

Extracellular matrix deposition in adipose tissue is not removed after short-term weight 

loss 

While there are various published models of WL in mice and humans, few include 

observations of tissue sizes, metabolism, and analyses of ECM architecture after WL in 

both major visceral and subcutaneous fat pads. We performed a short time course WL 

analysis of obese HFD fed C57/BL6 male mice induced to lose weight by replacing the 

HFD with ND for 2 weeks. First, body weights decreased in the 2 week WL group 

(Figure 4-1A). Fasting glucose and insulin levels show significant improvement within 

two weeks of WL compared to HFD fed control mice. The weights of epididymal 

(eWAT) and subcutaneous inguinal (iWAT) adipose tissue depots increased significantly 

in the HFD group and decreased after the diet was switched, but did not return to normal 

diet weights after two weeks of WL (Figure 4-1B). We explored adipose tissue ECM 

architecture of eWAT via Trichrome Collagen stain, and Verhoeff van Gieson’s Elastin 

stain, where we observed an increase in ECM density after HFD.  WL did not result in 

any significant changes in collagen or elastin material staining in eWAT with this short 

term WL paradigm.   

 

Weight loss increases density of the ECM 

The above result suggests that longer WL intervention may be required to return 

adipose tissue to a normal ECM architecture.  To examine this we used a longer term WL 

paradigm by examining age-matched lean animals (ND, 20 weeks), obese animals (HFD, 
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20wks), and a set of weight loss animals (WL) that was placed on HFD for 12 weeks, 

followed by 8 weeks of calorie restriction via feeding of ND chow. Body and tissue 

weight measurements reveal an increase in weights with HFD, and subsequent decrease 

in weight with WL (Figure 4-2A). Metabolic assessments revealed that glucose tolerance 

normalizes after 8 weeks of WL, however insulin tolerance tests reveal that animals are 

less insulin sensitive (Figure 4-2B) compared to age matched ND mice.   

Histological observations of adipose of eWAT tissues via Picrosirius total 

collagen stain revealed an increase in ECM accumulation and adipocyte hypertrophy 

after HFD as previously observed. After 8 weeks of WL, there was a significant 

qualitative increase in the accumulation of collagen based on Picrosirius red staining 

(Figure 4-2C). We assessed collagen content by hydroxyproline quantitation from 

eWAT samples. No significant changes in hydroxyproline were noted between ND and 

HFD groups, however WL led to a significant increase in eWAT hydroxyproline content 

which is in agreement with histological findings (Figure 4-2D). There was a statistically 

significant difference between groups as determined by one-way ANOVA (F, (2, 25) = 

8.060, p=0.002) and Kruska-Wallis test shows a significant difference between diet 

(p=0.0036). 

 

Collagen I+ adipose tissue stromal cells increase after weight loss 

Next, we set out to investigate the cellular changes in adipose tissue stromal cells 

that may account for the increased ECM deposition and gene expression changes 

observed after WL. In the previous chapter, we identified three distinct stromal cell types 

that express fibrillar type 1 collagen (ColI).  Endothelial cells and preadipocytes were the 
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most active collagen-expressing populations; therefore we hypothesized that these 

populations may be responsible for the excess ECM deposition observed after WL.  

We measured the prevalence and expression levels of two prevalent ECM 

components, Collagen I and Elastin, in endothelial and preadipocyte populations. Mice 

were fed either a ND (20 weeks), HFD (20 weeks), or put through a WL regimen (12 

weeks HFD followed by 8 weeks ND). Quantitation of endothelial cell (CD31+) and 

preadipocyte (CD31-CD45-Sca1+PDGFRa+, PreAds) populations was performed with 

flow cytometry.  As a percentage of the SVF, eWAT endothelial cells did not change 

with HFD or WL (Figure 4-2E).  PreAds (%SVF) increase with HFD and remain 

elevated with WL. Two-way ANOVA (ordinary) reveals significant effect of diet (F (2, 

18) =20.32, p<0.0001), and Tukey’s multiple comparison test reveals significant 

differences between ND vs. HFD and ND vs. WL (p<0.05). Normalization to adipose 

tissue weight (cell/g) demonstrates that WL increases the overall density of endothelial 

cells and PreAds in eWAT relative to both ND and HFD fed controls.  iWAT had a 

different pattern.  As a percentage of SVF, iWAT endothelial cells and PreAds increase 

with HFD and return to levels similar to ND with WL (Figure 4-2F).  Normalized to 

adipose tissue weight, there was a significant increase in iWAT endothelial cells with WL 

similar to eWAT.  No significant differences were seen in the density of PreAds with 

HFD or WL.  This demonstrates depot specific differences in stromal cell remodeling 

with WL. Accumulation of PreAds in eWAT increases with WL while in iWAT, preAds 

change their number in proportion to fat mass with WL.   

In the previous chapter, we discussed and validated the use of a technique to 

quantitate intracellular fibrillar type 1 collagen producing cells. We applied this technique 
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to investigate how weight gain and loss affects the number of cells that produce collagen 

I and to examine the expression levels of collagen at a per cell basis. A representative 

flow cytometry plot is shown of eWAT and iWAT preadipocytes gated as a percent of 

CD31-CD45-Sca1+ cells (Figure 4-3 A,B).  

In eWAT, the percent of ColI + endothelial cells in the SVF decreases with 

obesity, and returns to levels similar to ND mice with WL (Figure 4-3C). The quantity of 

ColI + PreAds increased significantly with HFD and demonstrated a small but significant 

further increase with WL.  When normalized to fat pad weight, WL increased the density 

(cells/gram of adipose tissue) of both endothelial cells and PreAds compared to both ND 

and HFD conditions (Figure 4-3D). In iWAT, ColI + endothelial and PreAds increased 

significantly with HFD, then decreased dramatically after WL to return to levels similar 

to ND mice (Figure 4-3E). When normalized to iWAT mass, no significant differences 

in the density of collagen expressing cells in the iWAT between the ND, HFD or WL 

groups (Figure 4-3F).   

We next evaluated per cell expression of ColI by median fluorescence intensity 

(MFI).  HFD decreased collagen I expression in endothelial cells, and did not increase 

with WL in eWAT (Figure 4-3G). In eWAT PreAds increased collagen expression with 

HFD, and this decreased after WL to a level below what was observed in lean mice. In 

iWAT, an increase in collagen expression was only observed in endothelial cells after 

WL (Figure 4-3H).  Overall this demonstrates that per cell expression of ColI in eWAT 

PreAds is decreased WL although their content in remains high.  This also demonstrates 

depot specific differences in the capacity of stromal cells to alter their quantity with WL 

– a more robust capacity to return endothelial cell and PreAd levels to normal in iWAT.   
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Elastin1+ adipose tissue stromal cells increase after weight loss 

Another prevalent ECM component relatively unexplored in adipose tissue is 

elastin. We applied a similar strategy as our intracellular collagen I stain to measure 

production of alpha elastin in endothelial and PreAds populations. Control staining 

demonstrated specificity of our elastin flow cytometry experimental controls (Figure 4-

4A). Analysis of SVF cells revealed that the majority of PDGFRi+ PreAds express elastin 

in both eWAT (~90%) and iWAT (~75%) of  CD31-CD45-Sca1+ cells (Figure 4-4B).  

In eWAT from ND mice, ~10% of endothelial cells expressed elastin (Eln+) and 

~20% of the PreAds were Eln+ (Figure 4-4C).  HFD did not alter the quantity of Eln+ 

endothelial cells but the quantity of Eln+ PreAds doubled.  This increase in Eln+ PreAds 

was sustained after WL in eWAT. Normalizing to fat pad weight (Eln+ cells/g), there are 

no significant changes in Eln+ endothelial cells or PreAds with HFD in eWAT.  WL 

induces a significant increase in Eln+ cells in both populations in eWAT.  

In iWAT, HFD significantly increased the quantity of Eln+ endothelial and 

PreAds as a %SVF.  WL induced a similar decrease in Eln+ cells to levels similar to lean 

mice (Figure 4-4D). Normalizing to fat pad weight, the density of Eln+ endothelial cells 

increased after WL and no significant differences were seen in Eln+ PreAds between 

groups. Examining elastin MFI, endothelial cells express elastin at higher levels than 

PreAds in eWAT but not iWAT (Figure 4-4E).  In both depots, elastin MFI increases 

with HFD and decreases after WL for both endothelial cells and PreAds.  

 

 

 



96	  
	  

	  

Weight loss decreases gene expression of ECM components and markers of fibrosis 

To assess global changes in ECM components and regulatory genes at the tissue 

level, we analyzed gene expression in whole eWAT samples from ND, HFD, and WL 

mice. HFD induced expression of Col1a1 and Col6a3 (Figure 4-5A). Markers of fibrosis 

such as Spp1, Postn, and Tgfb1 were also induced, however only Spp1 reached statistical 

significance (Figure 4-5B). Increases in expression of tissue inhibitor of matrix 

metalloproteinase family genes (TIMPs) are consistent with the generation of a pro-

fibrotic environment with HFD and a downregulation of ECM degrading enzymes 

(Figure 4-5C). A decrease in the levels of Mmp2 and Mmp9 after both HFD and WL 

suggests a decrease in the degradation of the basement matrix. An increase of Mmp12 

and Mmp14 and subsequent decrease after WL suggest active ECM degradation was 

promoted. We also measured the makers of brown/beige adipocytes and noted few 

changes in Pgc1a and a strong induction of Ucp1 after HFD.  Ucp1 decreased after WL, 

but was elevated compared to ND lean animals (Figure 4-5D). Overall, gene expression 

analyses reveal that WL decreases gene expression of ECM remodeling factors in eWAT.  

This suggests that the increase in collagen staining in WL mice indicates persistent of 

previously deposited ECM components and not the ongoing generation of a pro-fibrotic 

environment.   

 

Secreted factors from weight loss tissues identify weight-dependent cytokine and growth 

factor changes 

 To screen for cytokines that change with weight loss that may relate to a sustained 

pro-fibrotic setting, we performed a cytokine protein array screen for 40 cytokines on 
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conditioned media from ND, HFD, and WL explants (Figure 4-6A). 20 cytokines were 

detected above background. The cytokines elevated in HFD and WL samples but not in 

ND samples were IL-1 receptor antagonist (IL-1RA) and, monocyte chemotactic protein 

5 (MCP-5, also known as CCL12) (Figure 4-6B).  Cytokines that were restored to the 

level of ND mice were MIP1A, RANTES, and TNFα.  

 The cytokine array does not measure growth factors previously implicated in 

fibrosis such as TGFβ-1. Therefore, we assessed levels of total TGFβ-1 in eWAT ND, 

HFD, and WL explant conditioned media. ELISA results suggested TGFβ-1 levels are 

elevated in HFD and WL conditioned media, however only the levels in the WL samples 

reached significance (Figure 4-6C).  This suggests that sustained TGFß-1 may contribute 

to sustaining a pro-fibrotic environment in eWAT with weight loss.  Lastly, to assess if 

TGFß-1 signaling is sufficient to induce expression of ECM components, we added 

recombinant TGFß-1 to the 3T3-L1 preadipocyte cell line. TGFß-1 significantly induced 

gene expression of Cola1, Col6a3, and Spp1 (Figure 4-6D).  

 

Discussion 

 

In the current study, we sought to understand why metabolic perturbations remain in 

formally obese patients. To investigate these observations, we focused our attentions to 

filling in gaps in the published literature by evaluating the dynamics and reorganization 

of adipose tissue ECM architecture after WL.  Overall, our findings demonstrate in 

mouse models of WL, that normalization of fat pad weights does not revert the adipose 

tissue ECM to its pre-obese status. Our most surprising finding was that an increase of 
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fibrotic ECM accumulation is observed after an 8 weeks WL intervention that normalized 

body and tissue weight.  This is most prominently seen in the eWAT and not in iWAT. 

We have validated this finding via multiple and complementary analyses such as by 

histological methods (Picrosirius, Verhoeff’s, Trichrome) and by biochemical methods 

(total tissue hydroxyproline). This may be due to the dynamic ability of eWAT to adapt 

expand in response to metabolic demand.  

 We focused on investigating the mechanisms by which ECM accumulation is 

sustained or increased with WL. The quantity of ColI + and Eln+ stromal cells increase 

dramatically in eWAT after WL, and that the main producers of these compounds are 

endothelial cells and PreAds.  Despite this increase in cell quantity, both endothelial cells 

and PreAds decreased per cell expression of these components after WL. Gene 

expression analysis supports this observation as gene expression of ECM components 

decrease in whole eWAT adipose tissue samples with WL.   

Overall, our data is consistent with the model that the increased quantity of pro-

fibrotic PreAds induced by HFD in eWAT remain after WL and retain pro-fibrotic 

characteristics (ColI and Eln production). However these characteristics are dampened 

relative to the HFD situation.  The persistence of adipose tissue ECM is likely due to a 

combination of persistent pro-fibrotic PreAds population and an inability of the ECM 

degradation machinery to remodel the adipose tissue fibrosis back to a normal state. 

Subsequently, we have not analyzed ECM degradation capacity with WL. It is possible 

that suppression of ECM degradation is more important than the induction of new ECM 

production.     



99	  
	  

	  

Since endothelial cells are such a small population of the SVF (~10%) it is 

unlikely this population plays a significant causative role in the pathogenesis of fibrosis. 

Our data align with other reports implicating PreAds as as pro-fibrotic cells under 

inflammatory conditions, however we have taken further steps in providing data showing 

that these cells can also produce ECM components (74, 96). Elastin is an ECM 

component that remains understudied, and to our knowledge, our work is one of the few 

that explores the elastin matrix in adipose tissues (5, 14). Our analysis revealed that 

populations and production of elastin increases in PreAds with diet-induced obesity, and 

much like collagen, expression of elastin also decreases after weight loss.    

 We observed significant adipose tissue depot specific changes after WL.  For 

most of our stromal measures (e.g. quantity of Col1+ PreAds), the effects of HFD were 

not readily reversible in eWAT and were reversible in iWAT. This was apparent in 

similar content of iWAT stromal cells when normalized to adipose tissue weight. This 

suggests that iWAT depots have a more robust capacity to dynamically decrease the 

stromal cell induction as seen with HFD. It may also relate to the pro-fibrotic changes 

induced primarily in the eWAT that may limit the ability of PreAds to return to levels 

similar to a lean state. We postulate that the decrease in PreAd content in iWAT is due to 

an exhaustion of the PreAd pool, which may not be the case in eWAT.    

Adipose tissues are rich with a variety of ECM compounds, such as fibrillar and 

non-fibrillar collagens, fibronectins, laminins, and proteoglycans. A limitation in our 

study is that we did not explore how these additional components are deposited or 

degraded. An important next step in the evaluation of ECM architecture in the context of 

fibrosis is the analyses of crosslinking enzymes such as Lysyl oxidase and 
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Transglutaminase, and matrix assembly elements (Decorin, Periostin,) that function to 

reinforce ECM rigidity. We postulate that higher degrees of ECM crosslinking may result 

in the inability of enzymes to degrade and remodel the architecture. Along with this, 

further investigation of the activities of degradation enzymes like Matrix 

metalloproteinases (MMPs), A disintegrin and metalloproteinase (ADAMs), Plasminogen 

activator inhibitor (PAI-1), and Cathepsins may answer questions relating to how ECM 

components are degraded. 

 Additional missing information in our study relates to the mechanism of WL, 

which may lead to multiple changes in metabolism/inflammation. HFD has been shown 

to be pro-inflammatory even with short term feeding, therefore, it is possible that the 

removal of the HFD stimulus independent of WL may be sufficient to alter inflammation 

and the ECM. Additionally, we cannot rule out that the intracellular collagen or elastin 

content we measured using flow cytometry is due to uptake rather than deposition. 

Further studies will be required to better understand the fate of the ECM components (i.e. 

fibril-formation and crosslinking) that are produced.  

 Our current model is that persistent fibrosis in adipose tissue is dependent upon 

the induction of a pro-fibrotic environment driven by diet-induced obesity. Here we 

propose a model, where the development of obesity induces both the expansion of 

preadipocytes, and also their expression of ECM components (Figure 4-7). With weight 

loss, we hypothesize that widespread lipolysis recruits and activates ATMs. Increases in 

the maturation and crosslinking of the ECM via crosslinking enzymes such as Lysyl 

Oxidase, increase the abundance of insoluble fibers, and degradation of ECM 

components lags, imprinting an imbalance of ECM deposition and degradation. Together, 



101	  
	  

	  

this increase in fibrosis limits the physical flexibility of the ECM, perturbs adipocyte 

metabolism, and decreases insulin sensitivity.  

 Our study highlights a striking observation in the remodeling of the ECM 

architecture after WL. Even after this caloric restriction, insulin sensitivity was 

decreased, and we believe this finding is linked with our observation of increased fibrotic 

ECM accumulation after WL. The next viable question for the future is to understand 

how metabolic stress, such as lipolysis, influences gene expression of signals that 

promote the depot-specific persistence of PreAds. Studies point to PDGF signaling as a 

possible fate-determining mechanism which may direct this persistence (86, 163).  

Similarly, due to their unique microenvironment, exposure to inflammatory and 

growth factors, PreAd fate might be skewed toward a pro-fibrotic phenotype. 

Longitudinal studies that measure both ATM and PreAd populations are required to 

understand the dynamics of these population shifts, especially considering that short-term 

WL models in animals dramatically increase ATM populations, while human long-term 

weight loss models of reveal the opposite (29, 44, 106). The subject of future studies will 

be to resolve these variables and more closely analyze ATM-PreAd communications in a 

comprehensive collection of metabolic contexts and non-inflammatory conditions in 

order to understand their roles in influencing ECM architecture.  
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Figure 4-1. Fibrotic ECM composition is sustained after short-term weight 
loss. (A) Body weight, fasting glucose, fasting insulin, with (B) visceral epididymal 
(eWAT) and subcutaneous inguinal (iWAT) fat pad weights are shown for studies in this 
figure. (C) Trichrome collagen stain and Verhoeff’s Elastin stain on sectioned eWAT. 
Scale bar = 100uM.  n=3-4 per group. (*p<0.05, **<0.01***0.001, ****0.0001).  
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Figure 4-2. Insulin sensitivity decreases as ECM accumulation increases after long-
term weight-loss. (A) Body and tissue weights are shown after weight loss. (B) Glucose 
and insulin tolerance tests (GTT, ITT, respectively). (C) Picrosirius stains of eWAT and 
iWAT from ND (20wk ND) HFD (20wk HFD), and WL (12wk HFD, 8wk ND) animals. 
Scale bar = 100uM. (D) Total collagen content and collagen as a percent of total protein.  
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Figure 4-2 continued. (E). Density of endothelial and preadipocytes (PreAds) per gram 
of tissue and as a percent of stromal vascular fraction (SVF) at ND, HFD, and WL. n=4 
per group. (*p<0.05, **<0.01***0.001, ****0.0001). 
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Figure 4-3. Endothelial cells and preadipocytes are major collagen type I-expressing 
populations in the stromal vascular fraction.  Flow cytometry results, gated on CD45-

CD31-Sca1+ PDGFRα+ preadipocytes that express collagen I (ColI +) in eWAT (A) and 
iWAT (B).  ColI + endothelial cells and PreAds are shown as a percent of SVF (C,E) 
density of ColI + cells per gram (D, F) and median fluorescence intensity (MFI) (G, H) in 
eWAT and iWAT respectively. (*p<0.05, **<0.01***0.001, ****0.0001).  
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Figure 4-4. Endothelial cells and preadipocytes express elastin. (A) Elastin flow 
cytometry experimental controls. (B) Flow cytometry results, gated on CD45-CD31-Sca1+ 
PDGFRα+ preadipocytes that express elastin (Eln+) in eWAT and iWAT. (C, D) 
Measurements of Eln+ endothelial and PreAds as a percent of SVF and as density of Eln+ 

cells per gram of tissue. (E) Elastin staining intensity MFI in eWAT and iWAT. n=4 per 
group. (*p<0.05, **<0.01***0.001). 
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Figure 4-5. Gene expression of ECM components and remodeling factors after 
weight gain and weight loss. Gene expression of (A) ECM components, (B) markers of 
fibrosis, (C) remodeling enzymes, and (D) markers of browning. n=4 per group.  
(*p<0.05, **<0.01***0.001) 
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Figure 4-6. Secreted factors from weight loss tissues identify weight-dependent 
cytokine and growth factor changes. (A) Cytokine array membrane is shown, proteins 
increasing with obesity are highlighted in red boxes (IL-1RA and MCP-5) and proteins 
decreasing with obesity and increasing after WL in blue boxes (TNFα, MIP1α, 
RANTES). (B) Ratios of quantified pixel density from cytokine array, IL1-RA and 
MCP5 shown as blue and red arrows respectively. (C) ELISA analysis of TGFβ-1 in 
conditioned media from ND, HFD, and WL eWAT tissue explants. (D) Gene expression 
of fibrosis markers from 3T3-L1s treated with TGFβin. n=4 per group. (*p<0.05, 
**<0.01***0.001, ****0.0001).  
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Figure 4-7. Model of ECM accumulation after weight loss. The progression from the 
lean to the obese states results in new adipogenesis, adipocyte hypertrophy, and the 
activation of extracellular matrix (ECM) production in preadipocytes. In the obese state, 
Adipose tissue macrophages (ATMs) secrete factors that activate ECM production and 
proliferation by preadipocytes. With weight loss, adipocytes shrink in size via lipolysis, 
which recruits and activates additional ATMs and stimulates expansion of preadipocyte 
populations.  ECM forms insoluble fibers that are created by crosslinking enzymes. A 
decrease in the relative ECM degradation results in an imbalance, which favors the 
permanence of ECM components. Additionally, mechanical stress imposed by a fibrotic 
ECM limits adipocyte energy regulation and decreases insulin sensitivity. 
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Chapter 5 

 

Conclusions, Limitations, Future directions, and Clinical Relevance  

 

Conclusions 

Adipose tissue functions as the main nutrient storage organ, which is capable of 

rapid adaptation to metabolic demand. In settings of over nutrition, adipocyte 

hypertrophy and new adipocyte formation serve to increase fat mass. With negative 

energy balance adipocytes releasing its stored nutrients in the form of triglycerides to 

meet metabolic demand and adipocytes decrease in size. Disturbances in the efficiency of 

these remodeling events can disrupt the normal homeostatic function of adipose tissue 

and over time can contribute to systemic insulin resistance. In this scenario, with adipose 

tissue dysfunction, the energy stores that were once managed efficiently by adipose tissue 

are not well contained, resulting in ectopic energy storage in tissues such as liver and 

muscle (202, 203).  

