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OBESITY: MOLECULAR AND METABOLIC CHANGES THAT LEAD TO 

PATHOLOGICAL STATES 

OBESITY AS AN INFLAMMATORY CONDITION 

The metabolic function of adipose tissue is well established through its role in storing and 

secreting lipids.  More recently, adipose tissue has been shown to have an endocrine role, 

mediating an immune response.  Adipose tissue secretes many proteins that have 

systemic and local effects.  Proteins that are secreted by adipose tissue and are detectable 

at a systemic level are referred to as adipocyte-derived factors or adipokine.  Previous 

research has proven there are at least 50 known adipokines (Chen et al., 2005).  Some of 

the best known are leptin, adiponectin, resistin, adiposin, RBP4, lipocalin 2, and some 

cytokines (Yiannikouris et al., 2010).  Adipokines are immunomodulating and include: 

cytokines (IL-6, IL-1β, or leptin), chemokines (MCP-1), and proteases (metalloproteins, 

cathepsins).  Cathepsin S (CtS) has recently been classified as an adipokine because it 

can be detected in serum at similar concentrations as other adipokines at concentrations 

between 4-20 ng/ml (Taleb & Clement, 2007). 

There are two different types of white adipose tissue (WAT): subcutaneous and visceral.  

These different depots are classified based on their anatomical location.  Distinct 

differences in gene expression and protein secretion have been found between the 

different types of fat depots, as seen in leptin, adiponectin, and various proinflammatory 

factors.  Leptin, an appetite suppression hormone, is preferentially secreted by 

subcutaneous adipose tissue; this is unlike some pro-inflammatory factors, such as 
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plasminogin activating inhibitor, IL-8, and IL-1β, which are secreted at a greater rate in 

visceral adipose tissue (Clement, 2007).   

The fact that adipose tissue secretes so many adipocyte-derived factors that modulate the 

immune system demonstrates that there is an intimate relationship between the immune 

function and metabolic response. This is further confirmed in studies showing that lipids 

modulate both metabolic and immune pathways (Hotamisligil, 2006).  Frequently cells 

that process most of the nutrients in the body lie in close proximity to immune cells, for 

example, the liver has Kupffer cells adjacent to heptatocytes and adipose tissue has 

macrophages, T-cells, and eosinophils adjacent to adipocytes.  Many metabolic pathways 

can be modulated through immune mediated inflammatory responses, as demonstrated 

through the activation of toll-like receptors (TLRs) which causes cells to secrete 

inflammatory cytokines and decrease its sensitivity to insulin. There are benefits to 

having a close connection between an immune response and metabolism. If the body is 

trying to fight off a pathogen, it wants to utilize all of the available nutrients to help fight 

the invading organism instead of having them utilized in anabolic pathways.  Therefore, 

it is fitting that anabolic pathways, such as those mediated through the insulin receptor or 

insulin growth factor receptor, are shut down once inflammatory signaling pathways are 

activated, thus diverting energy from synthesis to help mount an immune response 

(Hotamisligil, 2006).  Obesity has been classified as an inflammatory condition, which is 

thought to be primarily mediated through an increase in macrophages (Zhang J et al. 

2007; Olefsky & Glass, 2010).  The chronic systemic inflammation is thought to be the 

cause of many of the co-morbidities associated with obesity (Clement, 2007).  In an 



 

4 

 

obese state, not only is there an increase in macrophage infiltration in adipose tissue but 

the macrophages switch from being M2 macrophages to M1 macrophages.  M2, or 

alternatively activated, are anti-inflammatory macrophages, and M1, or classically 

activated, are pro-inflammatory macrophages that help mediate an innate immune 

response through the secretion of cytokines.  The M2 macrophage state is maintained 

through the transcription factors STAT6 and PPARs where M1 is driven by NF-κB, API 

and other pro-inflammatory transcription factors (Olefsky & Glass, 2010).  The influx of 

macrophages and their pro-inflammatory activation in adipose tissue of obese subjects 

leads to the development of systemic inflammation. 