While there are many potential contributors to the metabolic disease with obesity, 

these projects have focused on ECM deposition and fibrosis as a mediator of adipocyte 

dysfunction. The adipose tissue ECM normally functions to physically support the 

structure of the tissue and provide the mechanical and cell adhesion cues that influence 

cell fate. The ECM provides required cues which are needed to drive adipocyte growth 
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and differentiation, however, excessive ECM accumulation negatively influences 

development and metabolism (165). In vitro studies show that growing adipocytes in 

dense fibrous material-laden ECM results in an increased inflammatory response and 

inhibition of differentiation (154, 173).  

 ECM remodeling, as we have described as the balance between the deposition and 

degradation of the ECM along with post-translational modifications, is important to 

support normal adipose tissue expansion. The composition of the matrix itself has the 

potential to influence adipocyte function and can influence whole-body metabolism upon 

high fat diet challenge. Studies have shown that reducing the capacity of an adipocyte to 

degrade its pericellular ECM via a lack of functional matrix metalloproteinase (MMP) 

inhibits adipocyte hypertrophy (41, 42). A lack of MMP inhibitors can on the other hand, 

increase adipose tissue expansion (87). Similar findings were shown in animal models 

lacking a particular ECM component, Collagen VI, in which animals gained excessive 

weight, had more hypertrophic adipocytes, but were still metabolically healthier (97).  

While there is a vast amount of literature reporting the negative effects of 

inflammation and adipose tissue fibrosis in the pre-clinical rodent models, inflammatory 

pathways are also required in adipocytes for normal metabolic homeostasis (232). 

Therefore, a careful balance on the level of inflammation is required in the adipocyte 

microenvironment for normal physiological expansion and ECM remodeling.  

 

Key findings in the degradation of the adipose tissue extracellular matrix 

 In this work, we approached the ECM degradation/deposition paradigm in the 

context of adipose tissue fibrosis with three different models. In our first approach, we 
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hypothesized that the depletion of one key elastin-degrading enzyme, MMP-12, would 

increase the accumulation of ECM components, namely elastin, and result with metabolic 

perturbations during the development of obesity. We identified an elastin matrix forming 

a mesh-like network around all adipocytes. We also determined that that MMP-12 in 

adipose tissue is primarily produced by ATMs, however in whole-body MMP-12 

deficient animals, we observed no observable difference in elastin matrix architecture or 

in metabolism. Our data suggests that MMP-12 does not play a major role in influencing 

ECM remodeling or whole body metabolism. Other elastin-degrading enzymes exist, 

however very little is known regarding their specific role in reorganizing the Elastin 

matrix in adipose tissues.  It is also possible that elastin inhibitors such as α1-antitrypsin 

play a prominent role in elastin regulation (229). Neutrophil elastase (NE) has been 

shown to promote adipose tissue inflammation and promote insulin resistance with DIO 

(205). Mice deficient of NE are resistant to diet-induced obesity, insulin resistance, 

inflammation, and fatty liver (130). Additionally, mice deficient of NE do not develop 

diet-induced obesity-mediated adipose tissue fibrosis. Taking together, we speculate that 

elastin degradation subunits may promote inflammation and metabolic dysfunction.  

However, it is still unclear if NE has roles specific to elastin ECM degradation in adipose 

tissue, or if its roles are limited to mediating inflammation. Another elastin degrading 

enzyme Matrix metalloproteinase-7, (MMP-7) or matrilysin has also been implicated in 

obesity and weight loss. Formally obese patients increase circulating levels of MMP-7 

post bariatric surgery, which may indicate an induction of remodeling or degradative 

activity of ECM architecture with weight loss (180). An alternative explanation to this 

may be that MMP-7 may be facilitating the activation of other interrelated MMPs, 
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thereby activating a cascade of ECM remodeling. Further studies investigating adipose 

tissue specific NE or MMP-7 activities may elucidate mechanisms relating both to Elastin 

matrix architecture remodeling and inflammation.  

 

Preadipocytes produce key extracellular matrix components related to fibrosis 

In Chapter 3, we set out to understand the mechanisms of the deposition of a key 

insoluble ECM component, fibrillar collagen type I. Our results implicate preadipocytes 

as the primary regulated source of collagen type I production induced with DIO primarily 

in the gonadal fat pads and not subcutaneous fat pads.  Microarray analysis and 

intracellular protein detection corroborated these findings.  Several studies have 

suggested that preadipocytes take on a pro-fibrotic phenotype in obesity triggered by 

macrophage inflammatory cues, but no studies have provided convincing evidence that 

these cells produce ECM proteins in vivo (25, 96).  

ATMs and preadipocytes co-localize in ECM-dense regions in crown-like 

structures.  While some studies have examined the influence of classically activated (M1) 

macrophages on preadipocyte function, the influence of the full range of macrophage 

activation states on preadipocyte ECM production are unknown (24, 25, 198). 

Considering that ATMs were a major source of TGFβ-1, we hypothesized that 

macrophage activation states played a major role in the regulation of type I collagen 

expression. In vitro experiments revealed that alternatively activated resident “M2” 

macrophages, not classically activated “M1” or metabolically activated macrophages 

“MMe” induced expression of fibrillar type I collagen. Using a small molecule inhibitor, 
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we determined that TGFβ-1 signaling was required for resident macrophages to produce 

the pro-fibrotic effect in primary preadipocytes.  

Our data suggests that preadipocytes are the main source of fibrillar type I 

collagen expression, and that preadipocyte-macrophage communications leading to pro-

fibrotic activations are TGFβ-dependent. This is in agreement with findings in other 

fibrotic diseases as scleroderma animal models have also implicated TGFβ signaling in 

the pathogenesis of this form of subcutaneous adipose tissue fibrosis (162).  Further, both 

a systemic blockade and a genetic depletion of TGFβ-dependent Smad3 signaling 

attenuated the development of fibrosis and prevented glucose intolerance (236). These 

findings further suggest that TGFβ signaling is required for tissue homeostasis and may 

be a potential target to treat obesity and diabetes by attenuation of adipose tissue fibrosis.  

Several important questions remain. While we are able to measure increases in 

collagen type I expression, it is still unclear if preadipocyte derived collagen type I is 

required for the development of adipose tissue fibrosis given the wide range of other 

collagens that are produced in adipose tissue and induced at the gene expression level 

with obesity (74). Additionally, we have not investigated the production or the role other 

non-collagen ECM components, which may also have the potential to influence adipocyte 

maintenance, turnover, and tissue inflammation, as was shown by Khan et al (97). There 

is also the potential that accumulations of only certain types of collagens, fibrillar or even 

non-fibrillar, may lead to local inflammation and metabolic dysfunction. We made 

attempts at proving the importance of preadipocyte Collagen type I experimentally in 

mice by using cre-lox technology. To generate an inducible deletion of Col1a1 gene in 

preadipocytes we crossed Pdgrfa-creERT transgenic mice with a floxed Col1a1 
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transgenic mouse (93). We were unable to show efficient excision of the transgene after 

inducing recombination with tamoxifen.  This model suffered several technical 

limitations that included mosaic expression of the transgene and leaky Cre expression in 

the absence of tamoxifen induction.  This is a general weakness in the field as no 

currently available transgenic models are able to specifically modify gene expression 

uniformly in preadipocytes (16, 88). 

 

Weight loss induces a dynamic increase in adipose tissue fibrosis 

In Chapter 4, we set out to understand the dynamics of ECM reorganization with 

weight loss. Human studies suggest that adipose tissue fibrosis appears to persist and may 

even increase after weight loss (53, 54, 135). In contrast, exercise may attenuate the 

development of diet-induced adipose tissue fibrosis (95). Therefore, we set out to 

understand the pathogenesis of weight loss induced adipose tissue fibrosis in animal 

models.  We observed a significant increase in collagen accumulation in visceral fat and 

lower insulin sensitivity in animals that underwent weight loss compared to weight 

matched lean mice. While there were more preadipocytes in weight loss mice, the per cell 

expression of intracellular collagen and elastin was decreased compared to obese mice.  

This suggests that ongoing ECM deposition may not the primary mechanisms behind the 

increase in ECM accumulation with weight loss, but that there may be a long-term 

persistence in the inability to degrade adipose tissue collagen once it is deposited and 

cross-linked with diet-induced obesity.  

 These findings reinforce the multi-faceted nature of the regulation of the adipose 

tissue ECM and that our focus on collagen production alone may not be sufficient to get a 
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full picture of how ECM is remodeled.  ECM remodeling requires tight regulation of 

elements that produce, organize, deposit, and degrade ECM components. Our 

investigations into the sources of fibrillar ECM components reveal that preadipocytes are 

major sources of type I collagen and elastin, which supports previous studies into pro-

fibrotic preadipocytes (96).  Currently we are limited by the availability of assays to 

reliably measure ECM degradation in and around adipocytes in the context of adipocyte 

hypertrophy or regression.  This is an overall weakness in the field that we have made 

attempts to address.  Unpublished experiments we performed examined changes in 

collagenase activity zymography with variable results potentially due to the harsh 

conditions required to remove lipids from adipose tissue prior to analysis.  Cellular assay 

of ECM degradation of fluorescence collagen matrices identified macrophage-dependent 

collagen degradation, however this was not quantitative. Most studies published to date 

depend solely on gene expression analysis for assessment of collagen degradation or 

deposition, but the significant post-translational modification of the ECM make such 

measure unreliable in our experience to date.   

Such more advanced measures are required to get a better understanding of the 

longitudinal changes that regulate adipose tissue ECM accumulation with weight loss.  

Currently, it is not clear at which point the density of the ECM increases and how to 

differentiate this from a stable ECM network that condenses as adipocytes shrink in size. 

We feel that our studies are consistent with the model that weight loss might trigger ECM 

degradation at a slow rate that does not overcome the large amount of ECM that has been 

deposited with initial weight gain.  Published data on ECM status after weight loss in 

animals is limited, therefore additional studies investigating ECM architecture at the gene 
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expression level, biochemical level, and histological level are in need. A potential 

alternative approach for future studies include the use of de-cellularized adipose tissue to 

study and quantify ECM structure and protein content (28, 164).   

 

Limitations 

 

 Our animal models and experimental techniques have several limitations of which 

we are aware. One major limitation is the use of diet-induced obesity models that employ 

a high fat diet chow composed of 60% calories from animal lard. While high fat 

consumption is one potential contributor to human obesity, there is evidence that 

carbohydrate excess is more relevant to metabolic disease than fat excess (46, 212).  We 

might have observed difference effects on adipose tissue ECM composition, preadipocyte 

expansion, and macrophage accumulation if high carbohydrate diets were employed.     

Another limitation, which is not well documented in the field but is 

acknowledged, is the large regional variability of ECM accumulation between and within 

tissues in animals. For example in the gonadal fat pads we have primarily focused on, 

fibrosis and ATM accumulation are highly concentrated in the rostral “tip” of the fat pad 

and decrease in the caudal “base”.  This may relate to blood flow at the tip region, which 

may be limited compared to the base.  Another significant challenge in our experiments 

and in the field is normalization of stromal cell and other measures in tissues that are 

changing 100-300% with dietary manipulation.  For example, histology in obese mice 

with very large adipocytes may underestimate the amount collagen in adipose tissue and 

may not correctly represent the true quantity and structure of the ECM with obesity.  
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In addition, normalization for biochemical assays, such as hydroxyproline and 

total protein content assays, have weaknesses due to the increase in lipid content per mg 

of total tissue input. We have observed that normalizing to total protein, or tissue weight 

may not be feasible methods of comparing ECM content in adipose tissues. We postulate 

that total DNA content may similarly not be feasible for ECM content comparisons 

because the cellularity and stromal cell content increases in adipose tissues from obese 

animals. As previously mentioned, fibrosis development is not homogenous in nature; 

therefore alternative approaches to measuring total collagen accumulation need to be 

considered for future studies. Such possible strategies may include the de-cellularization 

of an entire eWAT fat pad, followed by normalization of total protein content per input 

mg, and by hydroxyproline total collagen content. This method may remove the risk of 

regional variability of ECM content, yet may still adequately represent the total collagen 

content per unit of total protein.   

 The majority of our studies focus on the epididymal peri-gonadal fat pads 

(eWAT) in mice, which has been shown to be the most pro-inflammatory and fibrotic in 

many studies.  Such a depot is not prominent in humans and there is a valid concern in 

the field that eWAT may not represent a true visceral adipose tissue depot. Still, in 

animal studies, the eWAT is highly responsive to metabolic stress, inflammation, and has 

been studied extensively for its ECM content. We note that the issue of which visceral fat 

depot is the most deleterious in humans remains an open question, as omentectomy has 

not proven to have significant effects on improving metabolic control (51, 120).    

 Our methods for studying intracellular collagen content via flow cytometry also 

come with caveats. At this time, we are unable to completely exclude the possibility that 
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the intracellular collagen or elastin we are detecting is taken up from the environment. In 

the pulmonary fibrosis literature, ColI+ fibrocytes were recently definitively proven to 

derive from injected collagen type I and not from endogenous production (175). While 

our controls and gene expression data argue that under static conditions, Collagen I 

positivity is a measure of intracellular production, there may be other circumstances 

where a combination of production and uptake contribute to this signal.  We have made 

attempts to use pro-collagen antibodies to support this finding but these were not 

technically feasible with the reagents currently available.  Future use of antibodies that 

detect degraded collagens type I may be useful measure. Along the same lines, a 

weakness of our studies is that we are currently unable to investigate the eventual fate of 

the ECM components after production by the preadipocytes. Steps between production 

and deposition include protein folding, post-translational modification, and crosslinking, 

which we are currently unable to measure in vivo. Alternative strategies using GFP-

labeled collagen or elastin may prove useful to assess these events.   

 In our studies investigating mechanisms of the pathogenesis of adipose tissue 

fibrosis, we identified TGF β -1 as a likely mediator of ATM-preadipocyte 

communication. Our studies however, did not investigate the activation state of TGFβ-1 

when performing conditioned media experiments. As previously mentioned, TGFβ-1 is 

expressed in multiple latent forms, and further activation by proteolytic cleavage by other 

ECM processing enzymes such as matrix metalloproteins is required for signaling to 

occur. Future investigations of activation states may be performed with currently 

available antibodies designed to detect TGF in its active and latent forms.  
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Future directions 

 

While the understandings of the physiology of adipose tissues have increased 

dramatically over the last decade, there is still much that is not understood. There are 

several outstanding questions that extend from the work presented in this dissertation. 

 

How is the adipose tissue ECM degradation machinery regulated?  

Most published studies, including our own, focus mostly on markers and elements 

of ECM composition, however few have studied the ECM degradation machinery and its 

regulation by weight gain and loss. Plausible future studies include the use of transgenic 

models deficient of multiple but related degradation enzymes to understand both the roles 

of the enzymes, and also their own internal specific ECM substrate. 

 

What role do growth factors play in adipose tissue physiology? 

 We, and others, have implicated macrophage-derived TGFβ-1 signaling as being 

required for the induction of primary preadipocytes toward a pro-fibrotic phenotype. 

Additional studies investigating the prevalence of TGFβ-1 in its active form in adipose 

tissues as well as its form when secreted from whole explants will be necessary to 

understand the degree to which this mode of signaling is active. In addition, groups have 

also implicated PDGFRα+ cells and PDGF signaling in adipose tissue specifically, in the 

initiation of fate-determining and fibrogenic mechanisms (86). Investigations into these 

two growth factors and signaling mechanisms may shed light into the physiology and 

metabolic regulation of adipose tissues.  
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What is the fate of newly synthesized ECM and what is the importance of crosslinking? 

 While we were able to detect increases in staining of intracellular ECM 

components such as collagen type I and elastin, we were unable to determine their final 

form or destination. Future studies will be required to understand if those components 

end up in insoluble fibrillar form, or if they are degraded. Additionally, investigating the 

role of crosslinking enzymes such as Lysyl Oxidase, the Lysyl Oxidase Like family of 

enzymes (LOXL1-4), and Transglutaminases (TGM2) would provide key information 

regarding the maturation and formation kinetics of insoluble ECM fibers (2). This could 

be performed using available small molecule LOX inhibitors. Additionally, there is 

evidence that of TGFβ-mediated LOX induction, which indicates that TGFβ may have 

roles in ECM production as well as ECM cross-linking (189).   

 

What measures best define adipose tissue fibrosis?  

 Currently there is no strict definition of criteria that defines ECM tissue as 

fibrotic. In the future, more comprehensive quantitative methods will be required in order 

to convincingly compare studies. Possible approaches include de-cellularizing the entire 

fat pad, normalizing total hydroxyproline content to total DNA, or to an average total cell 

density, which would require knowledge of number of adipocytes and adipocyte size. 

Ideally, future studies can better quantify fibrotic accumulations by measuring amounts 

of insoluble ECM materials collected after tissue dissociations.   
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What is the role of obesity-induced inflammation in ECM deposition and degradation? 

 Our cytokine array studies suggest that inflammatory cytokines may not be direct 

inducers of fibrosis in preadipocytes. However there is still much left to investigate 

considering the prevalence of ATMs and their varying activation states with obesity and 

weight loss.  ATMs are recruited to CLSs, which are also prevalent fibrotic areas, which 

indicates that inflammation may be an initial step in the activation of a pro-fibrotic ECM 

architecture reorganization (114, 115). Investigating the role of obesity-induced 

inflammatory cytokines in activating phenotypes in ATMs is necessary, and can be done 

with animal models deficient of activation receptors (TLR 4 deficient, CD11c deficient, 

IL4 deficient) or those deficient of inflammation of all together (RAG knockout, NOD).  

 

Clinical Consequences of adipose tissue fibrosis 

 

Is fibrosis bad, or good?  

 While the majority of pre-clinical studies support the model that adipose tissue 

fibrosis is pathogenic, there is evidence that it may also be metabolically protective in 

humans. Visceral adipose tissue fibrosis may impart protective effects on metabolic 

disease by limiting adipocyte hypertrophy and promoting the formation of smaller 

adipocytes, which are associated with less inflammation (9, 10). Patients with larger 

adipocytes have a more disrupted metabolic profile (9). Studies show that patients with 

smaller adipocyte sizes, due to fibrotic accumulations that restrict adipocyte hypertrophy, 

have improved blood plasma lipid profiles (203). In fibrotic visceral adipose tissues, 

lower levels of circulating triglycerides were found; consequently it is not out of the 
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question that fibrosis may impart protective effects to some degree (203). In contrast, 

fibrosis in subcutaneous adipose tissue depots may have the opposite effect and lead to 

preferential accumulation of nutrient stores and adipocyte hypertrophy in visceral fat 

depots.  Therefore, we speculate that adipose tissue ECM may be a regulator of body fat 

distribution between visceral and subcutaneous depots. Support for this hypothesis comes 

from GWAS studies demonstrating association between many genes that control 

mesenchymal cell function, angiogenesis, and adipogenesis and body fat distribution (59, 

193, 194).  

While adipose tissue fibrosis shows fairly uniform responses in mouse models of 

obesity, there are a variety of reasons why clinical studies still lack substantive evidence 

in either direction of adipose tissue fibrosis pathogenesis. Current studies vary in the 

sense that some studies only measure fibrosis in one adipose tissue depot, only study 

gene expression, or are solely based on correlative studies (73,143,192). Studies 

investigating causative effects of fibrosis in adipose tissue, that include in depth 

examinations of metabolism do not currently exist, this remains a noteworthy barrier to 

research in this field. Overall, the association between adipose tissue fibrosis, 

inflammation, and metabolic dysfunction is not clearly delineated in human studies. 

 

Reversibility of fibrosis 

Currently, there is little evidence that fibrosis is reversible. Studies have 

investigated the results of weight loss on fibrosis that occurs in the liver, however results 

are mixed. Studies of weight loss using bariatric surgeries also remain controversial, as 

some patients are poor responders to surgery (1). Some studies however, describe a 
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decrease in expression of ECM components after weight loss surgeries (55, 101). A study 

of gene expression and histology of adipose tissues of the same patients before and two 

years after surgery report no decreases in fibrosis (29).   

 

Concluding remarks 

In closing, fibrosis is regarded as a hallmark of dysfunctional adipose tissue. At 

the start of our studies the primary source of ECM production in obesity and the 

mechanisms that drive it were unknown. Our studies contribute to the field by implicating 

ATM-preadipocyte communication as a potential modifiable node in the link between 

obesity and adipose tissue ECM deposition that may be targeted to improve metabolic 

health.  Further studies are required to better relate our findings clinical settings to better 

understand associations between fibrosis, adipose tissue stiffness, and metabolism.  

  

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 



125	  
	  

	  

 
 
 
 
 

REFERENCES 
 
 
1.	   Abdennour	  M,	  Reggio	  S,	  Le	  Naour	  G,	  Liu	  Y,	  Poitou	  C,	  Aron-‐Wisnewsky	  J,	  
Charlotte	  F,	  Bouillot	  JL,	  Torcivia	  A,	  Sasso	  M,	  Miette	  V,	  Zucker	  JD,	  Bedossa	  P,	  
Tordjman	  J,	  and	  Clement	  K.	  Association	  of	  adipose	  tissue	  and	  liver	  fibrosis	  
with	  tissue	  stiffness	  in	  morbid	  obesity:	  links	  with	  diabetes	  and	  BMI	  loss	  after	  
gastric	  bypass.	  J	  Clin	  Endocrinol	  Metab	  99:	  898-‐907,	  2014.	  
2.	   Aeschlimann	  D,	  and	  Thomazy	  V.	  Protein	  crosslinking	  in	  assembly	  and	  
remodelling	  of	  extracellular	  matrices:	  the	  role	  of	  transglutaminases.	  
Connective	  tissue	  research	  41:	  1-‐27,	  2000.	  
3.	   Albers	  PH,	  Bojsen-‐Moller	  KN,	  Dirksen	  C,	  Serup	  AK,	  Kristensen	  DE,	  
Frystyk	  J,	  Clausen	  TR,	  Kiens	  B,	  Richter	  EA,	  Madsbad	  S,	  and	  Wojtaszewski	  JF.	  
Enhanced	  insulin	  signaling	  in	  human	  skeletal	  muscle	  and	  adipose	  tissue	  
following	  gastric	  bypass	  surgery.	  American	  journal	  of	  physiology	  Regulatory,	  
integrative	  and	  comparative	  physiology	  ajpregu	  00228	  02014,	  2015.	  
4.	   Alexander	  CM,	  Selvarajan	  S,	  Mudgett	  J,	  and	  Werb	  Z.	  Stromelysin-‐1	  
regulates	  adipogenesis	  during	  mammary	  gland	  involution.	  J	  Cell	  Biol	  152:	  693-‐
703,	  2001.	  
5.	   Alkhouli	  N,	  Mansfield	  J,	  Green	  E,	  Bell	  J,	  Knight	  B,	  Liversedge	  N,	  Tham	  JC,	  
Welbourn	  R,	  Shore	  AC,	  Kos	  K,	  and	  Winlove	  CP.	  The	  mechanical	  properties	  of	  
human	  adipose	  tissues	  and	  their	  relationships	  to	  the	  structure	  and	  
composition	  of	  the	  extracellular	  matrix.	  American	  journal	  of	  physiology	  
Endocrinology	  and	  metabolism	  305:	  E1427-‐1435,	  2013.	  
6.	   Altintas	  MM,	  Azad	  A,	  Nayer	  B,	  Contreras	  G,	  Zaias	  J,	  Faul	  C,	  Reiser	  J,	  and	  
Nayer	  A.	  Mast	  cells,	  macrophages,	  and	  crown-‐like	  structures	  distinguish	  
subcutaneous	  from	  visceral	  fat	  in	  mice.	  Journal	  of	  lipid	  research	  52:	  480-‐488,	  
2011.	  
7.	   Altintas	  MM,	  Rossetti	  MA,	  Nayer	  B,	  Puig	  A,	  Zagallo	  P,	  Ortega	  LM,	  Johnson	  
KB,	  McNamara	  G,	  Reiser	  J,	  Mendez	  AJ,	  and	  Nayer	  A.	  Apoptosis,	  mastocytosis,	  
and	  diminished	  adipocytokine	  gene	  expression	  accompany	  reduced	  
epididymal	  fat	  mass	  in	  long-‐standing	  diet-‐induced	  obese	  mice.	  Lipids	  in	  health	  
and	  disease	  10:	  198,	  2011.	  
8.	   Anyanwu	  AC,	  Bentley	  JK,	  Popova	  AP,	  Malas	  O,	  Alghanem	  H,	  Goldsmith	  
AM,	  Hershenson	  MB,	  and	  Pinsky	  DJ.	  Suppression	  of	  inflammatory	  cell	  
trafficking	  and	  alveolar	  simplification	  by	  the	  heme	  oxygenase-‐1	  product	  
carbon	  monoxide.	  American	  journal	  of	  physiology	  Lung	  cellular	  and	  molecular	  
physiology	  306:	  L749-‐763,	  2014.	  
9.	   Arner	  E,	  Westermark	  PO,	  Spalding	  KL,	  Britton	  T,	  Ryden	  M,	  Frisen	  J,	  
Bernard	  S,	  and	  Arner	  P.	  Adipocyte	  turnover:	  relevance	  to	  human	  adipose	  
tissue	  morphology.	  Diabetes	  59:	  105-‐109,	  2010.	  



126	  
	  

	  

10.	   Arner	  P,	  Bernard	  S,	  Salehpour	  M,	  Possnert	  G,	  Liebl	  J,	  Steier	  P,	  Buchholz	  
BA,	  Eriksson	  M,	  Arner	  E,	  Hauner	  H,	  Skurk	  T,	  Ryden	  M,	  Frayn	  KN,	  and	  Spalding	  
KL.	  Dynamics	  of	  human	  adipose	  lipid	  turnover	  in	  health	  and	  metabolic	  
disease.	  Nature	  478:	  110-‐113,	  2011.	  
11.	   Aron-‐Wisnewsky	  J,	  Tordjman	  J,	  Poitou	  C,	  Darakhshan	  F,	  Hugol	  D,	  
Basdevant	  A,	  Aissat	  A,	  Guerre-‐Millo	  M,	  and	  Clement	  K.	  Human	  adipose	  tissue	  
macrophages:	  m1	  and	  m2	  cell	  surface	  markers	  in	  subcutaneous	  and	  omental	  
depots	  and	  after	  weight	  loss.	  J	  Clin	  Endocrinol	  Metab	  94:	  4619-‐4623,	  2009.	  
12.	   Bai	  Y,	  and	  Sun	  Q.	  Macrophage	  recruitment	  in	  obese	  adipose	  tissue.	  Obes	  
Rev	  16:	  127-‐136,	  2015.	  
13.	   Barbarroja	  N,	  Lopez-‐Pedrera	  R,	  Mayas	  MD,	  Garcia-‐Fuentes	  E,	  Garrido-‐
Sanchez	  L,	  Macias-‐Gonzalez	  M,	  El	  Bekay	  R,	  Vidal-‐Puig	  A,	  and	  Tinahones	  FJ.	  The	  
obese	  healthy	  paradox:	  is	  inflammation	  the	  answer?	  Biochem	  J	  430:	  141-‐149,	  
2010.	  
14.	   Bauters	  D,	  Van	  Hul	  M,	  and	  Lijnen	  HR.	  Macrophage	  elastase	  (MMP-‐12)	  in	  
expanding	  murine	  adipose	  tissue.	  Biochimica	  et	  biophysica	  acta	  1830:	  2954-‐
2959,	  2013.	  
15.	   Bernot	  D,	  Barruet	  E,	  Poggi	  M,	  Bonardo	  B,	  Alessi	  MC,	  and	  Peiretti	  F.	  
Down-‐regulation	  of	  tissue	  inhibitor	  of	  metalloproteinase-‐3	  (TIMP-‐3)	  
expression	  is	  necessary	  for	  adipocyte	  differentiation.	  The	  Journal	  of	  biological	  
chemistry	  285:	  6508-‐6514,	  2010.	  
16.	   Berry	  R,	  Jeffery	  E,	  and	  Rodeheffer	  MS.	  Weighing	  in	  on	  adipocyte	  
precursors.	  Cell	  metabolism	  19:	  8-‐20,	  2014.	  
17.	   Berry	  R,	  and	  Rodeheffer	  MS.	  Characterization	  of	  the	  adipocyte	  cellular	  
lineage	  in	  vivo.	  Nature	  cell	  biology	  15:	  302-‐308,	  2013.	  
18.	   Bigornia	  SJ,	  Farb	  MG,	  Mott	  MM,	  Hess	  DT,	  Carmine	  B,	  Fiscale	  A,	  Joseph	  L,	  
Apovian	  CM,	  and	  Gokce	  N.	  Relation	  of	  depot-‐specific	  adipose	  inflammation	  to	  
insulin	  resistance	  in	  human	  obesity.	  Nutrition	  &	  diabetes	  2:	  e30,	  2012.	  
19.	   Bilkovski	  R,	  Schulte	  DM,	  Oberhauser	  F,	  Mauer	  J,	  Hampel	  B,	  Gutschow	  C,	  
Krone	  W,	  and	  Laudes	  M.	  Adipose	  tissue	  macrophages	  inhibit	  adipogenesis	  of	  
mesenchymal	  precursor	  cells	  via	  wnt-‐5a	  in	  humans.	  Int	  J	  Obes	  (Lond)	  35:	  
1450-‐1454,	  2011.	  
20.	   Birzele	  F,	  Fassler	  S,	  Neubauer	  H,	  Hildebrandt	  T,	  and	  Hamilton	  BS.	  
Analysis	  of	  the	  transcriptome	  of	  differentiating	  and	  non-‐differentiating	  
preadipocytes	  from	  rats	  and	  humans	  by	  next	  generation	  sequencing.	  
Molecular	  and	  cellular	  biochemistry	  369:	  175-‐181,	  2012.	  
21.	   Blaauboer	  ME,	  Boeijen	  FR,	  Emson	  CL,	  Turner	  SM,	  Zandieh-‐Doulabi	  B,	  
Hanemaaijer	  R,	  Smit	  TH,	  Stoop	  R,	  and	  Everts	  V.	  Extracellular	  matrix	  proteins:	  a	  
positive	  feedback	  loop	  in	  lung	  fibrosis?	  Matrix	  biology	  :	  journal	  of	  the	  
International	  Society	  for	  Matrix	  Biology	  34:	  170-‐178,	  2014.	  
22.	   Blaise	  S,	  Romier	  B,	  Kawecki	  C,	  Ghirardi	  M,	  Rabenoelina	  F,	  Baud	  S,	  Duca	  
L,	  Maurice	  P,	  Heinz	  A,	  Schmelzer	  CE,	  Tarpin	  M,	  Martiny	  L,	  Garbar	  C,	  Dauchez	  M,	  
Debelle	  L,	  and	  Durlach	  V.	  Elastin-‐derived	  peptides,	  new	  regulators	  of	  insulin	  
resistance	  development	  in	  mice.	  Diabetes	  2013.	  
23.	   Bluher	  M.	  The	  distinction	  of	  metabolically	  'healthy'	  from	  'unhealthy'	  
obese	  individuals.	  Curr	  Opin	  Lipidol	  21:	  38-‐43,	  2010.	  



127	  
	  

	  

24.	   Bourlier	  V,	  Sengenes	  C,	  Zakaroff-‐Girard	  A,	  Decaunes	  P,	  Wdziekonski	  B,	  
Galitzky	  J,	  Villageois	  P,	  Esteve	  D,	  Chiotasso	  P,	  Dani	  C,	  and	  Bouloumie	  A.	  
TGFbeta	  family	  members	  are	  key	  mediators	  in	  the	  induction	  of	  myofibroblast	  
phenotype	  of	  human	  adipose	  tissue	  progenitor	  cells	  by	  macrophages.	  PLoS	  
One	  7:	  e31274,	  2012.	  
25.	   Bourlier	  V,	  Zakaroff-‐Girard	  A,	  Miranville	  A,	  De	  Barros	  S,	  Maumus	  M,	  
Sengenes	  C,	  Galitzky	  J,	  Lafontan	  M,	  Karpe	  F,	  Frayn	  KN,	  and	  Bouloumie	  A.	  
Remodeling	  phenotype	  of	  human	  subcutaneous	  adipose	  tissue	  macrophages.	  
Circulation	  117:	  806-‐815,	  2008.	  
26.	   Bradshaw	  AD,	  Graves	  DC,	  Motamed	  K,	  and	  Sage	  EH.	  SPARC-‐null	  mice	  
exhibit	  increased	  adiposity	  without	  significant	  differences	  in	  overall	  body	  
weight.	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  100:	  6045-‐6050,	  2003.	  
27.	   Bradshaw	  AD,	  and	  Sage	  EH.	  SPARC,	  a	  matricellular	  protein	  that	  
functions	  in	  cellular	  differentiation	  and	  tissue	  response	  to	  injury.	  J	  Clin	  Invest	  
107:	  1049-‐1054,	  2001.	  
28.	   Brown	  CF,	  Yan	  J,	  Han	  TT,	  Marecak	  DM,	  Amsden	  BG,	  and	  Flynn	  LE.	  Effect	  
of	  decellularized	  adipose	  tissue	  particle	  size	  and	  cell	  density	  on	  adipose-‐
derived	  stem	  cell	  proliferation	  and	  adipogenic	  differentiation	  in	  composite	  
methacrylated	  chondroitin	  sulphate	  hydrogels.	  Biomedical	  materials	  10:	  
045010,	  2015.	  
29.	   Cancello	  R,	  Zulian	  A,	  Gentilini	  D,	  Maestrini	  S,	  Della	  Barba	  A,	  Invitti	  C,	  
Cora	  D,	  Caselle	  M,	  Liuzzi	  A,	  and	  Di	  Blasio	  AM.	  Molecular	  and	  morphologic	  
characterization	  of	  superficial-‐	  and	  deep-‐subcutaneous	  adipose	  tissue	  
subdivisions	  in	  human	  obesity.	  Obesity	  21:	  2562-‐2570,	  2013.	  
30.	   Carreau	  A,	  El	  Hafny-‐Rahbi	  B,	  Matejuk	  A,	  Grillon	  C,	  and	  Kieda	  C.	  Why	  is	  
the	  partial	  oxygen	  pressure	  of	  human	  tissues	  a	  crucial	  parameter?	  Small	  
molecules	  and	  hypoxia.	  Journal	  of	  cellular	  and	  molecular	  medicine	  15:	  1239-‐
1253,	  2011.	  
31.	   Cawthorn	  WP,	  Scheller	  EL,	  and	  MacDougald	  OA.	  Adipose	  tissue	  stem	  
cells:	  the	  great	  WAT	  hope.	  Trends	  in	  endocrinology	  and	  metabolism:	  TEM	  23:	  
270-‐277,	  2012.	  
32.	   Chandler	  EM,	  Berglund	  CM,	  Lee	  JS,	  Polacheck	  WJ,	  Gleghorn	  JP,	  Kirby	  BJ,	  
and	  Fischbach	  C.	  Stiffness	  of	  photocrosslinked	  RGD-‐alginate	  gels	  regulates	  
adipose	  progenitor	  cell	  behavior.	  Biotechnology	  and	  bioengineering	  108:	  
1683-‐1692,	  2011.	  
33.	   Chavey	  C,	  Boucher	  J,	  Monthouel-‐Kartmann	  MN,	  Sage	  EH,	  Castan-‐Laurell	  
I,	  Valet	  P,	  Tartare-‐Deckert	  S,	  and	  Van	  Obberghen	  E.	  Regulation	  of	  secreted	  
protein	  acidic	  and	  rich	  in	  cysteine	  during	  adipose	  conversion	  and	  adipose	  
tissue	  hyperplasia.	  Obesity	  14:	  1890-‐1897,	  2006.	  
34.	   Chavey	  C,	  Mari	  B,	  Monthouel	  MN,	  Bonnafous	  S,	  Anglard	  P,	  Van	  
Obberghen	  E,	  and	  Tartare-‐Deckert	  S.	  Matrix	  metalloproteinases	  are	  
differentially	  expressed	  in	  adipose	  tissue	  during	  obesity	  and	  modulate	  
adipocyte	  differentiation.	  The	  Journal	  of	  biological	  chemistry	  278:	  11888-‐
11896,	  2003.	  
35.	   Cho	  CH,	  Koh	  YJ,	  Han	  J,	  Sung	  HK,	  Jong	  Lee	  H,	  Morisada	  T,	  Schwendener	  
RA,	  Brekken	  RA,	  Kang	  G,	  Oike	  Y,	  Choi	  TS,	  Suda	  T,	  Yoo	  OJ,	  and	  Koh	  GY.	  