Recent studies suggest that alterations of lymphocyte number and composition precede 

the macrophage increase and the enhanced inflammatory state of WAT found in obesity 

(Caspar-Bauguil et al., 2009). Lymphocytes are immune cells that include natural killer 

cells, T-cells and B-cells; T-cells are the most frequently observed lymphocyte in WAT. 

Lymphocytes express receptors to adipokines while several proinflammatory chemokines 

are produced in WAT, rendering intricate crosstalk between fat and immune cells. While 

it is still controversial, the available evidence suggests that lymphocytes control of the 

number of adipocytes or immune cells in WAT and their secretory and metabolic 

activities.  

Macrophages produce cytokines that illicit an immune response.  Cytokines are 

designated as being either pro-inflammatory or anti-inflammatory.  Being that many of 

the co-morbidities associated with obesity are thought to be caused by an inflammatory 

response, the inflammatory cytokines will be the focus of this review.  MCP-1 (monocyte 
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chemoattractant protein-1) is considered a pro-inflammatory protein since it contributes 

to the recruitment of additional macrophages. Tumor necrosis factor-α (TNF-α) is 

secreted by cells such as adipocytes and macrophages and it causes macrophages to 

secrete other cytokines causing a magnified inflammatory response.  An increase in TNF-

α in obesity is highly correlated with the development of insulin resistance.  The source 

of most TNF-α and other proinflammatory factors is invading macrophages 

(Hotamisligil, 2006; Clement, 2007).  There is a greater level of macrophage infiltration 

in visceral adipose tissue compared to subcutaneous tissue, thus leading to a greater level 

of cytokines in omental depots compared to subcutaneous depots.  This may indicate why 

visceral obesity is associated with inflammatory symptoms such as insulin resistance and 

artherosclerosis (Clement, 2007). 

Weight loss has been found to lead to a decrease in both macrophage concentration and 

adipocyte size in visceral depots.  These physiological alterations lead to differential 

transcription of genes in adipose tissue with weight loss.  The expression of most genes 

that change are in the stromal-vascular (SV) fraction, the fraction of adipose tissue that is 

composed of immature adipocytes and has a high concentration of macrophages. 

Decreased adiposity also leads to an increase in anti-inflammatory markers (IL-10 & IL-

1Ra) (Clement, 2007).  Therefore, immunotherapy deserves to be considered as a 

promising approach to treat the endocrino-metabolic disorders associated to excessive fat 

mass development (Caspar-Bauguil et al., 2009). 

In summary, a primary source of the chronic inflammation associated with increased 

adipocity, especially visceral obesity, originates from invading macrophages.  Obesity 
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triggers an innate immune response primarily mediated by an infiltration of macrophages 

and leads to the development of inflammatory pathologies such as atherosclerosis.  

Inflammation causes many physiological and metabolic changes, such as an alteration in 

cholesterol metabolism. 

 

INFLAMMATION AND DYSREGULATION OF CHOLESTEROL METABOLISM 

Obesity, especially central or visceral obesity, has been shown to lead to the development 

of metabolic syndrome which is characterized by the development of cardiovascular 

disease risk determinants (atherosclerosis), insulin resistance, dyslipidemia, and 

hypertension (Bruce and Hansen, 2010).  Atherosclerosis is a chronic disease 

characterized by abnormal thickening and hardening of arterial walls, caused by the 

deposition of lipids (cholesterol and cholesteryl esters), smooth muscle cells, 

macrophages, and collagen (Chang et al., 2006).  Significant evidence shows a strong 

correlation between the development of arthrosclerosis and serum concentration of LDL, 

particularly the development of oxidized (oxLDL) or glycosylated LDL.  These 

modifications commonly occur when there is an over-abundance of circulating LDL. This 

modified LDL, especially oxLDL, causes an inflammatory response in the arterial wall 

leading to the initiation and progression of atherosclerosis triggering an acute immune 

response which signals for the accumulation of monocytes and eventually macrophages. 