128	  
	  

	  

Angiogenic	  role	  of	  LYVE-‐1-‐positive	  macrophages	  in	  adipose	  tissue.	  Circ	  Res	  
100:	  e47-‐57,	  2007.	  
36.	   Cho	  KW,	  Morris	  DL,	  and	  Lumeng	  CN.	  Flow	  cytometry	  analyses	  of	  adipose	  
tissue	  macrophages.	  Methods	  in	  enzymology	  537:	  297-‐314,	  2014.	  
37.	   Choy	  L,	  and	  Derynck	  R.	  Transforming	  growth	  factor-‐beta	  inhibits	  
adipocyte	  differentiation	  by	  Smad3	  interacting	  with	  CCAAT/enhancer-‐binding	  
protein	  (C/EBP)	  and	  repressing	  C/EBP	  transactivation	  function.	  The	  Journal	  of	  
biological	  chemistry	  278:	  9609-‐9619,	  2003.	  
38.	   Choy	  L,	  Skillington	  J,	  and	  Derynck	  R.	  Roles	  of	  autocrine	  TGF-‐beta	  
receptor	  and	  Smad	  signaling	  in	  adipocyte	  differentiation.	  J	  Cell	  Biol	  149:	  667-‐
682,	  2000.	  
39.	   Christiaens	  V,	  and	  Lijnen	  HR.	  Angiogenesis	  and	  development	  of	  adipose	  
tissue.	  Molecular	  and	  cellular	  endocrinology	  318:	  2-‐9,	  2010.	  
40.	   Chun	  TH.	  Peri-‐adipocyte	  ECM	  remodeling	  in	  obesity	  and	  adipose	  tissue	  
fibrosis.	  Adipocyte	  1:	  89-‐95,	  2012.	  
41.	   Chun	  TH,	  Hotary	  KB,	  Sabeh	  F,	  Saltiel	  AR,	  Allen	  ED,	  and	  Weiss	  SJ.	  A	  
pericellular	  collagenase	  directs	  the	  3-‐dimensional	  development	  of	  white	  
adipose	  tissue.	  Cell	  125:	  577-‐591,	  2006.	  
42.	   Chun	  TH,	  Inoue	  M,	  Morisaki	  H,	  Yamanaka	  I,	  Miyamoto	  Y,	  Okamura	  T,	  
Sato-‐Kusubata	  K,	  and	  Weiss	  SJ.	  Genetic	  link	  between	  obesity	  and	  MMP14-‐
dependent	  adipogenic	  collagen	  turnover.	  Diabetes	  59:	  2484-‐2494,	  2010.	  
43.	   Cinti	  S,	  Mitchell	  G,	  Barbatelli	  G,	  Murano	  I,	  Ceresi	  E,	  Faloia	  E,	  Wang	  S,	  
Fortier	  M,	  Greenberg	  AS,	  and	  Obin	  MS.	  Adipocyte	  death	  defines	  macrophage	  
localization	  and	  function	  in	  adipose	  tissue	  of	  obese	  mice	  and	  humans.	  Journal	  
of	  lipid	  research	  46:	  2347-‐2355,	  2005.	  
44.	   Clement	  K,	  Viguerie	  N,	  Poitou	  C,	  Carette	  C,	  Pelloux	  V,	  Curat	  CA,	  Sicard	  A,	  
Rome	  S,	  Benis	  A,	  Zucker	  JD,	  Vidal	  H,	  Laville	  M,	  Barsh	  GS,	  Basdevant	  A,	  Stich	  V,	  
Cancello	  R,	  and	  Langin	  D.	  Weight	  loss	  regulates	  inflammation-‐related	  genes	  in	  
white	  adipose	  tissue	  of	  obese	  subjects.	  FASEB	  J	  18:	  1657-‐1669,	  2004.	  
45.	   Csiszar	  K.	  Lysyl	  oxidases:	  a	  novel	  multifunctional	  amine	  oxidase	  family.	  
Progress	  in	  nucleic	  acid	  research	  and	  molecular	  biology	  70:	  1-‐32,	  2001.	  
46.	   de	  Luis	  DA,	  Izaola	  O,	  Aller	  R,	  de	  la	  Fuente	  B,	  Bachiller	  R,	  and	  Romero	  E.	  
Effects	  of	  a	  high-‐protein/low	  carbohydrate	  versus	  a	  standard	  hypocaloric	  diet	  
on	  adipocytokine	  levels	  and	  insulin	  resistance	  in	  obese	  patients	  along	  
9months.	  Journal	  of	  diabetes	  and	  its	  complications	  2015.	  
47.	   Dean	  RA,	  Cox	  JH,	  Bellac	  CL,	  Doucet	  A,	  Starr	  AE,	  and	  Overall	  CM.	  
Macrophage-‐specific	  metalloelastase	  (MMP-‐12)	  truncates	  and	  inactivates	  
ELR+	  CXC	  chemokines	  and	  generates	  CCL2,	  -‐7,	  -‐8,	  and	  -‐13	  antagonists:	  
potential	  role	  of	  the	  macrophage	  in	  terminating	  polymorphonuclear	  
leukocyte	  influx.	  Blood	  112:	  3455-‐3464,	  2008.	  
48.	   Demeulemeester	  D,	  Collen	  D,	  and	  Lijnen	  HR.	  Effect	  of	  matrix	  
metalloproteinase	  inhibition	  on	  adipose	  tissue	  development.	  Biochem	  Biophys	  
Res	  Commun	  329:	  105-‐110,	  2005.	  
49.	   Demeulemeester	  D,	  Scroyen	  I,	  Voros	  G,	  Snoeys	  J,	  De	  Geest	  B,	  Collen	  D,	  
and	  Lijnen	  HR.	  Overexpression	  of	  tissue	  inhibitor	  of	  matrix	  



129	  
	  

	  

metalloproteinases-‐1	  (TIMP-‐1)	  in	  mice	  does	  not	  affect	  adipogenesis	  or	  
adipose	  tissue	  development.	  Thromb	  Haemost	  95:	  1019-‐1024,	  2006.	  
50.	   DiGirolamo	  M,	  Fine	  JB,	  Tagra	  K,	  and	  Rossmanith	  R.	  Qualitative	  regional	  
differences	  in	  adipose	  tissue	  growth	  and	  cellularity	  in	  male	  Wistar	  rats	  fed	  ad	  
libitum.	  Am	  J	  Physiol	  274:	  R1460-‐1467,	  1998.	  
51.	   Dillard	  TH,	  Purnell	  JQ,	  Smith	  MD,	  Raum	  W,	  Hong	  D,	  Laut	  J,	  and	  Patterson	  
EJ.	  Omentectomy	  added	  to	  Roux-‐en-‐Y	  gastric	  bypass	  surgery:	  a	  randomized,	  
controlled	  trial.	  Surgery	  for	  obesity	  and	  related	  diseases	  :	  official	  journal	  of	  the	  
American	  Society	  for	  Bariatric	  Surgery	  9:	  269-‐275,	  2013.	  
52.	   Dimaculangan	  DD,	  Chawla	  A,	  Boak	  A,	  Kagan	  HM,	  and	  Lazar	  MA.	  Retinoic	  
acid	  prevents	  downregulation	  of	  ras	  recision	  gene/lysyl	  oxidase	  early	  in	  
adipocyte	  differentiation.	  Differentiation;	  research	  in	  biological	  diversity	  58:	  
47-‐52,	  1994.	  
53.	   Divoux	  A,	  and	  Clement	  K.	  Architecture	  and	  the	  extracellular	  matrix:	  the	  
still	  unappreciated	  components	  of	  the	  adipose	  tissue.	  Obes	  Rev	  12:	  e494-‐503,	  
2011.	  
54.	   Divoux	  A,	  Tordjman	  J,	  Lacasa	  D,	  Veyrie	  N,	  Hugol	  D,	  Aissat	  A,	  Basdevant	  
A,	  Guerre-‐Millo	  M,	  Poitou	  C,	  Zucker	  JD,	  Bedossa	  P,	  and	  Clement	  K.	  Fibrosis	  in	  
human	  adipose	  tissue:	  composition,	  distribution,	  and	  link	  with	  lipid	  
metabolism	  and	  fat	  mass	  loss.	  Diabetes	  59:	  2817-‐2825,	  2010.	  
55.	   Dixon	  JB,	  Bhathal	  PS,	  and	  O'Brien	  PE.	  Weight	  loss	  and	  non-‐alcoholic	  
fatty	  liver	  disease:	  falls	  in	  gamma-‐glutamyl	  transferase	  concentrations	  are	  
associated	  with	  histologic	  improvement.	  Obesity	  surgery	  16:	  1278-‐1286,	  2006.	  
56.	   Elias	  I,	  Franckhauser	  S,	  Ferre	  T,	  Vila	  L,	  Tafuro	  S,	  Munoz	  S,	  Roca	  C,	  Ramos	  
D,	  Pujol	  A,	  Riu	  E,	  Ruberte	  J,	  and	  Bosch	  F.	  Adipose	  tissue	  overexpression	  of	  
vascular	  endothelial	  growth	  factor	  protects	  against	  diet-‐induced	  obesity	  and	  
insulin	  resistance.	  Diabetes	  61:	  1801-‐1813,	  2012.	  
57.	   Falanga	  V,	  Zhou	  L,	  and	  Yufit	  T.	  Low	  oxygen	  tension	  stimulates	  collagen	  
synthesis	  and	  COL1A1	  transcription	  through	  the	  action	  of	  TGF-‐beta1.	  Journal	  
of	  cellular	  physiology	  191:	  42-‐50,	  2002.	  
58.	   Famulla	  S,	  Horrighs	  A,	  Cramer	  A,	  Sell	  H,	  and	  Eckel	  J.	  Hypoxia	  reduces	  the	  
response	  of	  human	  adipocytes	  towards	  TNFalpha	  resulting	  in	  reduced	  NF-‐
kappaB	  signaling	  and	  MCP-‐1	  secretion.	  Int	  J	  Obes	  (Lond)	  36:	  986-‐992,	  2012.	  
59.	   Fu	  J,	  Hofker	  M,	  and	  Wijmenga	  C.	  Apple	  or	  pear:	  size	  and	  shape	  matter.	  
Cell	  metabolism	  21:	  507-‐508,	  2015.	  
60.	   Gagnon	  A,	  Yarmo	  MN,	  Landry	  A,	  and	  Sorisky	  A.	  Macrophages	  alter	  the	  
differentiation-‐dependent	  decreases	  in	  fibronectin	  and	  collagen	  I/III	  protein	  
levels	  in	  human	  preadipocytes.	  Lipids	  47:	  873-‐880,	  2012.	  
61.	   Gealekman	  O,	  Guseva	  N,	  Hartigan	  C,	  Apotheker	  S,	  Gorgoglione	  M,	  Gurav	  
K,	  Tran	  KV,	  Straubhaar	  J,	  Nicoloro	  S,	  Czech	  MP,	  Thompson	  M,	  Perugini	  RA,	  and	  
Corvera	  S.	  Depot-‐specific	  differences	  and	  insufficient	  subcutaneous	  adipose	  
tissue	  angiogenesis	  in	  human	  obesity.	  Circulation	  123:	  186-‐194,	  2011.	  
62.	   Giordano	  A,	  Murano	  I,	  Mondini	  E,	  Perugini	  J,	  Smorlesi	  A,	  Severi	  I,	  
Barazzoni	  R,	  Scherer	  PE,	  and	  Cinti	  S.	  Obese	  adipocytes	  show	  ultrastructural	  
features	  of	  stressed	  cells	  and	  die	  of	  pyroptosis.	  Journal	  of	  lipid	  research	  54:	  
2423-‐2436,	  2013.	  



130	  
	  

	  

63.	   Grant	  RW,	  and	  Dixit	  VD.	  Adipose	  tissue	  as	  an	  immunological	  organ.	  
Obesity	  23:	  512-‐518,	  2015.	  
64.	   Gupta	  RK,	  Mepani	  RJ,	  Kleiner	  S,	  Lo	  JC,	  Khandekar	  MJ,	  Cohen	  P,	  Frontini	  
A,	  Bhowmick	  DC,	  Ye	  L,	  Cinti	  S,	  and	  Spiegelman	  BM.	  Zfp423	  expression	  
identifies	  committed	  preadipocytes	  and	  localizes	  to	  adipose	  endothelial	  and	  
perivascular	  cells.	  Cell	  metabolism	  15:	  230-‐239,	  2012.	  
65.	   Halberg	  N,	  Khan	  T,	  Trujillo	  ME,	  Wernstedt-‐Asterholm	  I,	  Attie	  AD,	  
Sherwani	  S,	  Wang	  ZV,	  Landskroner-‐Eiger	  S,	  Dineen	  S,	  Magalang	  UJ,	  Brekken	  
RA,	  and	  Scherer	  PE.	  Hypoxia-‐inducible	  factor	  1alpha	  induces	  fibrosis	  and	  
insulin	  resistance	  in	  white	  adipose	  tissue.	  Mol	  Cell	  Biol	  29:	  4467-‐4483,	  2009.	  
66.	   Hammarstedt	  A,	  Graham	  TE,	  and	  Kahn	  BB.	  Adipose	  tissue	  dysregulation	  
and	  reduced	  insulin	  sensitivity	  in	  non-‐obese	  individuals	  with	  enlarged	  
abdominal	  adipose	  cells.	  Diabetol	  Metab	  Syndr	  4:	  42,	  2012.	  
67.	   Han	  J,	  Lee	  JE,	  Jin	  J,	  Lim	  JS,	  Oh	  N,	  Kim	  K,	  Chang	  SI,	  Shibuya	  M,	  Kim	  H,	  and	  
Koh	  GY.	  The	  spatiotemporal	  development	  of	  adipose	  tissue.	  Development	  138:	  
5027-‐5037,	  2011.	  
68.	   Hara	  Y,	  Wakino	  S,	  Tanabe	  Y,	  Saito	  M,	  Tokuyama	  H,	  Washida	  N,	  
Tatematsu	  S,	  Yoshioka	  K,	  Homma	  K,	  Hasegawa	  K,	  Minakuchi	  H,	  Fujimura	  K,	  
Hosoya	  K,	  Hayashi	  K,	  Nakayama	  K,	  and	  Itoh	  H.	  Rho	  and	  Rho-‐kinase	  activity	  in	  
adipocytes	  contributes	  to	  a	  vicious	  cycle	  in	  obesity	  that	  may	  involve	  
mechanical	  stretch.	  Sci	  Signal	  4:	  ra3,	  2011.	  
69.	   Haro	  H,	  Crawford	  HC,	  Fingleton	  B,	  MacDougall	  JR,	  Shinomiya	  K,	  
Spengler	  DM,	  and	  Matrisian	  LM.	  Matrix	  metalloproteinase-‐3-‐dependent	  
generation	  of	  a	  macrophage	  chemoattractant	  in	  a	  model	  of	  herniated	  disc	  
resorption.	  J	  Clin	  Invest	  105:	  133-‐141,	  2000.	  
70.	   Hausman	  GJ,	  and	  Richardson	  RL.	  Adipose	  tissue	  angiogenesis.	  J	  Anim	  Sci	  
82:	  925-‐934,	  2004.	  
71.	   Hautamaki	  RD,	  Kobayashi	  DK,	  Senior	  RM,	  and	  Shapiro	  SD.	  Requirement	  
for	  macrophage	  elastase	  for	  cigarette	  smoke-‐induced	  emphysema	  in	  mice.	  
Science	  277:	  2002-‐2004,	  1997.	  
72.	   He	  Q,	  Gao	  Z,	  Yin	  J,	  Zhang	  J,	  Yun	  Z,	  and	  Ye	  J.	  Regulation	  of	  HIF-‐1{alpha}	  
activity	  in	  adipose	  tissue	  by	  obesity-‐associated	  factors:	  adipogenesis,	  insulin,	  
and	  hypoxia.	  American	  journal	  of	  physiology	  Endocrinology	  and	  metabolism	  
300:	  E877-‐885,	  2011.	  
73.	   He	  Y,	  Xu	  H,	  Liang	  L,	  Zhan	  Z,	  Yang	  X,	  Yu	  X,	  Ye	  Y,	  and	  Sun	  L.	  
Antiinflammatory	  effect	  of	  Rho	  kinase	  blockade	  via	  inhibition	  of	  NF-‐kappaB	  
activation	  in	  rheumatoid	  arthritis.	  Arthritis	  Rheum	  58:	  3366-‐3376,	  2008.	  
74.	   Henegar	  C,	  Tordjman	  J,	  Achard	  V,	  Lacasa	  D,	  Cremer	  I,	  Guerre-‐Millo	  M,	  
Poitou	  C,	  Basdevant	  A,	  Stich	  V,	  Viguerie	  N,	  Langin	  D,	  Bedossa	  P,	  Zucker	  JD,	  and	  
Clement	  K.	  Adipose	  tissue	  transcriptomic	  signature	  highlights	  the	  pathological	  
relevance	  of	  extracellular	  matrix	  in	  human	  obesity.	  Genome	  biology	  9:	  R14,	  
2008.	  
75.	   Hirai	  S,	  Ohyane	  C,	  Kim	  YI,	  Lin	  S,	  Goto	  T,	  Takahashi	  N,	  Kim	  CS,	  Kang	  J,	  Yu	  
R,	  and	  Kawada	  T.	  Involvement	  of	  mast	  cells	  in	  adipose	  tissue	  fibrosis.	  
American	  journal	  of	  physiology	  Endocrinology	  and	  metabolism	  306:	  E247-‐255,	  
2014.	  



131	  
	  

	  

76.	   Holst	  J,	  Watson	  S,	  Lord	  MS,	  Eamegdool	  SS,	  Bax	  DV,	  Nivison-‐Smith	  LB,	  
Kondyurin	  A,	  Ma	  L,	  Oberhauser	  AF,	  Weiss	  AS,	  and	  Rasko	  JE.	  Substrate	  elasticity	  
provides	  mechanical	  signals	  for	  the	  expansion	  of	  hemopoietic	  stem	  and	  
progenitor	  cells.	  Nature	  biotechnology	  28:	  1123-‐1128,	  2010.	  
77.	   Hosogai	  N,	  Fukuhara	  A,	  Oshima	  K,	  Miyata	  Y,	  Tanaka	  S,	  Segawa	  K,	  
Furukawa	  S,	  Tochino	  Y,	  Komuro	  R,	  Matsuda	  M,	  and	  Shimomura	  I.	  Adipose	  
tissue	  hypoxia	  in	  obesity	  and	  its	  impact	  on	  adipocytokine	  dysregulation.	  
Diabetes	  56:	  901-‐911,	  2007.	  
78.	   Hossain	  MG,	  Iwata	  T,	  Mizusawa	  N,	  Shima	  SW,	  Okutsu	  T,	  Ishimoto	  K,	  and	  
Yoshimoto	  K.	  Compressive	  force	  inhibits	  adipogenesis	  through	  COX-‐2-‐
mediated	  down-‐regulation	  of	  PPARgamma2	  and	  C/EBPalpha.	  J	  Biosci	  Bioeng	  
109:	  297-‐303,	  2010.	  
79.	   Huang	  da	  W,	  Sherman	  BT,	  and	  Lempicki	  RA.	  Bioinformatics	  enrichment	  
tools:	  paths	  toward	  the	  comprehensive	  functional	  analysis	  of	  large	  gene	  lists.	  
Nucleic	  acids	  research	  37:	  1-‐13,	  2009.	  
80.	   Huang	  da	  W,	  Sherman	  BT,	  and	  Lempicki	  RA.	  Systematic	  and	  integrative	  
analysis	  of	  large	  gene	  lists	  using	  DAVID	  bioinformatics	  resources.	  Nature	  
protocols	  4:	  44-‐57,	  2009.	  
81.	   Huang	  HY,	  Chen	  SZ,	  Zhang	  WT,	  Wang	  SS,	  Liu	  Y,	  Li	  X,	  Sun	  X,	  Li	  YM,	  Wen	  B,	  
Lei	  QY,	  and	  Tang	  QQ.	  Induction	  of	  EMT-‐like	  response	  by	  BMP4	  via	  up-‐
regulation	  of	  lysyl	  oxidase	  is	  required	  for	  adipocyte	  lineage	  commitment.	  Stem	  
cell	  research	  10:	  278-‐287,	  2013.	  
82.	   Huber	  J,	  Loffler	  M,	  Bilban	  M,	  Reimers	  M,	  Kadl	  A,	  Todoric	  J,	  Zeyda	  M,	  
Geyeregger	  R,	  Schreiner	  M,	  Weichhart	  T,	  Leitinger	  N,	  Waldhausl	  W,	  and	  Stulnig	  
TM.	  Prevention	  of	  high-‐fat	  diet-‐induced	  adipose	  tissue	  remodeling	  in	  obese	  
diabetic	  mice	  by	  n-‐3	  polyunsaturated	  fatty	  acids.	  Int	  J	  Obes	  (Lond)	  31:	  1004-‐
1013,	  2007.	  
83.	   Hunninghake	  GM,	  Cho	  MH,	  Tesfaigzi	  Y,	  Soto-‐Quiros	  ME,	  Avila	  L,	  Lasky-‐Su	  
J,	  Stidley	  C,	  Melen	  E,	  Soderhall	  C,	  Hallberg	  J,	  Kull	  I,	  Kere	  J,	  Svartengren	  M,	  
Pershagen	  G,	  Wickman	  M,	  Lange	  C,	  Demeo	  DL,	  Hersh	  CP,	  Klanderman	  BJ,	  Raby	  
BA,	  Sparrow	  D,	  Shapiro	  SD,	  Silverman	  EK,	  Litonjua	  AA,	  Weiss	  ST,	  and	  Celedon	  
JC.	  MMP12,	  lung	  function,	  and	  COPD	  in	  high-‐risk	  populations.	  The	  New	  England	  
journal	  of	  medicine	  361:	  2599-‐2608,	  2009.	  
84.	   Hunninghake	  GW,	  Davidson	  JM,	  Rennard	  S,	  Szapiel	  S,	  Gadek	  JE,	  and	  
Crystal	  RG.	  Elastin	  fragments	  attract	  macrophage	  precursors	  to	  diseased	  sites	  
in	  pulmonary	  emphysema.	  Science	  212:	  925-‐927,	  1981.	  
85.	   Isakson	  P,	  Hammarstedt	  A,	  Gustafson	  B,	  and	  Smith	  U.	  Impaired	  
preadipocyte	  differentiation	  in	  human	  abdominal	  obesity:	  role	  of	  Wnt,	  tumor	  
necrosis	  factor-‐alpha,	  and	  inflammation.	  Diabetes	  58:	  1550-‐1557,	  2009.	  
86.	   Iwayama	  T,	  Steele	  C,	  Yao	  L,	  Dozmorov	  MG,	  Karamichos	  D,	  Wren	  JD,	  and	  
Olson	  LE.	  PDGFRalpha	  signaling	  drives	  adipose	  tissue	  fibrosis	  by	  targeting	  
progenitor	  cell	  plasticity.	  Genes	  &	  development	  29:	  1106-‐1119,	  2015.	  
87.	   Jaworski	  DM,	  Sideleva	  O,	  Stradecki	  HM,	  Langlois	  GD,	  Habibovic	  A,	  Satish	  
B,	  Tharp	  WG,	  Lausier	  J,	  Larock	  K,	  Jetton	  TL,	  Peshavaria	  M,	  and	  Pratley	  RE.	  
Sexually	  dimorphic	  diet-‐induced	  insulin	  resistance	  in	  obese	  tissue	  inhibitor	  of	  



132	  
	  

	  

metalloproteinase-‐2	  (TIMP-‐2)-‐deficient	  mice.	  Endocrinology	  152:	  1300-‐1313,	  
2011.	  
88.	   Jeffery	  E,	  Berry	  R,	  Church	  CD,	  Yu	  S,	  Shook	  BA,	  Horsley	  V,	  Rosen	  ED,	  and	  
Rodeheffer	  MS.	  Characterization	  of	  Cre	  recombinase	  models	  for	  the	  study	  of	  
adipose	  tissue.	  Adipocyte	  3:	  206-‐211,	  2014.	  
89.	   Jernas	  M,	  Palming	  J,	  Sjoholm	  K,	  Jennische	  E,	  Svensson	  PA,	  Gabrielsson	  
BG,	  Levin	  M,	  Sjogren	  A,	  Rudemo	  M,	  Lystig	  TC,	  Carlsson	  B,	  Carlsson	  LM,	  and	  
Lonn	  M.	  Separation	  of	  human	  adipocytes	  by	  size:	  hypertrophic	  fat	  cells	  display	  
distinct	  gene	  expression.	  FASEB	  J	  20:	  1540-‐1542,	  2006.	  
90.	   Kakudo	  N,	  Kushida	  S,	  Suzuki	  K,	  Ogura	  T,	  Notodihardjo	  PV,	  Hara	  T,	  and	  
Kusumoto	  K.	  Effects	  of	  transforming	  growth	  factor-‐beta1	  on	  cell	  motility,	  
collagen	  gel	  contraction,	  myofibroblastic	  differentiation,	  and	  extracellular	  
matrix	  expression	  of	  human	  adipose-‐derived	  stem	  cell.	  Human	  cell	  25:	  87-‐95,	  
2012.	  
91.	   Kamisato	  S,	  Uemura	  Y,	  Takami	  N,	  and	  Okamoto	  K.	  Involvement	  of	  
intracellular	  cyclic	  GMP	  and	  cyclic	  GMP-‐dependent	  protein	  kinase	  in	  alpha-‐
elastin-‐induced	  macrophage	  chemotaxis.	  Journal	  of	  biochemistry	  121:	  862-‐
867,	  1997.	  
92.	   Kanda	  T,	  Wakino	  S,	  Homma	  K,	  Yoshioka	  K,	  Tatematsu	  S,	  Hasegawa	  K,	  
Takamatsu	  I,	  Sugano	  N,	  Hayashi	  K,	  and	  Saruta	  T.	  Rho-‐kinase	  as	  a	  molecular	  
target	  for	  insulin	  resistance	  and	  hypertension.	  FASEB	  J	  20:	  169-‐171,	  2006.	  
93.	   Kang	  SH,	  Fukaya	  M,	  Yang	  JK,	  Rothstein	  JD,	  and	  Bergles	  DE.	  NG2+	  CNS	  
glial	  progenitors	  remain	  committed	  to	  the	  oligodendrocyte	  lineage	  in	  
postnatal	  life	  and	  following	  neurodegeneration.	  Neuron	  68:	  668-‐681,	  2010.	  
94.	   Karpe	  F,	  Fielding	  BA,	  Ilic	  V,	  Macdonald	  IA,	  Summers	  LK,	  and	  Frayn	  KN.	  
Impaired	  postprandial	  adipose	  tissue	  blood	  flow	  response	  is	  related	  to	  
aspects	  of	  insulin	  sensitivity.	  Diabetes	  51:	  2467-‐2473,	  2002.	  
95.	   Kawanishi	  N,	  Niihara	  H,	  Mizokami	  T,	  Yano	  H,	  and	  Suzuki	  K.	  Exercise	  
training	  attenuates	  adipose	  tissue	  fibrosis	  in	  diet-‐induced	  obese	  mice.	  
Biochem	  Biophys	  Res	  Commun	  440:	  774-‐779,	  2013.	  
96.	   Keophiphath	  M,	  Achard	  V,	  Henegar	  C,	  Rouault	  C,	  Clement	  K,	  and	  Lacasa	  
D.	  Macrophage-‐secreted	  factors	  promote	  a	  profibrotic	  phenotype	  in	  human	  
preadipocytes.	  Mol	  Endocrinol	  23:	  11-‐24,	  2009.	  
97.	   Khan	  T,	  Muise	  ES,	  Iyengar	  P,	  Wang	  ZV,	  Chandalia	  M,	  Abate	  N,	  Zhang	  BB,	  
Bonaldo	  P,	  Chua	  S,	  and	  Scherer	  PE.	  Metabolic	  dysregulation	  and	  adipose	  tissue	  
fibrosis:	  role	  of	  collagen	  VI.	  Mol	  Cell	  Biol	  29:	  1575-‐1591,	  2009.	  
98.	   Kielty	  CM,	  Sherratt	  MJ,	  and	  Shuttleworth	  CA.	  Elastic	  fibres.	  Journal	  of	  
cell	  science	  115:	  2817-‐2828,	  2002.	  
99.	   Kim	  JY,	  van	  de	  Wall	  E,	  Laplante	  M,	  Azzara	  A,	  Trujillo	  ME,	  Hofmann	  SM,	  
Schraw	  T,	  Durand	  JL,	  Li	  H,	  Li	  G,	  Jelicks	  LA,	  Mehler	  MF,	  Hui	  DY,	  Deshaies	  Y,	  
Shulman	  GI,	  Schwartz	  GJ,	  and	  Scherer	  PE.	  Obesity-‐associated	  improvements	  in	  
metabolic	  profile	  through	  expansion	  of	  adipose	  tissue.	  J	  Clin	  Invest	  117:	  2621-‐
2637,	  2007.	  
100.	   Kleaveland	  KR,	  Velikoff	  M,	  Yang	  J,	  Agarwal	  M,	  Rippe	  RA,	  Moore	  BB,	  and	  
Kim	  KK.	  Fibrocytes	  are	  not	  an	  essential	  source	  of	  type	  I	  collagen	  during	  lung	  
fibrosis.	  Journal	  of	  immunology	  193:	  5229-‐5239,	  2014.	  



133	  
	  

	  

101.	   Klein	  S,	  Mittendorfer	  B,	  Eagon	  JC,	  Patterson	  B,	  Grant	  L,	  Feirt	  N,	  Seki	  E,	  
Brenner	  D,	  Korenblat	  K,	  and	  McCrea	  J.	  Gastric	  bypass	  surgery	  improves	  
metabolic	  and	  hepatic	  abnormalities	  associated	  with	  nonalcoholic	  fatty	  liver	  
disease.	  Gastroenterology	  130:	  1564-‐1572,	  2006.	  
102.	   Klingberg	  F,	  Hinz	  B,	  and	  White	  ES.	  The	  myofibroblast	  matrix:	  
implications	  for	  tissue	  repair	  and	  fibrosis.	  The	  Journal	  of	  pathology	  229:	  298-‐
309,	  2013.	  
103.	   Knudsen	  L,	  Weibel	  ER,	  Gundersen	  HJ,	  Weinstein	  FV,	  and	  Ochs	  M.	  
Assessment	  of	  air	  space	  size	  characteristics	  by	  intercept	  (chord)	  
measurement:	  an	  accurate	  and	  efficient	  stereological	  approach.	  Journal	  of	  
applied	  physiology	  108:	  412-‐421,	  2010.	  
104.	   Koliwad	  SK,	  Streeper	  RS,	  Monetti	  M,	  Cornelissen	  I,	  Chan	  L,	  Terayama	  K,	  
Naylor	  S,	  Rao	  M,	  Hubbard	  B,	  and	  Farese	  RV.	  DGAT1-‐dependent	  triacylglycerol	  
storage	  by	  macrophages	  protects	  mice	  from	  diet-‐induced	  insulin	  resistance	  
and	  inflammation.	  J	  Clin	  Invest	  120:	  756-‐767,	  2010.	  
105.	   Kos	  K,	  Wong	  S,	  Tan	  B,	  Gummesson	  A,	  Jernas	  M,	  Franck	  N,	  Kerrigan	  D,	  
Nystrom	  FH,	  Carlsson	  LM,	  Randeva	  HS,	  Pinkney	  JH,	  and	  Wilding	  JP.	  Regulation	  
of	  the	  fibrosis	  and	  angiogenesis	  promoter	  SPARC/osteonectin	  in	  human	  
adipose	  tissue	  by	  weight	  change,	  leptin,	  insulin,	  and	  glucose.	  Diabetes	  58:	  
1780-‐1788,	  2009.	  
106.	   Kosteli	  A,	  Sugaru	  E,	  Haemmerle	  G,	  Martin	  JF,	  Lei	  J,	  Zechner	  R,	  and	  
Ferrante	  AW,	  Jr.	  Weight	  loss	  and	  lipolysis	  promote	  a	  dynamic	  immune	  
response	  in	  murine	  adipose	  tissue.	  Journal	  of	  Clinical	  Investigation	  120:	  3466-‐
3479,	  2010.	  
107.	   Kratz	  M,	  Coats	  BR,	  Hisert	  KB,	  Hagman	  D,	  Mutskov	  V,	  Peris	  E,	  Schoenfelt	  
KQ,	  Kuzma	  JN,	  Larson	  I,	  Billing	  PS,	  Landerholm	  RW,	  Crouthamel	  M,	  Gozal	  D,	  
Hwang	  S,	  Singh	  PK,	  and	  Becker	  L.	  Metabolic	  dysfunction	  drives	  a	  
mechanistically	  distinct	  proinflammatory	  phenotype	  in	  adipose	  tissue	  
macrophages.	  Cell	  metabolism	  20:	  614-‐625,	  2014.	  
108.	   Lackey	  DE,	  Burk	  DH,	  Ali	  MR,	  Mostaedi	  R,	  Smith	  WH,	  Park	  J,	  Scherer	  PE,	  
Seay	  SA,	  McCoin	  CS,	  Bonaldo	  P,	  and	  Adams	  SH.	  Contributions	  of	  adipose	  tissue	  
architectural	  and	  tensile	  properties	  toward	  defining	  healthy	  and	  unhealthy	  
obesity.	  American	  journal	  of	  physiology	  Endocrinology	  and	  metabolism	  306:	  
E233-‐246,	  2014.	  
109.	   Landskroner-‐Eiger	  S,	  Qian	  B,	  Muise	  ES,	  Nawrocki	  AR,	  Berger	  JP,	  Fine	  EJ,	  
Koba	  W,	  Deng	  Y,	  Pollard	  JW,	  and	  Scherer	  PE.	  Proangiogenic	  contribution	  of	  
adiponectin	  toward	  mammary	  tumor	  growth	  in	  vivo.	  Clin	  Cancer	  Res	  15:	  3265-‐
3276,	  2009.	  
110.	   Lech	  M,	  and	  Anders	  HJ.	  Macrophages	  and	  fibrosis:	  How	  resident	  and	  
infiltrating	  mononuclear	  phagocytes	  orchestrate	  all	  phases	  of	  tissue	  injury	  
and	  repair.	  Biochimica	  et	  biophysica	  acta	  1832:	  989-‐997,	  2013.	  
111.	   Lee	  JT,	  Pamir	  N,	  Liu	  NC,	  Kirk	  EA,	  Averill	  MM,	  Becker	  L,	  Larson	  I,	  Hagman	  
DK,	  Foster-‐Schubert	  KE,	  van	  Yserloo	  B,	  Bornfeldt	  KE,	  LeBoeuf	  RC,	  Kratz	  M,	  and	  
Heinecke	  JW.	  Macrophage	  metalloelastase	  (MMP12)	  regulates	  adipose	  tissue	  
expansion,	  insulin	  sensitivity,	  and	  expression	  of	  inducible	  nitric	  oxide	  
synthase.	  Endocrinology	  155:	  3409-‐3420,	  2014.	  



134	  
	  

	  

112.	   Lee	  MJ,	  Wu	  Y,	  and	  Fried	  SK.	  Adipose	  tissue	  remodeling	  in	  
pathophysiology	  of	  obesity.	  Curr	  Opin	  Clin	  Nutr	  Metab	  Care	  13:	  371-‐376,	  2010.	  
113.	   Lee	  SH,	  Lee	  JA,	  Park	  HS,	  Song	  YS,	  Jang	  YJ,	  Kim	  JH,	  Lee	  YJ,	  and	  Heo	  Y.	  
Associations	  among	  SPARC	  mRNA	  expression	  in	  adipose	  tissue,	  serum	  SPARC	  
concentration,	  and	  metabolic	  parameters	  in	  Korean	  women.	  Obesity	  2012.	  
114.	   Lee	  YH,	  Petkova	  AP,	  and	  Granneman	  JG.	  Identification	  of	  an	  adipogenic	  
niche	  for	  adipose	  tissue	  remodeling	  and	  restoration.	  Cell	  metabolism	  18:	  355-‐
367,	  2013.	  
115.	   Lee	  YH,	  Petkova	  AP,	  Mottillo	  EP,	  and	  Granneman	  JG.	  In	  vivo	  
identification	  of	  bipotential	  adipocyte	  progenitors	  recruited	  by	  beta3-‐
adrenoceptor	  activation	  and	  high-‐fat	  feeding.	  Cell	  metabolism	  15:	  480-‐491,	  
2012.	  
116.	   Li	  J,	  Yu	  X,	  Pan	  W,	  and	  Unger	  RH.	  Gene	  expression	  profile	  of	  rat	  adipose	  
tissue	  at	  the	  onset	  of	  high-‐fat-‐diet	  obesity.	  American	  journal	  of	  physiology	  
Endocrinology	  and	  metabolism	  282:	  E1334-‐1341,	  2002.	  
117.	   Li	  Q,	  Hata	  A,	  Kosugi	  C,	  Kataoka	  N,	  and	  Funaki	  M.	  The	  density	  of	  
extracellular	  matrix	  proteins	  regulates	  inflammation	  and	  insulin	  signaling	  in	  
adipocytes.	  FEBS	  letters	  584:	  4145-‐4150,	  2010.	  
118.	   Lijnen	  HR,	  Demeulemeester	  D,	  Van	  Hoef	  B,	  Collen	  D,	  and	  Maquoi	  E.	  
Deficiency	  of	  tissue	  inhibitor	  of	  matrix	  metalloproteinase-‐1	  (TIMP-‐1)	  impairs	  
nutritionally	  induced	  obesity	  in	  mice.	  Thromb	  Haemost	  89:	  249-‐255,	  2003.	  
119.	   Lijnen	  HR,	  Maquoi	  E,	  Hansen	  LB,	  Van	  Hoef	  B,	  Frederix	  L,	  and	  Collen	  D.	  
Matrix	  metalloproteinase	  inhibition	  impairs	  adipose	  tissue	  development	  in	  
mice.	  Arterioscler	  Thromb	  Vasc	  Biol	  22:	  374-‐379,	  2002.	  
120.	   Lima	  MM,	  Pareja	  JC,	  Alegre	  SM,	  Geloneze	  SR,	  Kahn	  SE,	  Astiarraga	  BD,	  
Chaim	  EA,	  Baracat	  J,	  and	  Geloneze	  B.	  Visceral	  fat	  resection	  in	  humans:	  effect	  
on	  insulin	  sensitivity,	  beta-‐cell	  function,	  adipokines,	  and	  inflammatory	  
markers.	  Obesity	  21:	  E182-‐189,	  2013.	  
121.	   Liu	  J,	  DeYoung	  SM,	  Zhang	  M,	  Zhang	  M,	  Cheng	  A,	  and	  Saltiel	  AR.	  Changes	  
in	  integrin	  expression	  during	  adipocyte	  differentiation.	  Cell	  metabolism	  2:	  
165-‐177,	  2005.	  
122.	   Lumeng	  CN,	  Bodzin	  JL,	  and	  Saltiel	  AR.	  Obesity	  induces	  a	  phenotypic	  
switch	  in	  adipose	  tissue	  macrophage	  polarization.	  J	  Clin	  Invest	  117:	  175-‐184,	  
2007.	  
123.	   Lumeng	  CN,	  DelProposto	  JB,	  Westcott	  DJ,	  and	  Saltiel	  AR.	  Phenotypic	  
switching	  of	  adipose	  tissue	  macrophages	  with	  obesity	  is	  generated	  by	  
spatiotemporal	  differences	  in	  macrophage	  subtypes.	  Diabetes	  57:	  3239-‐3246,	  
2008.	  
124.	   Lumeng	  CN,	  Deyoung	  SM,	  Bodzin	  JL,	  and	  Saltiel	  AR.	  Increased	  
inflammatory	  properties	  of	  adipose	  tissue	  macrophages	  recruited	  during	  diet-‐
induced	  obesity.	  Diabetes	  56:	  16-‐23,	  2007.	  
125.	   Lumeng	  CN,	  Deyoung	  SM,	  and	  Saltiel	  AR.	  Macrophages	  block	  insulin	  
action	  in	  adipocytes	  by	  altering	  expression	  of	  signaling	  and	  glucose	  transport	  
proteins.	  American	  journal	  of	  physiology	  Endocrinology	  and	  metabolism	  292:	  
E166-‐174,	  2007.	  