Through scavenger receptors, which are distinct from LDL receptors, the macrophages 

and smooth muscle cells engulf the modified LDL that has aggregated in the intima of the 

artery.  This leads to the accumulation of modified cholesteryl esters and cholesterol from 
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the modified LDL in vacuoles in the cytoplasm of the macrophages and causes them to 

transform to foam cells (Orsó et al., 2011).  As more foam cells conglomerate, they begin 

to form a necrotic core which can both harden and thicken the artery, reducing the area 

for blood to pass through, or it break off to form a thrombus which can occlude a smaller 

vessel. Macrophages that have been exposed to the oxidized LDL proliferate and amplify 

the inflammatory response through the secretion of macrophage colony stimulating factor 

(M-CSF), which signals to other macrophages to amplify the inflammatory response and 

propagates the progression of atherosclerosis (Packard and Libby, 2008).  

There are many adipose secreted factors that alter vascular function and could contribute 

to or inhibit the development of atherosclerosis.  For example adiponectin, acting through 

adiponectin receptors, suppresses the TNF-α signal for monocytes to adhere to the 

vascular wall.  Adiponectin suppresses monocytes phagocytic capacity to engulf 

cholesterol, and it leads to diminished cholesterol ester content in macrophages.  

However, interleukin-1 (IL-1) which can be secreted by adipose tissue contributes to the 

development of atherosclerosis by increasing leukocyte adhesion to vascular walls and 

increasing the density of the vascular wall.  Another proinflammatory adipokine, TNF-α 

also contributes to the development of atherosclerosis by recruiting more macrophages 

and leads to the accumulation of foam cells the arterial wall from LDL derived 

cholesterol (Marcus and Stern, 2006).   

Some of the most recently recognized adipokines include members of the cathepsin 

family.  Cathepsins are proteases which are commonly found in lysosomes of the cell.  

Many cathepsins have been observed to be upregulated in obesity; therefore cathepsins 
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may play a significant role in the development of the co-morbidities associated with 

obesity.  The following sections discuss these lysosomal proteases and the current 

understanding of some of the roles cathepsins play in obesity and associated co-

morbidities.   
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CATHEPSINS AND THEIR ROLE IN OBESITY  

OVERVIEW & GENERAL FUNCTIONS OF CATHEPSINS 

Cathepsins are proteases, enzymes that cause irreversible cleavage of peptide bonds in 

proteins.  Proteases are ancient.  There is evidence showing that they were present 1.7 to 

3.5 billion years ago, prior to the divergence of eukaryotes and prokaryotes and are 

present in every type of living organism: from beings in all animal and plant kingdoms to 

viruses and prokaryotes (Deussing et al., 1996; Wiederanders et al., 2003).  In the 

primitive, simple organisms their function is to digest unneeded synthesized proteins so 

the peptides can be used for other proteins (Neurath, 1984).  Proteases are more diverse 

and serve specialized functions in higher organisms, where specific proteases are only 

active on select peptide bonds and they serve additional functions beyond general protein 

digestion observed in single-celled organisms.  They activate zymogens, or precursors to 

enzymes, by cleaving off portions of the protein eliciting an essential post-translational 

modification.  Secondly, they are involved in both the coagulation cascade as well as the 

degradation of fibrin to breakdown blood clots.  Additionally, they are integral in the 

release of hormones and the transport of secretory proteins across the cell membrane 

(Neurath, 1984).   

 

Cathepsins are categorized by their structure and catalytic mechanism they use to cleave 

proteins; there are cysteine proteases, aspartate proteases, and serine proteases (Roberts, 
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2005).  This paper will focus on cysteine proteases, many of which have been observed to 

be upregulated in obesity.   