135	  
	  

	  

126.	   Lumeng	  CN,	  Liu	  J,	  Geletka	  L,	  Delaney	  C,	  Delproposto	  J,	  Desai	  A,	  Oatmen	  
K,	  Martinez-‐Santibanez	  G,	  Julius	  A,	  Garg	  S,	  and	  Yung	  RL.	  Aging	  is	  associated	  
with	  an	  increase	  in	  T	  cells	  and	  inflammatory	  macrophages	  in	  visceral	  adipose	  
tissue.	  Journal	  of	  immunology	  187:	  6208-‐6216,	  2011.	  
127.	   MacLaren	  RE,	  Cui	  W,	  Lu	  H,	  Simard	  S,	  and	  Cianflone	  K.	  Association	  of	  
adipocyte	  genes	  with	  ASP	  expression:	  a	  microarray	  analysis	  of	  subcutaneous	  
and	  omental	  adipose	  tissue	  in	  morbidly	  obese	  subjects.	  BMC	  Med	  Genomics	  3:	  
3,	  2010.	  
128.	   Maki	  JM,	  Sormunen	  R,	  Lippo	  S,	  Kaarteenaho-‐Wiik	  R,	  Soininen	  R,	  and	  
Myllyharju	  J.	  Lysyl	  oxidase	  is	  essential	  for	  normal	  development	  and	  function	  
of	  the	  respiratory	  system	  and	  for	  the	  integrity	  of	  elastic	  and	  collagen	  fibers	  in	  
various	  tissues.	  The	  American	  journal	  of	  pathology	  167:	  927-‐936,	  2005.	  
129.	   Manes	  S,	  Mira	  E,	  Barbacid	  MM,	  Cipres	  A,	  Fernandez-‐Resa	  P,	  Buesa	  JM,	  
Merida	  I,	  Aracil	  M,	  Marquez	  G,	  and	  Martinez	  AC.	  Identification	  of	  insulin-‐like	  
growth	  factor-‐binding	  protein-‐1	  as	  a	  potential	  physiological	  substrate	  for	  
human	  stromelysin-‐3.	  The	  Journal	  of	  biological	  chemistry	  272:	  25706-‐25712,	  
1997.	  
130.	   Mansuy-‐Aubert	  V,	  Zhou	  QL,	  Xie	  X,	  Gong	  Z,	  Huang	  JY,	  Khan	  AR,	  Aubert	  G,	  
Candelaria	  K,	  Thomas	  S,	  Shin	  DJ,	  Booth	  S,	  Baig	  SM,	  Bilal	  A,	  Hwang	  D,	  Zhang	  H,	  
Lovell-‐Badge	  R,	  Smith	  SR,	  Awan	  FR,	  and	  Jiang	  ZY.	  Imbalance	  between	  
neutrophil	  elastase	  and	  its	  inhibitor	  alpha1-‐antitrypsin	  in	  obesity	  alters	  
insulin	  sensitivity,	  inflammation,	  and	  energy	  expenditure.	  Cell	  metabolism	  17:	  
534-‐548,	  2013.	  
131.	   Mantovani	  A,	  Biswas	  SK,	  Galdiero	  MR,	  Sica	  A,	  and	  Locati	  M.	  Macrophage	  
plasticity	  and	  polarization	  in	  tissue	  repair	  and	  remodelling.	  The	  Journal	  of	  
pathology	  229:	  176-‐185,	  2013.	  
132.	   Maquoi	  E,	  Munaut	  C,	  Colige	  A,	  Collen	  D,	  and	  Lijnen	  HR.	  Modulation	  of	  
adipose	  tissue	  expression	  of	  murine	  matrix	  metalloproteinases	  and	  their	  
tissue	  inhibitors	  with	  obesity.	  Diabetes	  51:	  1093-‐1101,	  2002.	  
133.	   Mariman	  EC,	  and	  Wang	  P.	  Adipocyte	  extracellular	  matrix	  composition,	  
dynamics	  and	  role	  in	  obesity.	  Cellular	  and	  molecular	  life	  sciences	  :	  CMLS	  67:	  
1277-‐1292,	  2010.	  
134.	   Martinez-‐Santibanez	  G,	  and	  Lumeng	  CN.	  Macrophages	  and	  the	  
regulation	  of	  adipose	  tissue	  remodeling.	  Annu	  Rev	  Nutr	  34:	  57-‐76,	  2014.	  
135.	   McCulloch	  LJ,	  Rawling	  TJ,	  Sjoholm	  K,	  Franck	  N,	  Dankel	  SN,	  Price	  EJ,	  
Knight	  B,	  Liversedge	  NH,	  Mellgren	  G,	  Nystrom	  F,	  Carlsson	  LM,	  and	  Kos	  K.	  
COL6A3	  is	  regulated	  by	  leptin	  in	  human	  adipose	  tissue	  and	  reduced	  in	  obesity.	  
Endocrinology	  156:	  134-‐146,	  2015.	  
136.	   McLaughlin	  T,	  Deng	  A,	  Yee	  G,	  Lamendola	  C,	  Reaven	  G,	  Tsao	  PS,	  Cushman	  
SW,	  and	  Sherman	  A.	  Inflammation	  in	  subcutaneous	  adipose	  tissue:	  
relationship	  to	  adipose	  cell	  size.	  Diabetologia	  53:	  369-‐377,	  2010.	  
137.	   McLaughlin	  T,	  Sherman	  A,	  Tsao	  P,	  Gonzalez	  O,	  Yee	  G,	  Lamendola	  C,	  
Reaven	  GM,	  and	  Cushman	  SW.	  Enhanced	  proportion	  of	  small	  adipose	  cells	  in	  
insulin-‐resistant	  vs	  insulin-‐sensitive	  obese	  individuals	  implicates	  impaired	  
adipogenesis.	  Diabetologia	  50:	  1707-‐1715,	  2007.	  



136	  
	  

	  

138.	   Meissburger	  B,	  Stachorski	  L,	  Roder	  E,	  Rudofsky	  G,	  and	  Wolfrum	  C.	  
Tissue	  inhibitor	  of	  matrix	  metalloproteinase	  1	  (TIMP1)	  controls	  adipogenesis	  
in	  obesity	  in	  mice	  and	  in	  humans.	  Diabetologia	  54:	  1468-‐1479,	  2011.	  
139.	   Menghini	  R,	  Casagrande	  V,	  Menini	  S,	  Marino	  A,	  Marzano	  V,	  Hribal	  ML,	  
Gentileschi	  P,	  Lauro	  D,	  Schillaci	  O,	  Pugliese	  G,	  Sbraccia	  P,	  Urbani	  A,	  Lauro	  R,	  
and	  Federici	  M.	  TIMP3	  overexpression	  in	  macrophages	  protects	  from	  insulin	  
resistance,	  adipose	  inflammation,	  and	  nonalcoholic	  fatty	  liver	  disease	  in	  mice.	  
Diabetes	  61:	  454-‐462,	  2012.	  
140.	   Menghini	  R,	  Menini	  S,	  Amoruso	  R,	  Fiorentino	  L,	  Casagrande	  V,	  Marzano	  
V,	  Tornei	  F,	  Bertucci	  P,	  Iacobini	  C,	  Serino	  M,	  Porzio	  O,	  Hribal	  ML,	  Folli	  F,	  
Khokha	  R,	  Urbani	  A,	  Lauro	  R,	  Pugliese	  G,	  and	  Federici	  M.	  Tissue	  inhibitor	  of	  
metalloproteinase	  3	  deficiency	  causes	  hepatic	  steatosis	  and	  adipose	  tissue	  
inflammation	  in	  mice.	  Gastroenterology	  136:	  663-‐672	  e664,	  2009.	  
141.	   Molina	  H,	  Yang	  Y,	  Ruch	  T,	  Kim	  JW,	  Mortensen	  P,	  Otto	  T,	  Nalli	  A,	  Tang	  QQ,	  
Lane	  MD,	  Chaerkady	  R,	  and	  Pandey	  A.	  Temporal	  profiling	  of	  the	  adipocyte	  
proteome	  during	  differentiation	  using	  a	  five-‐plex	  SILAC	  based	  strategy.	  J	  
Proteome	  Res	  8:	  48-‐58,	  2009.	  
142.	   Molofsky	  AB,	  Nussbaum	  JC,	  Liang	  HE,	  Van	  Dyken	  SJ,	  Cheng	  LE,	  
Mohapatra	  A,	  Chawla	  A,	  and	  Locksley	  RM.	  Innate	  lymphoid	  type	  2	  cells	  sustain	  
visceral	  adipose	  tissue	  eosinophils	  and	  alternatively	  activated	  macrophages.	  
The	  Journal	  of	  experimental	  medicine	  210:	  535-‐549,	  2013.	  
143.	   Morris	  DL,	  Cho	  KW,	  Delproposto	  JL,	  Oatmen	  KE,	  Geletka	  LM,	  Martinez-‐
Santibanez	  G,	  Singer	  K,	  and	  Lumeng	  CN.	  Adipose	  Tissue	  Macrophages	  Function	  
as	  Antigen	  Presenting	  Cells	  and	  Regulate	  Adipose	  Tissue	  CD4+	  T	  Cells	  in	  Mice.	  
Diabetes	  62:	  2762-‐2772,	  2013.	  
144.	   Morris	  DL,	  Oatmen	  KE,	  Wang	  T,	  DelProposto	  JL,	  and	  Lumeng	  CN.	  
CX3CR1	  deficiency	  does	  not	  influence	  trafficking	  of	  adipose	  tissue	  
macrophages	  in	  mice	  with	  diet-‐induced	  obesity.	  Obesity	  20:	  1189-‐1199,	  2012.	  
145.	   Morris	  PG,	  Hudis	  CA,	  Giri	  D,	  Morrow	  M,	  Falcone	  DJ,	  Zhou	  XK,	  Du	  B,	  Brogi	  
E,	  Crawford	  CB,	  Kopelovich	  L,	  Subbaramaiah	  K,	  and	  Dannenberg	  AJ.	  
Inflammation	  and	  increased	  aromatase	  expression	  occur	  in	  the	  breast	  tissue	  
of	  obese	  women	  with	  breast	  cancer.	  Cancer	  Prev	  Res	  (Phila)	  4:	  1021-‐1029,	  
2011.	  
146.	   Nagase	  H,	  Visse	  R,	  and	  Murphy	  G.	  Structure	  and	  function	  of	  matrix	  
metalloproteinases	  and	  TIMPs.	  Cardiovascular	  research	  69:	  562-‐573,	  2006.	  
147.	   Nakajima	  I,	  Muroya	  S,	  Tanabe	  R,	  and	  Chikuni	  K.	  Extracellular	  matrix	  
development	  during	  differentiation	  into	  adipocytes	  with	  a	  unique	  increase	  in	  
type	  V	  and	  VI	  collagen.	  Biol	  Cell	  94:	  197-‐203,	  2002.	  
148.	   Nakayama	  Y,	  Komuro	  R,	  Yamamoto	  A,	  Miyata	  Y,	  Tanaka	  M,	  Matsuda	  M,	  
Fukuhara	  A,	  and	  Shimomura	  I.	  RhoA	  induces	  expression	  of	  inflammatory	  
cytokine	  in	  adipocytes.	  Biochem	  Biophys	  Res	  Commun	  379:	  288-‐292,	  2009.	  
149.	   Nguyen	  KD,	  Qiu	  Y,	  Cui	  X,	  Goh	  YP,	  Mwangi	  J,	  David	  T,	  Mukundan	  L,	  
Brombacher	  F,	  Locksley	  RM,	  and	  Chawla	  A.	  Alternatively	  activated	  
macrophages	  produce	  catecholamines	  to	  sustain	  adaptive	  thermogenesis.	  
Nature	  480:	  104-‐108,	  2011.	  



137	  
	  

	  

150.	   Nie	  J,	  Bradshaw	  AD,	  Delany	  AM,	  and	  Sage	  EH.	  Inactivation	  of	  SPARC	  
enhances	  high-‐fat	  diet-‐induced	  obesity	  in	  mice.	  Connective	  tissue	  research	  52:	  
99-‐108,	  2011.	  
151.	   Nie	  J,	  and	  Sage	  EH.	  SPARC	  inhibits	  adipogenesis	  by	  its	  enhancement	  of	  
beta-‐catenin	  signaling.	  The	  Journal	  of	  biological	  chemistry	  284:	  1279-‐1290,	  
2009.	  
152.	   Nishimura	  S,	  Manabe	  I,	  Nagasaki	  M,	  Hosoya	  Y,	  Yamashita	  H,	  Fujita	  H,	  
Ohsugi	  M,	  Tobe	  K,	  Kadowaki	  T,	  Nagai	  R,	  and	  Sugiura	  S.	  Adipogenesis	  in	  obesity	  
requires	  close	  interplay	  between	  differentiating	  adipocytes,	  stromal	  cells,	  and	  
blood	  vessels.	  Diabetes	  56:	  1517-‐1526,	  2007.	  
153.	   Nishimura	  S,	  Manabe	  I,	  Nagasaki	  M,	  Seo	  K,	  Yamashita	  H,	  Hosoya	  Y,	  
Ohsugi	  M,	  Tobe	  K,	  Kadowaki	  T,	  Nagai	  R,	  and	  Sugiura	  S.	  In	  vivo	  imaging	  in	  mice	  
reveals	  local	  cell	  dynamics	  and	  inflammation	  in	  obese	  adipose	  tissue.	  J	  Clin	  
Invest	  118:	  710-‐721,	  2008.	  
154.	   Nobusue	  H,	  Onishi	  N,	  Shimizu	  T,	  Sugihara	  E,	  Oki	  Y,	  Sumikawa	  Y,	  Chiyoda	  
T,	  Akashi	  K,	  Saya	  H,	  and	  Kano	  K.	  Regulation	  of	  MKL1	  via	  actin	  cytoskeleton	  
dynamics	  drives	  adipocyte	  differentiation.	  Nature	  communications	  5:	  3368,	  
2014.	  
155.	   Noe	  V,	  Fingleton	  B,	  Jacobs	  K,	  Crawford	  HC,	  Vermeulen	  S,	  Steelant	  W,	  
Bruyneel	  E,	  Matrisian	  LM,	  and	  Mareel	  M.	  Release	  of	  an	  invasion	  promoter	  E-‐
cadherin	  fragment	  by	  matrilysin	  and	  stromelysin-‐1.	  Journal	  of	  cell	  science	  114:	  
111-‐118,	  2001.	  
156.	   O'Brien	  J,	  Martinson	  H,	  Durand-‐Rougely	  C,	  and	  Schedin	  P.	  Macrophages	  
are	  crucial	  for	  epithelial	  cell	  death	  and	  adipocyte	  repopulation	  during	  
mammary	  gland	  involution.	  Development	  139:	  269-‐275,	  2012.	  
157.	   O'Hara	  A,	  Lim	  FL,	  Mazzatti	  DJ,	  and	  Trayhurn	  P.	  Microarray	  analysis	  
identifies	  matrix	  metalloproteinases	  (MMPs)	  as	  key	  genes	  whose	  expression	  
is	  up-‐regulated	  in	  human	  adipocytes	  by	  macrophage-‐conditioned	  medium.	  
Pflugers	  Archiv	  :	  European	  journal	  of	  physiology	  458:	  1103-‐1114,	  2009.	  
158.	   O'Rourke	  RW,	  White	  AE,	  Metcalf	  MD,	  Olivas	  AS,	  Mitra	  P,	  Larison	  WG,	  
Cheang	  EC,	  Varlamov	  O,	  Corless	  CL,	  Roberts	  CT,	  Jr.,	  and	  Marks	  DL.	  Hypoxia-‐
induced	  inflammatory	  cytokine	  secretion	  in	  human	  adipose	  tissue	  
stromovascular	  cells.	  Diabetologia	  54:	  1480-‐1490,	  2011.	  
159.	   Odegaard	  JI,	  and	  Chawla	  A.	  Alternative	  macrophage	  activation	  and	  
metabolism.	  Annu	  Rev	  Pathol	  6:	  275-‐297,	  2011.	  
160.	   Odegaard	  JI,	  Ricardo-‐Gonzalez	  RR,	  Goforth	  MH,	  Morel	  CR,	  Subramanian	  
V,	  Mukundan	  L,	  Red	  Eagle	  A,	  Vats	  D,	  Brombacher	  F,	  Ferrante	  AW,	  and	  Chawla	  
A.	  Macrophage-‐specific	  PPARgamma	  controls	  alternative	  activation	  and	  
improves	  insulin	  resistance.	  Nature	  447:	  1116-‐1120,	  2007.	  
161.	   Oh	  DY,	  Morinaga	  H,	  Talukdar	  S,	  Bae	  EJ,	  and	  Olefsky	  JM.	  Increased	  
macrophage	  migration	  into	  adipose	  tissue	  in	  obese	  mice.	  Diabetes	  61:	  346-‐
354,	  2012.	  
162.	   Ohgo	  S,	  Hasegawa	  S,	  Hasebe	  Y,	  Mizutani	  H,	  Nakata	  S,	  and	  Akamatsu	  H.	  
Bleomycin	  inhibits	  adipogenesis	  and	  accelerates	  fibrosis	  in	  the	  subcutaneous	  
adipose	  layer	  through	  TGF-‐beta1.	  Experimental	  dermatology	  22:	  769-‐771,	  
2013.	  



138	  
	  

	  

163.	   Olson	  LE,	  and	  Soriano	  P.	  Increased	  PDGFRalpha	  activation	  disrupts	  
connective	  tissue	  development	  and	  drives	  systemic	  fibrosis.	  Developmental	  
cell	  16:	  303-‐313,	  2009.	  
164.	   Omidi	  E,	  Fuetterer	  L,	  Reza	  Mousavi	  S,	  Armstrong	  RC,	  Flynn	  LE,	  and	  
Samani	  A.	  Characterization	  and	  assessment	  of	  hyperelastic	  and	  elastic	  
properties	  of	  decellularized	  human	  adipose	  tissues.	  Journal	  of	  biomechanics	  
47:	  3657-‐3663,	  2014.	  
165.	   Orlicky	  DJ,	  Monks	  J,	  Stefanski	  AL,	  and	  McManaman	  JL.	  Dynamics	  and	  
molecular	  determinants	  of	  cytoplasmic	  lipid	  droplet	  clustering	  and	  
dispersion.	  PLoS	  One	  8:	  e66837,	  2013.	  
166.	   Ouchi	  N,	  Parker	  JL,	  Lugus	  JJ,	  and	  Walsh	  K.	  Adipokines	  in	  inflammation	  
and	  metabolic	  disease.	  Nature	  reviews	  Immunology	  11:	  85-‐97,	  2011.	  
167.	   Overall	  CM,	  Wrana	  JL,	  and	  Sodek	  J.	  Independent	  regulation	  of	  
collagenase,	  72-‐kDa	  progelatinase,	  and	  metalloendoproteinase	  inhibitor	  
expression	  in	  human	  fibroblasts	  by	  transforming	  growth	  factor-‐beta.	  The	  
Journal	  of	  biological	  chemistry	  264:	  1860-‐1869,	  1989.	  
168.	   Papetti	  M,	  and	  Herman	  IM.	  Mechanisms	  of	  normal	  and	  tumor-‐derived	  
angiogenesis.	  Am	  J	  Physiol	  Cell	  Physiol	  282:	  C947-‐970,	  2002.	  
169.	   Park	  D,	  and	  Yoon	  M.	  Compound	  K,	  a	  novel	  ginsenoside	  metabolite,	  
inhibits	  adipocyte	  differentiation	  in	  3T3-‐L1	  cells:	  involvement	  of	  angiogenesis	  
and	  MMPs.	  Biochem	  Biophys	  Res	  Commun	  422:	  263-‐267,	  2012.	  
170.	   Pasarica	  M,	  Gowronska-‐Kozak	  B,	  Burk	  D,	  Remedios	  I,	  Hymel	  D,	  Gimble	  J,	  
Ravussin	  E,	  Bray	  GA,	  and	  Smith	  SR.	  Adipose	  tissue	  collagen	  VI	  in	  obesity.	  J	  Clin	  
Endocrinol	  Metab	  94:	  5155-‐5162,	  2009.	  
171.	   Pasarica	  M,	  Rood	  J,	  Ravussin	  E,	  Schwarz	  JM,	  Smith	  SR,	  and	  Redman	  LM.	  
Reduced	  oxygenation	  in	  human	  obese	  adipose	  tissue	  is	  associated	  with	  
impaired	  insulin	  suppression	  of	  lipolysis.	  J	  Clin	  Endocrinol	  Metab	  95:	  4052-‐
4055,	  2010.	  
172.	   Pasarica	  M,	  Sereda	  OR,	  Redman	  LM,	  Albarado	  DC,	  Hymel	  DT,	  Roan	  LE,	  
Rood	  JC,	  Burk	  DH,	  and	  Smith	  SR.	  Reduced	  adipose	  tissue	  oxygenation	  in	  
human	  obesity:	  evidence	  for	  rarefaction,	  macrophage	  chemotaxis,	  and	  
inflammation	  without	  an	  angiogenic	  response.	  Diabetes	  58:	  718-‐725,	  2009.	  
173.	   Pellegrinelli	  V,	  Heuvingh	  J,	  du	  Roure	  O,	  Rouault	  C,	  Devulder	  A,	  Klein	  C,	  
Lacasa	  M,	  Clement	  E,	  Lacasa	  D,	  and	  Clement	  K.	  Human	  adipocyte	  function	  is	  
impacted	  by	  mechanical	  cues.	  The	  Journal	  of	  pathology	  233:	  183-‐195,	  2014.	  
174.	   Perugini	  RA,	  Mason	  R,	  Czerniach	  DR,	  Novitsky	  YW,	  Baker	  S,	  Litwin	  DE,	  
and	  Kelly	  JJ.	  Predictors	  of	  complication	  and	  suboptimal	  weight	  loss	  after	  
laparoscopic	  Roux-‐en-‐Y	  gastric	  bypass:	  a	  series	  of	  188	  patients.	  Archives	  of	  
surgery	  138:	  541-‐545;	  discussion	  545-‐546,	  2003.	  
175.	   Phillips	  RJ,	  Burdick	  MD,	  Hong	  K,	  Lutz	  MA,	  Murray	  LA,	  Xue	  YY,	  Belperio	  
JA,	  Keane	  MP,	  and	  Strieter	  RM.	  Circulating	  fibrocytes	  traffic	  to	  the	  lungs	  in	  
response	  to	  CXCL12	  and	  mediate	  fibrosis.	  J	  Clin	  Invest	  114:	  438-‐446,	  2004.	  
176.	   Pierleoni	  C,	  Verdenelli	  F,	  Castellucci	  M,	  and	  Cinti	  S.	  Fibronectins	  and	  
basal	  lamina	  molecules	  expression	  in	  human	  subcutaneous	  white	  adipose	  
tissue.	  Eur	  J	  Histochem	  42:	  183-‐188,	  1998.	  



139	  
	  

	  

177.	   Power	  C,	  and	  Thomas	  C.	  Changes	  in	  BMI,	  duration	  of	  overweight	  and	  
obesity,	  and	  glucose	  metabolism:	  45	  years	  of	  follow-‐up	  of	  a	  birth	  cohort.	  
Diabetes	  care	  34:	  1986-‐1991,	  2011.	  
178.	   Ptitsyn	  A,	  Hulver	  M,	  Cefalu	  W,	  York	  D,	  and	  Smith	  SR.	  Unsupervised	  
clustering	  of	  gene	  expression	  data	  points	  at	  hypoxia	  as	  possible	  trigger	  for	  
metabolic	  syndrome.	  BMC	  genomics	  7:	  318,	  2006.	  
179.	   Rehman	  J,	  Traktuev	  D,	  Li	  J,	  Merfeld-‐Clauss	  S,	  Temm-‐Grove	  CJ,	  
Bovenkerk	  JE,	  Pell	  CL,	  Johnstone	  BH,	  Considine	  RV,	  and	  March	  KL.	  Secretion	  of	  
angiogenic	  and	  antiapoptotic	  factors	  by	  human	  adipose	  stromal	  cells.	  
Circulation	  109:	  1292-‐1298,	  2004.	  
180.	   Ress	  C,	  Tschoner	  A,	  Ciardi	  C,	  Laimer	  MW,	  Engl	  JW,	  Sturm	  W,	  Weiss	  H,	  
Tilg	  H,	  Ebenbichler	  CF,	  Patsch	  JR,	  and	  Kaser	  S.	  Influence	  of	  significant	  weight	  
loss	  on	  serum	  matrix	  metalloproteinase	  (MMP)-‐7	  levels.	  European	  cytokine	  
network	  21:	  65-‐70,	  2010.	  
181.	   Ribatti	  D,	  Conconi	  MT,	  and	  Nussdorfer	  GG.	  Nonclassic	  endogenous	  novel	  
[corrected]	  regulators	  of	  angiogenesis.	  Pharmacol	  Rev	  59:	  185-‐205,	  2007.	  
182.	   Rockey	  DC,	  Bell	  PD,	  and	  Hill	  JA.	  Fibrosis-‐-‐a	  common	  pathway	  to	  organ	  
injury	  and	  failure.	  The	  New	  England	  journal	  of	  medicine	  372:	  1138-‐1149,	  2015.	  
183.	   Rodeheffer	  MS,	  Birsoy	  K,	  and	  Friedman	  JM.	  Identification	  of	  white	  
adipocyte	  progenitor	  cells	  in	  vivo.	  Cell	  135:	  240-‐249,	  2008.	  
184.	   Rosen	  ED,	  and	  MacDougald	  OA.	  Adipocyte	  differentiation	  from	  the	  
inside	  out.	  Nature	  reviews	  Molecular	  cell	  biology	  7:	  885-‐896,	  2006.	  
185.	   Rupnick	  MA,	  Panigrahy	  D,	  Zhang	  CY,	  Dallabrida	  SM,	  Lowell	  BB,	  Langer	  
R,	  and	  Folkman	  MJ.	  Adipose	  tissue	  mass	  can	  be	  regulated	  through	  the	  
vasculature.	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  99:	  10730-‐10735,	  2002.	  
186.	   Rutkowski	  JM,	  Stern	  JH,	  and	  Scherer	  PE.	  The	  cell	  biology	  of	  fat	  
expansion.	  J	  Cell	  Biol	  208:	  501-‐512,	  2015.	  
187.	   Sage	  EH,	  and	  Bornstein	  P.	  Extracellular	  proteins	  that	  modulate	  cell-‐
matrix	  interactions.	  SPARC,	  tenascin,	  and	  thrombospondin.	  The	  Journal	  of	  
biological	  chemistry	  266:	  14831-‐14834,	  1991.	  
188.	   Schonbeck	  U,	  Mach	  F,	  and	  Libby	  P.	  Generation	  of	  biologically	  active	  IL-‐1	  
beta	  by	  matrix	  metalloproteinases:	  a	  novel	  caspase-‐1-‐independent	  pathway	  of	  
IL-‐1	  beta	  processing.	  Journal	  of	  immunology	  161:	  3340-‐3346,	  1998.	  
189.	   Sethi	  A,	  Mao	  W,	  Wordinger	  RJ,	  and	  Clark	  AF.	  Transforming	  growth	  
factor-‐beta	  induces	  extracellular	  matrix	  protein	  cross-‐linking	  lysyl	  oxidase	  
(LOX)	  genes	  in	  human	  trabecular	  meshwork	  cells.	  Investigative	  ophthalmology	  
&	  visual	  science	  52:	  5240-‐5250,	  2011.	  
190.	   Sharma	  NS,	  Nagrath	  D,	  and	  Yarmush	  ML.	  Adipocyte-‐derived	  basement	  
membrane	  extract	  with	  biological	  activity:	  applications	  in	  hepatocyte	  
functional	  augmentation	  in	  vitro.	  FASEB	  J	  24:	  2364-‐2374,	  2010.	  
191.	   Shaul	  ME,	  Bennett	  G,	  Strissel	  KJ,	  Greenberg	  AS,	  and	  Obin	  MS.	  Dynamic,	  
M2-‐like	  remodeling	  phenotypes	  of	  CD11c+	  adipose	  tissue	  macrophages	  during	  
high-‐fat	  diet-‐-‐induced	  obesity	  in	  mice.	  Diabetes	  59:	  1171-‐1181,	  2010.	  
192.	   Shaul	  ME,	  Bennett	  G,	  Strissel	  KJ,	  Greenberg	  AS,	  and	  Obin	  MS.	  Dynamic,	  
M2-‐Like	  Remodeling	  Phenotypes	  of	  CD11c+	  Adipose	  Tissue	  Macrophages	  
During	  High-‐Fat	  Diet-‐Induced	  Obesity	  in	  Mice.	  Diabetes	  59:	  1171-‐1181,	  2010.	  



140	  
	  

	  

193.	   Shungin	  D,	  Cornelis	  MC,	  Divaris	  K,	  Holtfreter	  B,	  Shaffer	  JR,	  Yu	  YH,	  Barros	  
SP,	  Beck	  JD,	  Biffar	  R,	  Boerwinkle	  EA,	  Crout	  RJ,	  Ganna	  A,	  Hallmans	  G,	  Hindy	  G,	  
Hu	  FB,	  Kraft	  P,	  McNeil	  DW,	  Melander	  O,	  Moss	  KL,	  North	  KE,	  Orho-‐Melander	  M,	  
Pedersen	  NL,	  Ridker	  PM,	  Rimm	  EB,	  Rose	  LM,	  Rukh	  G,	  Teumer	  A,	  Weyant	  RJ,	  
Chasman	  DI,	  Joshipura	  K,	  Kocher	  T,	  Magnusson	  PK,	  Marazita	  ML,	  Nilsson	  P,	  
Offenbacher	  S,	  Davey	  Smith	  G,	  Lundberg	  P,	  Palmer	  TM,	  Timpson	  NJ,	  Johansson	  
I,	  and	  Franks	  PW.	  Using	  genetics	  to	  test	  the	  causal	  relationship	  of	  total	  
adiposity	  and	  periodontitis:	  Mendelian	  randomization	  analyses	  in	  the	  Gene-‐
Lifestyle	  Interactions	  and	  Dental	  Endpoints	  (GLIDE)	  Consortium.	  International	  
journal	  of	  epidemiology	  44:	  638-‐650,	  2015.	  
194.	   Shungin	  D,	  Winkler	  TW,	  Croteau-‐Chonka	  DC,	  Ferreira	  T,	  Locke	  AE,	  Magi	  
R,	  Strawbridge	  RJ,	  Pers	  TH,	  Fischer	  K,	  Justice	  AE,	  Workalemahu	  T,	  Wu	  JM,	  
Buchkovich	  ML,	  Heard-‐Costa	  NL,	  Roman	  TS,	  Drong	  AW,	  Song	  C,	  Gustafsson	  S,	  
Day	  FR,	  Esko	  T,	  Fall	  T,	  Kutalik	  Z,	  Luan	  J,	  Randall	  JC,	  Scherag	  A,	  Vedantam	  S,	  
Wood	  AR,	  Chen	  J,	  Fehrmann	  R,	  Karjalainen	  J,	  Kahali	  B,	  Liu	  CT,	  Schmidt	  EM,	  
Absher	  D,	  Amin	  N,	  Anderson	  D,	  Beekman	  M,	  Bragg-‐Gresham	  JL,	  Buyske	  S,	  
Demirkan	  A,	  Ehret	  GB,	  Feitosa	  MF,	  Goel	  A,	  Jackson	  AU,	  Johnson	  T,	  Kleber	  ME,	  
Kristiansson	  K,	  Mangino	  M,	  Mateo	  Leach	  I,	  Medina-‐Gomez	  C,	  Palmer	  CD,	  Pasko	  
D,	  Pechlivanis	  S,	  Peters	  MJ,	  Prokopenko	  I,	  Stancakova	  A,	  Ju	  Sung	  Y,	  Tanaka	  T,	  
Teumer	  A,	  Van	  Vliet-‐Ostaptchouk	  JV,	  Yengo	  L,	  Zhang	  W,	  Albrecht	  E,	  Arnlov	  J,	  
Arscott	  GM,	  Bandinelli	  S,	  Barrett	  A,	  Bellis	  C,	  Bennett	  AJ,	  Berne	  C,	  Bluher	  M,	  
Bohringer	  S,	  Bonnet	  F,	  Bottcher	  Y,	  Bruinenberg	  M,	  Carba	  DB,	  Caspersen	  IH,	  
Clarke	  R,	  Daw	  EW,	  Deelen	  J,	  Deelman	  E,	  Delgado	  G,	  Doney	  AS,	  Eklund	  N,	  Erdos	  
MR,	  Estrada	  K,	  Eury	  E,	  Friedrich	  N,	  Garcia	  ME,	  Giedraitis	  V,	  Gigante	  B,	  Go	  AS,	  
Golay	  A,	  Grallert	  H,	  Grammer	  TB,	  Grassler	  J,	  Grewal	  J,	  Groves	  CJ,	  Haller	  T,	  
Hallmans	  G,	  Hartman	  CA,	  Hassinen	  M,	  Hayward	  C,	  Heikkila	  K,	  Herzig	  KH,	  
Helmer	  Q,	  Hillege	  HL,	  Holmen	  O,	  Hunt	  SC,	  Isaacs	  A,	  Ittermann	  T,	  James	  AL,	  
Johansson	  I,	  Juliusdottir	  T,	  Kalafati	  IP,	  Kinnunen	  L,	  Koenig	  W,	  Kooner	  IK,	  
Kratzer	  W,	  Lamina	  C,	  Leander	  K,	  Lee	  NR,	  Lichtner	  P,	  Lind	  L,	  Lindstrom	  J,	  
Lobbens	  S,	  Lorentzon	  M,	  Mach	  F,	  Magnusson	  PK,	  Mahajan	  A,	  McArdle	  WL,	  
Menni	  C,	  Merger	  S,	  Mihailov	  E,	  Milani	  L,	  Mills	  R,	  Moayyeri	  A,	  Monda	  KL,	  
Mooijaart	  SP,	  Muhleisen	  TW,	  Mulas	  A,	  Muller	  G,	  Muller-‐Nurasyid	  M,	  Nagaraja	  
R,	  Nalls	  MA,	  Narisu	  N,	  Glorioso	  N,	  Nolte	  IM,	  Olden	  M,	  Rayner	  NW,	  Renstrom	  F,	  
Ried	  JS,	  Robertson	  NR,	  Rose	  LM,	  Sanna	  S,	  Scharnagl	  H,	  Scholtens	  S,	  Sennblad	  B,	  
Seufferlein	  T,	  Sitlani	  CM,	  Vernon	  Smith	  A,	  Stirrups	  K,	  Stringham	  HM,	  
Sundstrom	  J,	  Swertz	  MA,	  Swift	  AJ,	  Syvanen	  AC,	  Tayo	  BO,	  Thorand	  B,	  
Thorleifsson	  G,	  Tomaschitz	  A,	  Troffa	  C,	  van	  Oort	  FV,	  Verweij	  N,	  Vonk	  JM,	  Waite	  
LL,	  Wennauer	  R,	  Wilsgaard	  T,	  Wojczynski	  MK,	  Wong	  A,	  Zhang	  Q,	  Hua	  Zhao	  J,	  
Brennan	  EP,	  Choi	  M,	  Eriksson	  P,	  Folkersen	  L,	  Franco-‐Cereceda	  A,	  Gharavi	  AG,	  
Hedman	  AK,	  Hivert	  MF,	  Huang	  J,	  Kanoni	  S,	  Karpe	  F,	  Keildson	  S,	  Kiryluk	  K,	  
Liang	  L,	  Lifton	  RP,	  Ma	  B,	  McKnight	  AJ,	  McPherson	  R,	  Metspalu	  A,	  Min	  JL,	  Moffatt	  
MF,	  Montgomery	  GW,	  Murabito	  JM,	  Nicholson	  G,	  Nyholt	  DR,	  Olsson	  C,	  Perry	  JR,	  
Reinmaa	  E,	  Salem	  RM,	  Sandholm	  N,	  Schadt	  EE,	  Scott	  RA,	  Stolk	  L,	  Vallejo	  EE,	  
Westra	  HJ,	  Zondervan	  KT,	  Consortium	  AD,	  Consortium	  CAD,	  Consortium	  CK,	  
Consortium	  G,	  Consortium	  G,	  Glgc,	  Icbp,	  International	  Endogene	  C,	  LifeLines	  
Cohort	  S,	  Investigators	  M,	  Mu	  TC,	  Consortium	  P,	  ReproGen	  C,	  Amouyel	  P,	  



141	  
	  

	  

Arveiler	  D,	  Bakker	  SJ,	  Beilby	  J,	  Bergman	  RN,	  Blangero	  J,	  Brown	  MJ,	  Burnier	  M,	  
Campbell	  H,	  Chakravarti	  A,	  Chines	  PS,	  Claudi-‐Boehm	  S,	  Collins	  FS,	  Crawford	  
DC,	  Danesh	  J,	  de	  Faire	  U,	  de	  Geus	  EJ,	  Dorr	  M,	  Erbel	  R,	  Eriksson	  JG,	  Farrall	  M,	  
Ferrannini	  E,	  Ferrieres	  J,	  Forouhi	  NG,	  Forrester	  T,	  Franco	  OH,	  Gansevoort	  RT,	  
Gieger	  C,	  Gudnason	  V,	  Haiman	  CA,	  Harris	  TB,	  Hattersley	  AT,	  Heliovaara	  M,	  
Hicks	  AA,	  Hingorani	  AD,	  Hoffmann	  W,	  Hofman	  A,	  Homuth	  G,	  Humphries	  SE,	  
Hypponen	  E,	  Illig	  T,	  Jarvelin	  MR,	  Johansen	  B,	  Jousilahti	  P,	  Jula	  AM,	  Kaprio	  J,	  
Kee	  F,	  Keinanen-‐Kiukaanniemi	  SM,	  Kooner	  JS,	  Kooperberg	  C,	  Kovacs	  P,	  Kraja	  
AT,	  Kumari	  M,	  Kuulasmaa	  K,	  Kuusisto	  J,	  Lakka	  TA,	  Langenberg	  C,	  Le	  Marchand	  
L,	  Lehtimaki	  T,	  Lyssenko	  V,	  Mannisto	  S,	  Marette	  A,	  Matise	  TC,	  McKenzie	  CA,	  
McKnight	  B,	  Musk	  AW,	  Mohlenkamp	  S,	  Morris	  AD,	  Nelis	  M,	  Ohlsson	  C,	  
Oldehinkel	  AJ,	  Ong	  KK,	  Palmer	  LJ,	  Penninx	  BW,	  Peters	  A,	  Pramstaller	  PP,	  
Raitakari	  OT,	  Rankinen	  T,	  Rao	  DC,	  Rice	  TK,	  Ridker	  PM,	  Ritchie	  MD,	  Rudan	  I,	  
Salomaa	  V,	  Samani	  NJ,	  Saramies	  J,	  Sarzynski	  MA,	  Schwarz	  PE,	  Shuldiner	  AR,	  
Staessen	  JA,	  Steinthorsdottir	  V,	  Stolk	  RP,	  Strauch	  K,	  Tonjes	  A,	  Tremblay	  A,	  
Tremoli	  E,	  Vohl	  MC,	  Volker	  U,	  Vollenweider	  P,	  Wilson	  JF,	  Witteman	  JC,	  Adair	  
LS,	  Bochud	  M,	  Boehm	  BO,	  Bornstein	  SR,	  Bouchard	  C,	  Cauchi	  S,	  Caulfield	  MJ,	  
Chambers	  JC,	  Chasman	  DI,	  Cooper	  RS,	  Dedoussis	  G,	  Ferrucci	  L,	  Froguel	  P,	  Grabe	  
HJ,	  Hamsten	  A,	  Hui	  J,	  Hveem	  K,	  Jockel	  KH,	  Kivimaki	  M,	  Kuh	  D,	  Laakso	  M,	  Liu	  Y,	  
Marz	  W,	  Munroe	  PB,	  Njolstad	  I,	  Oostra	  BA,	  Palmer	  CN,	  Pedersen	  NL,	  Perola	  M,	  
Perusse	  L,	  Peters	  U,	  Power	  C,	  Quertermous	  T,	  Rauramaa	  R,	  Rivadeneira	  F,	  
Saaristo	  TE,	  Saleheen	  D,	  Sinisalo	  J,	  Slagboom	  PE,	  Snieder	  H,	  Spector	  TD,	  
Thorsteinsdottir	  U,	  Stumvoll	  M,	  Tuomilehto	  J,	  Uitterlinden	  AG,	  Uusitupa	  M,	  van	  
der	  Harst	  P,	  Veronesi	  G,	  Walker	  M,	  Wareham	  NJ,	  Watkins	  H,	  Wichmann	  HE,	  
Abecasis	  GR,	  Assimes	  TL,	  Berndt	  SI,	  Boehnke	  M,	  Borecki	  IB,	  Deloukas	  P,	  
Franke	  L,	  Frayling	  TM,	  Groop	  LC,	  Hunter	  DJ,	  Kaplan	  RC,	  O'Connell	  JR,	  Qi	  L,	  
Schlessinger	  D,	  Strachan	  DP,	  Stefansson	  K,	  van	  Duijn	  CM,	  Willer	  CJ,	  Visscher	  
PM,	  Yang	  J,	  Hirschhorn	  JN,	  Zillikens	  MC,	  McCarthy	  MI,	  Speliotes	  EK,	  North	  KE,	  
Fox	  CS,	  Barroso	  I,	  Franks	  PW,	  Ingelsson	  E,	  Heid	  IM,	  Loos	  RJ,	  Cupples	  LA,	  Morris	  
AP,	  Lindgren	  CM,	  and	  Mohlke	  KL.	  New	  genetic	  loci	  link	  adipose	  and	  insulin	  
biology	  to	  body	  fat	  distribution.	  Nature	  518:	  187-‐196,	  2015.	  
195.	   Singer	  K,	  Morris	  DL,	  Oatmen	  KE,	  Wang	  T,	  DelProposto	  J,	  Mergian	  T,	  Cho	  
KW,	  and	  Lumeng	  CN.	  Neuropeptide	  Y	  is	  produced	  by	  adipose	  tissue	  
macrophages	  and	  regulates	  obesity-‐induced	  inflammation.	  PLoS	  One	  8:	  
e57929,	  2013.	  
196.	   Spalding	  KL,	  Arner	  E,	  Westermark	  PO,	  Bernard	  S,	  Buchholz	  BA,	  
Bergmann	  O,	  Blomqvist	  L,	  Hoffstedt	  J,	  Naslund	  E,	  Britton	  T,	  Concha	  H,	  Hassan	  
M,	  Ryden	  M,	  Frisen	  J,	  and	  Arner	  P.	  Dynamics	  of	  fat	  cell	  turnover	  in	  humans.	  
Nature	  453:	  783-‐787,	  2008.	  
197.	   Spencer	  M,	  Unal	  R,	  Zhu	  B,	  Rasouli	  N,	  McGehee	  RE,	  Jr.,	  Peterson	  CA,	  and	  
Kern	  PA.	  Adipose	  tissue	  extracellular	  matrix	  and	  vascular	  abnormalities	  in	  
obesity	  and	  insulin	  resistance.	  J	  Clin	  Endocrinol	  Metab	  96:	  E1990-‐1998,	  2011.	  
198.	   Spencer	  M,	  Yao-‐Borengasser	  A,	  Unal	  R,	  Rasouli	  N,	  Gurley	  CM,	  Zhu	  B,	  
Peterson	  CA,	  and	  Kern	  PA.	  Adipose	  tissue	  macrophages	  in	  insulin-‐resistant	  
subjects	  are	  associated	  with	  collagen	  VI	  and	  fibrosis	  and	  demonstrate	  