Mammalian cysteine proteases are typically located in the acidic environment of the 

lysosomes and late endosomes where their main function is to degrade intracellular and 

endocytosed proteins (Lutgens et al., 2007).  When active, cysteine proteases are folded 

into 2 relatively large globular domains surrounding a cleft that contains active site 

residues where they catalyze irreversible amide hydrolysis (Lutgens et al., 2007).  

Cysteine proteases can be subgrouped into several types of enzymes, including 

interleukin-1β-converting enzyme (ICE), calpain family, and papain family.  Most 

common are from the papain family, which include cathepsins: B, C, F, H, K, L, O, S, V, 

W, and X (Lutgens et al., 2007).  Most of these cathepsins are endopeptidases, meaning 

they cleave proteins at non-terminal positions, but cathepsin B (CtB) can also function as 

a dipeptidyl carboxypeptidase, meaning that it can cleave two amino acids from the C-

terminal position (Lutgens et al., 2007).    

Cysteine proteases originate from a common ancestral gene, however, cathepsins B, H, L, 

and S lie on different chromosomes and share between 30% to 50% amino acid sequence 

homologies, especially around the active site.  This dispersion of the genes occurred prior 

to the evolutionary separation of mice and humans (Deussing et al., 1996).  Cathepsins 

are found throughout the body.  Some cysteine peptidases are ubiquitously expressed in 

almost all tissues, such as B, C, H, L and O, and are considered to have housekeeping 

functions: carrying out proteolysis in lysosomes essential for protein turnover (Chapman 

et al., 1997).  While others are expressed in only certain organs, suggesting that they have 
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tissue specific roles such as: cathepsins S, K, V, F, X, and W (Wiederanders et al., 2003).  

For example, cathepsin K (CtK) is predominantly expressed in osteoclasts and is 

responsible for bone resorption; when CtK is knocked out or mutated osteopetrosis 

develops, a condition where bones become harder and denser.  Osteopetrosis is linked to 

an increased fracture rate due to the formation of brittle bones (Saftig et al., 1998).  

Intracellular functions of cysteine cathepsins have been identified in the cytoplasm, the 

nucleus, and the mitochondria where they facilitate many important biological functions, 

such as the proteolytic processing of proenzymes, antigen presentation, mediating 

inflammation, tissue remodeling, cell proliferation, cell differentiation, apoptosis, and 

degradation of the extracellular matrix (Tang et al., 2008).  They also have been found to 

facilitate wound healing and contribute to the invasion of tumor cells (Tang et al., 2008).  

Cathepsins, such as cathepsin L (CtL), are involved in the development of major 

histocompatibility complex (MHC) class II antigens which are essential for the activation 

of the adaptive immune response (Lutgens et al., 2007).   

Mammals are homeostatically regulated to remain at a slightly alkaline state, maintaining 

a pH of 7.4.  Most cathepsins are found to be active only in acidic environments, as seen 

in the lysosomes and late endosomes.  Therefore, when cathepsins are secreted from the 

cell they are often inactivated.  However, it has been well documented that in 

inflammatory conditions the pH can drop below 3.7 in adhering macrophages and 

osteoclasts, which would create a microenvironment to allow secreted cathepsins to be 

active and degrade a portion of the extracellular matrix (Punnia-Moorthy, 1987; Silver et 

al., 1988; Savina & Amigorena, 2007).  Pertaining to the degradation of the extracellular 
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matrix, cathepsins have specific substrate preferences: CtB and CtL degrade collagen 

type II, IX, and XI, where CtK has a strong elastolytic activity (Lutgens et al., 2007). 

While cathepsins are essential to cellular function, they must be tightly regulated to 

protect the organism and cell from untargeted protein degradation, which could be 

cytotoxic.  There are two general ways that proteolytic enzyme activity is controlled. 

First, these enzymes are synthesized as inactive or less active precursor molecules, or 

zymogens.  Second, there is a co-evolution of endogenous inhibitors which form 

complexes with the protease that are frequently irreversible (Wiederanders et al., 2003).  