142	  
	  

	  

alternative	  activation.	  American	  journal	  of	  physiology	  Endocrinology	  and	  
metabolism	  299:	  E1016-‐1027,	  2010.	  
199.	   Stern	  JH,	  and	  Scherer	  PE.	  Adipose	  tissue	  biology	  in	  2014:	  Advances	  in	  
our	  understanding	  of	  adipose	  tissue	  homeostasis.	  Nature	  reviews	  
Endocrinology	  11:	  71-‐72,	  2015.	  
200.	   Strissel	  KJ,	  Stancheva	  Z,	  Miyoshi	  H,	  Perfield	  JW,	  2nd,	  DeFuria	  J,	  Jick	  Z,	  
Greenberg	  AS,	  and	  Obin	  MS.	  Adipocyte	  death,	  adipose	  tissue	  remodeling,	  and	  
obesity	  complications.	  Diabetes	  56:	  2910-‐2918,	  2007.	  
201.	   Suganami	  T,	  and	  Ogawa	  Y.	  Adipose	  tissue	  macrophages:	  their	  role	  in	  
adipose	  tissue	  remodeling.	  Journal	  of	  Leukocyte	  Biology	  2010.	  
202.	   Sun	  K,	  Kusminski	  CM,	  and	  Scherer	  PE.	  Adipose	  tissue	  remodeling	  and	  
obesity.	  J	  Clin	  Invest	  121:	  2094-‐2101,	  2011.	  
203.	   Sun	  K,	  Tordjman	  J,	  Clement	  K,	  and	  Scherer	  PE.	  Fibrosis	  and	  adipose	  
tissue	  dysfunction.	  Cell	  metabolism	  18:	  470-‐477,	  2013.	  
204.	   Sung	  HK,	  Doh	  KO,	  Son	  JE,	  Park	  JG,	  Bae	  Y,	  Choi	  S,	  Nelson	  SM,	  Cowling	  R,	  
Nagy	  K,	  Michael	  IP,	  Koh	  GY,	  Adamson	  SL,	  Pawson	  T,	  and	  Nagy	  A.	  Adipose	  
vascular	  endothelial	  growth	  factor	  regulates	  metabolic	  homeostasis	  through	  
angiogenesis.	  Cell	  metabolism	  17:	  61-‐72,	  2013.	  
205.	   Talukdar	  S,	  Oh	  da	  Y,	  Bandyopadhyay	  G,	  Li	  D,	  Xu	  J,	  McNelis	  J,	  Lu	  M,	  Li	  P,	  
Yan	  Q,	  Zhu	  Y,	  Ofrecio	  J,	  Lin	  M,	  Brenner	  MB,	  and	  Olefsky	  JM.	  Neutrophils	  
mediate	  insulin	  resistance	  in	  mice	  fed	  a	  high-‐fat	  diet	  through	  secreted	  
elastase.	  Nat	  Med	  18:	  1407-‐1412,	  2012.	  
206.	   Tam	  CS,	  Tordjman	  J,	  Divoux	  A,	  Baur	  LA,	  and	  Clement	  K.	  Adipose	  tissue	  
remodeling	  in	  children:	  the	  link	  between	  collagen	  deposition	  and	  age-‐related	  
adipocyte	  growth.	  J	  Clin	  Endocrinol	  Metab	  97:	  1320-‐1327,	  2012.	  
207.	   Tam	  J,	  Duda	  DG,	  Perentes	  JY,	  Quadri	  RS,	  Fukumura	  D,	  and	  Jain	  RK.	  
Blockade	  of	  VEGFR2	  and	  not	  VEGFR1	  can	  limit	  diet-‐induced	  fat	  tissue	  
expansion:	  role	  of	  local	  versus	  bone	  marrow-‐derived	  endothelial	  cells.	  PLoS	  
One	  4:	  e4974,	  2009.	  
208.	   Tan	  CK,	  Chong	  HC,	  Tan	  EH,	  and	  Tan	  NS.	  Getting	  'Smad'	  about	  obesity	  and	  
diabetes.	  Nutrition	  &	  diabetes	  2:	  e29,	  2012.	  
209.	   Tanabe	  Y,	  Koga	  M,	  Saito	  M,	  Matsunaga	  Y,	  and	  Nakayama	  K.	  Inhibition	  of	  
adipocyte	  differentiation	  by	  mechanical	  stretching	  through	  ERK-‐mediated	  
downregulation	  of	  PPARgamma2.	  Journal	  of	  cell	  science	  117:	  3605-‐3614,	  2004.	  
210.	   Tang	  W,	  Zeve	  D,	  Seo	  J,	  Jo	  AY,	  and	  Graff	  JM.	  Thiazolidinediones	  regulate	  
adipose	  lineage	  dynamics.	  Cell	  metabolism	  14:	  116-‐122,	  2011.	  
211.	   Tang	  W,	  Zeve	  D,	  Suh	  JM,	  Bosnakovski	  D,	  Kyba	  M,	  Hammer	  RE,	  Tallquist	  
MD,	  and	  Graff	  JM.	  White	  fat	  progenitor	  cells	  reside	  in	  the	  adipose	  vasculature.	  
Science	  322:	  583-‐586,	  2008.	  
212.	   Tay	  J,	  Luscombe-‐Marsh	  ND,	  Thompson	  CH,	  Noakes	  M,	  Buckley	  JD,	  
Wittert	  GA,	  Yancy	  WS,	  Jr.,	  and	  Brinkworth	  GD.	  Comparison	  of	  low-‐	  and	  high-‐
carbohydrate	  diets	  for	  type	  2	  diabetes	  management:	  a	  randomized	  trial.	  The	  
American	  journal	  of	  clinical	  nutrition	  2015.	  
213.	   Tran	  KV,	  Gealekman	  O,	  Frontini	  A,	  Zingaretti	  MC,	  Morroni	  M,	  Giordano	  
A,	  Smorlesi	  A,	  Perugini	  J,	  De	  Matteis	  R,	  Sbarbati	  A,	  Corvera	  S,	  and	  Cinti	  S.	  The	  



143	  
	  

	  

vascular	  endothelium	  of	  the	  adipose	  tissue	  gives	  rise	  to	  both	  white	  and	  brown	  
fat	  cells.	  Cell	  metabolism	  15:	  222-‐229,	  2012.	  
214.	   Trayhurn	  P.	  Hypoxia	  and	  adipose	  tissue	  function	  and	  dysfunction	  in	  
obesity.	  Physiological	  reviews	  93:	  1-‐21,	  2013.	  
215.	   Tsurutani	  Y,	  Fujimoto	  M,	  Takemoto	  M,	  Irisuna	  H,	  Koshizaka	  M,	  Onishi	  S,	  
Ishikawa	  T,	  Mezawa	  M,	  He	  P,	  Honjo	  S,	  Maezawa	  Y,	  Saito	  Y,	  and	  Yokote	  K.	  The	  
roles	  of	  transforming	  growth	  factor-‐beta	  and	  Smad3	  signaling	  in	  adipocyte	  
differentiation	  and	  obesity.	  Biochem	  Biophys	  Res	  Commun	  407:	  68-‐73,	  2011.	  
216.	   Uezumi	  A,	  Fukada	  S,	  Yamamoto	  N,	  Takeda	  S,	  and	  Tsuchida	  K.	  
Mesenchymal	  progenitors	  distinct	  from	  satellite	  cells	  contribute	  to	  ectopic	  fat	  
cell	  formation	  in	  skeletal	  muscle.	  Nature	  cell	  biology	  12:	  143-‐152,	  2010.	  
217.	   Unger	  RH,	  and	  Scherer	  PE.	  Gluttony,	  sloth	  and	  the	  metabolic	  syndrome:	  
a	  roadmap	  to	  lipotoxicity.	  Trends	  in	  Endocrinology	  and	  Metabolism	  21:	  345-‐
352,	  2010.	  
218.	   Van	  Hul	  M,	  Bauters	  D,	  and	  Lijnen	  RH.	  Differential	  effects	  of	  a	  gelatinase	  
inhibitor	  on	  adipocyte	  differentiation	  and	  adipose	  tissue	  development.	  
Clinical	  and	  experimental	  pharmacology	  &	  physiology	  40:	  689-‐697,	  2013.	  
219.	   Van	  Hul	  M,	  and	  Lijnen	  HR.	  A	  functional	  role	  of	  gelatinase	  A	  in	  the	  
development	  of	  nutritionally	  induced	  obesity	  in	  mice.	  J	  Thromb	  Haemost	  6:	  
1198-‐1206,	  2008.	  
220.	   Verstappen	  J,	  and	  Von	  den	  Hoff	  JW.	  Tissue	  inhibitors	  of	  
metalloproteinases	  (TIMPs):	  their	  biological	  functions	  and	  involvement	  in	  
oral	  disease.	  J	  Dent	  Res	  85:	  1074-‐1084,	  2006.	  
221.	   Vila	  IK,	  Badin	  PM,	  Marques	  MA,	  Monbrun	  L,	  Lefort	  C,	  Mir	  L,	  Louche	  K,	  
Bourlier	  V,	  Roussel	  B,	  Gui	  P,	  Grober	  J,	  Stich	  V,	  Rossmeislova	  L,	  Zakaroff-‐Girard	  
A,	  Bouloumie	  A,	  Viguerie	  N,	  Moro	  C,	  Tavernier	  G,	  and	  Langin	  D.	  Immune	  cell	  
Toll-‐like	  receptor	  4	  mediates	  the	  development	  of	  obesity-‐	  and	  endotoxemia-‐
associated	  adipose	  tissue	  fibrosis.	  Cell	  reports	  7:	  1116-‐1129,	  2014.	  
222.	   Virtanen	  KA,	  Lonnroth	  P,	  Parkkola	  R,	  Peltoniemi	  P,	  Asola	  M,	  Viljanen	  T,	  
Tolvanen	  T,	  Knuuti	  J,	  Ronnemaa	  T,	  Huupponen	  R,	  and	  Nuutila	  P.	  Glucose	  
uptake	  and	  perfusion	  in	  subcutaneous	  and	  visceral	  adipose	  tissue	  during	  
insulin	  stimulation	  in	  nonobese	  and	  obese	  humans.	  J	  Clin	  Endocrinol	  Metab	  87:	  
3902-‐3910,	  2002.	  
223.	   Visse	  R,	  and	  Nagase	  H.	  Matrix	  metalloproteinases	  and	  tissue	  inhibitors	  
of	  metalloproteinases:	  structure,	  function,	  and	  biochemistry.	  Circ	  Res	  92:	  827-‐
839,	  2003.	  
224.	   Vona-‐Davis	  L,	  Howard-‐McNatt	  M,	  and	  Rose	  DP.	  Adiposity,	  type	  2	  
diabetes	  and	  the	  metabolic	  syndrome	  in	  breast	  cancer.	  Obes	  Rev	  8:	  395-‐408,	  
2007.	  
225.	   Vona-‐Davis	  L,	  and	  Rose	  DP.	  Angiogenesis,	  adipokines	  and	  breast	  cancer.	  
Cytokine	  Growth	  Factor	  Rev	  20:	  193-‐201,	  2009.	  
226.	   Wagenseil	  JE,	  and	  Mecham	  RP.	  Elastin	  in	  large	  artery	  stiffness	  and	  
hypertension.	  Journal	  of	  cardiovascular	  translational	  research	  5:	  264-‐273,	  
2012.	  



144	  
	  

	  

227.	   Wang	  QA,	  Tao	  C,	  Gupta	  RK,	  and	  Scherer	  PE.	  Tracking	  adipogenesis	  
during	  white	  adipose	  tissue	  development,	  expansion	  and	  regeneration.	  Nature	  
medicine	  19:	  1338-‐1344,	  2013.	  
228.	   Wentworth	  JM,	  Naselli	  G,	  Brown	  WA,	  Doyle	  L,	  Phipson	  B,	  Smyth	  GK,	  
Wabitsch	  M,	  O'Brien	  PE,	  and	  Harrison	  LC.	  Pro-‐inflammatory	  CD11c+CD206+	  
adipose	  tissue	  macrophages	  are	  associated	  with	  insulin	  resistance	  in	  human	  
obesity.	  Diabetes	  59:	  1648-‐1656,	  2010.	  
229.	   Werb	  Z,	  Banda	  MJ,	  McKerrow	  JH,	  and	  Sandhaus	  RA.	  Elastases	  and	  
elastin	  degradation.	  The	  Journal	  of	  investigative	  dermatology	  79	  Suppl	  1:	  154s-‐
159s,	  1982.	  
230.	   Werb	  Z,	  and	  Gordon	  S.	  Elastase	  secretion	  by	  stimulated	  macrophages.	  
Characterization	  and	  regulation.	  The	  Journal	  of	  experimental	  medicine	  142:	  
361-‐377,	  1975.	  
231.	   Wermuth	  PJ,	  and	  Jimenez	  SA.	  The	  significance	  of	  macrophage	  
polarization	  subtypes	  for	  animal	  models	  of	  tissue	  fibrosis	  and	  human	  fibrotic	  
diseases.	  Clinical	  and	  translational	  medicine	  4:	  2,	  2015.	  
232.	   Wernstedt	  Asterholm	  I,	  Tao	  C,	  Morley	  TS,	  Wang	  QA,	  Delgado-‐Lopez	  F,	  
Wang	  ZV,	  and	  Scherer	  PE.	  Adipocyte	  inflammation	  is	  essential	  for	  healthy	  
adipose	  tissue	  expansion	  and	  remodeling.	  Cell	  metabolism	  20:	  103-‐118,	  2014.	  
233.	   Wess	  TJ,	  and	  Cairns	  DE.	  Nanoarchitectures	  of	  the	  animal	  extracellular	  
matrix:	  opportunities	  for	  synchrotron	  radiation	  studies	  on	  collagen	  and	  
fibrillin.	  Journal	  of	  synchrotron	  radiation	  12:	  751-‐757,	  2005.	  
234.	   Wu	  D,	  Molofsky	  AB,	  Liang	  HE,	  Ricardo-‐Gonzalez	  RR,	  Jouihan	  H,	  Bando	  
JK,	  Chawla	  A,	  and	  Locksley	  RM.	  Eosinophils	  Sustain	  Adipose	  Alternatively	  
Activated	  Macrophages	  Associated	  with	  Glucose	  Homeostasis.	  Science	  2011.	  
235.	   Xu	  H,	  Barnes	  GT,	  Yang	  Q,	  Tan	  G,	  Yang	  D,	  Chou	  CJ,	  Sole	  J,	  Nichols	  A,	  Ross	  
JS,	  Tartaglia	  LA,	  and	  Chen	  H.	  Chronic	  inflammation	  in	  fat	  plays	  a	  crucial	  role	  in	  
the	  development	  of	  obesity-‐related	  insulin	  resistance.	  J	  Clin	  Invest	  112:	  1821-‐
1830,	  2003.	  
236.	   Yadav	  H,	  Quijano	  C,	  Kamaraju	  AK,	  Gavrilova	  O,	  Malek	  R,	  Chen	  W,	  Zerfas	  
P,	  Zhigang	  D,	  Wright	  EC,	  Stuelten	  C,	  Sun	  P,	  Lonning	  S,	  Skarulis	  M,	  Sumner	  AE,	  
Finkel	  T,	  and	  Rane	  SG.	  Protection	  from	  obesity	  and	  diabetes	  by	  blockade	  of	  
TGF-‐beta/Smad3	  signaling.	  Cell	  metabolism	  14:	  67-‐79,	  2011.	  
237.	   Yamamoto-‐Honda	  R,	  Ehara	  H,	  Kitazato	  H,	  Takahashi	  Y,	  Kawazu	  S,	  
Akanuma	  Y,	  and	  Noda	  M.	  The	  long-‐term	  coronary	  heart	  disease	  risk	  of	  
previously	  obese	  patients	  with	  type	  2	  diabetes	  mellitus.	  BMC	  endocrine	  
disorders	  13:	  38,	  2013.	  
238.	   Yang	  M,	  Sun	  J,	  Zhang	  T,	  Liu	  J,	  Zhang	  J,	  Shi	  MA,	  Darakhshan	  F,	  Guerre-‐
Millo	  M,	  Clement	  K,	  Gelb	  BD,	  Dolgnov	  G,	  and	  Shi	  GP.	  Deficiency	  and	  inhibition	  
of	  cathepsin	  K	  reduce	  body	  weight	  gain	  and	  increase	  glucose	  metabolism	  in	  
mice.	  Arterioscler	  Thromb	  Vasc	  Biol	  28:	  2202-‐2208,	  2008.	  
239.	   Ye	  J,	  Gao	  Z,	  Yin	  J,	  and	  He	  Q.	  Hypoxia	  is	  a	  potential	  risk	  factor	  for	  chronic	  
inflammation	  and	  adiponectin	  reduction	  in	  adipose	  tissue	  of	  ob/ob	  and	  
dietary	  obese	  mice.	  American	  journal	  of	  physiology	  Endocrinology	  and	  
metabolism	  293:	  E1118-‐1128,	  2007.	  



145	  
	  

	  

240.	   Yu	  Q,	  and	  Stamenkovic	  I.	  Cell	  surface-‐localized	  matrix	  
metalloproteinase-‐9	  proteolytically	  activates	  TGF-‐beta	  and	  promotes	  tumor	  
invasion	  and	  angiogenesis.	  Genes	  &	  development	  14:	  163-‐176,	  2000.	  
	  
 