The importance of mechanisms working effectively is demonstrated by different disease 

states.  For example, many familial hemophelias occur because of a mutation in specific 

proteases which lead to the activation of zymogens.  Familial emphysema is caused by a 

mutation in α1-inhibitor, which is responsible for the inhibition of leukocyte elastase, 

leading to the destruction of connective tissue in the lungs (Neurath, 1984). 

The structure of these cathepsins is composed of three parts: the N-terminal signal 

sequence that directs the protein where to go in the cell, the prosequence that cleaved 

from the zymogen to activate the protease, and the active enzyme (Wiederanders et al., 

2003).  In the N-terminal region there is a targeting sequence that ensures that it is 

trafficked to the lysosome via a mannose-6-phosphate receptor (Moin et al., 2000; 

Naureckin et al., 2007).  After cathepsins are synthesized they move to the endoplasmic 

reticulum where they are transformed from the preproenzyme into a proenzyme.  

Activation occurs when they are moved into an acidic environment, as found in the late 
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endosomes or lysosomes, where the low pH and other proteases cleave off the pro- 

portion of the enzyme (Lutgens et al., 2007).   

Cystatins are the most common endogenous inhibitors for cathepsins.  These protease 

inhibitors help compartmentalize their activity by inhibiting cathepsins that have escaped 

to undesirable areas, therefore they are found in high concentrations in the cytoplasm and 

extracellular space (Chapman et al., 1997).  Cystatin A and B act intracellularly, unlike 

cystatin C which is primarily active extracellularly.  Cystatin C is most effective against 

CtL and CtS, but it is also effective against CtB and CtH (Lutgens et al., 2007). 

The imbalance of cathepsins can be problematic.  Some human diseases have been 

attributed to cathepsin deficiencies, but since many of the functions of cathepsins overlap, 

few phenotypic changes are noticed in knock out animals (Lutgens et al., 2007).  As 

previously mentioned, the overexpression of cathepsins has also been shown to lead to 

the development of disease states.  For example, CtL is involved in the pathogenesis of 

diseases such as arteriosclerosis and lung emphysema through its collagenase and 

elastase degrading activity. It is also thought that CtL and CtB are involved in 

osteoporosis, cancer metastasis, rheumatoid arthritis, and mediating some infectious 

diseases. CtB is thought to play a major role in the development of tumors, because 

expression levels have been highly correlated with increased growth (Menzel et al., 

2006).  Other specific roles of cathepsins link CtL with the development of cardiomegaly, 

a primary cause of congestive heart failure.   Aortic banding or angiotensin II induced 

CtL expression has been found to block Akt and GSK3β phosphorylation, which are two 

important enzymes in energy metabolism in cardiac tissue (Tang et al., 2007). 
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REGULATION OF CATHEPSIN EXPRESSION 

Each of the cysteine protease cathepsins are differentially regulated, even though they are 

in the same class.  One hallmark sign of malignant transformation of tumors is an 

upregulation and increased secretion of CtB and CtL among other proteinases.  This 

emphasizes that cathepsins are not only differentially regulated in different tissues, but 

have altered expression in pathological states (Twining, 1994).  Cathepsins have complex 

transcriptional regulation, involving the coordination of numerous transcription factors 

and alternative splicing in different tissues or pathological states.  For example for CtB to 

be transcribed it requires the coordination of the transcriptional factors Ets1, Sp1 and Sp3 

as well as USF1 and USF2 to bind to the E-box before exon 1.  Studies have shown there 

are also alternative promoters for CtB in front of exon 3 and exon 4 (Yan & Sloane, 

2003). 

There is some evidence that certain signaling pathways help regulate certain cathepsins. 

NFκB, one of the primary transcription factors involved with inflammation that is 

activated through toll-like receptors, has been found to regulate CtK expression in 

osteoclasts. CtK helps mediate bone resorption, a process that occurs extracellularly in 

the slightly acidic pits between the bone and osteoclasts.   Through the activation of 

NFκB, CtK is thought to play a role in the development of athrosclerosis and 

osteoarthritis (Podgorski, 2007).  Studies have demonstrated that the NFκB pathway is 

also involved in the regulation of CtB expression.  Through the NFκB transcription 
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factor, TNF-α has been shown to induce cytosolic CtB expression that can lead to 

apoptosis (Foghsgaard et al., 2001).   It is possible that there is an NFκB binding site in 

the promoter for CtB, because there is a definitive correlation between NFκB expression 

and upregulation of CtB.  When NFκB is inhibited in the presence of a CtB agonist, CtB 

expression is limited (Bien et al., 2004).  In HeLa cells there is an induction of CtB 

mRNA, protein, and enzyme activity level with the activation of the NFκB pathway, 

however this correlation may be specific to this cell line (Bien et al., 2004).  Extracellular 

accumulation of mature CtL is upregulated by inflammatory stimuli, as observed in 

interferon-γ-treated macrophages and lipopolysaccharide (LPS)-activated dendritic cells 

(DCs) (Menzel et al., 2006). 

Another pathway that has been found to regulate cathepsin expression is FOXO1. 

Overexpression of FOXO1 leads to the induction of CtL expression in the muscle.  The 

FOXO family of transcription factors has been found to regulate a variety of biological 

processes including metabolism, cell proliferation, apoptosis and stress response.  For 

example, in the liver, FOXO1 activates gluconeogenic enzyme genes such as PEPCK 

(phosphoenolpyruvate carboxykinase) and G6Pase (glucose- 6-phosphatase) and in 

muscle FOXO1 also appears to be important for the utilization of lipids and autophagy.  

These functions are especially important during starvation when FOXO1 is upregulated, 

which leads to an increase in CtL expression causing autophagy of tissue to meet energy 

needs.  CtL expression was found to be maintained at high levels for 48 hours, when 

other starvation targets, such as FOXO1 and Gadd45a, decrease.  It is thought that either 

CtL mRNA is very stable or that there is another factor signaling CtL upregulation. 
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However, in FOXO1 knockout mice, it was found that CtL was not as strongly induced 

during a 24 hour starvation as in wild type mice, suggesting that FOXO1 pathway 

activation is important for CtL expression (Yamazaki et al., 2010). 

 

 

ROLE OF CATHEPSINS IN EXTRACELLULAR MATRIX REMODELING 

Many of the pathologies associated with increased cathepsin expression discussed in the 

literature are correlated with their ability to degrade the extra cellular matrix (ECM) and 

contribute to ECM remodeling.  ECM remodeling is important in the development of 

disease states, including athrosclerosis, aneurysms, and expansion of adipose tissue in 

obesity (Lutgens et al., 2007).  For example, in obesity, adipocytes hypertrophy as they 

become engorged with lipids.  To allow for the expansion of the cells fibronectin, an 

important component in ECM, must be degraded.  CtL has been shown to play a primary 

role in the proteolysis of fibronectin in adipose tissue (Yang et al., 2007). 

Macrophages mobilize proteinases and participate in the pathophysiological remodeling 

of the ECM in numerous tissue-destructive diseases (Menzel et al., 2006); such as 

athrosclerosis, aneurysm formation, neointima formation and neovascularization 

(Lutgens et al., 2007).  While there are many proteases, cathepsins B and L appear to play 

a major role in the destruction of the ECM caused by the accumulation of macrophages in 

response to inflammation, especially in the remodeling of elastin- rich tissues (Liu et al., 

2004).  ECM remodeling from adherent macrophages may be caused by the activation of 
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the novel caspase-3 pathway, which has been found to trigger the extracellular release of 

CtL in addition to the cleavage of extracellular matrix components (Cailhier et al., 2008).  

Additional support for the involvement of cathepsins in tissue remodeling is found in 

atherosclerotic lesions with the concurrent over expression of CtS, CtK, and CtL and a 

simultaneous under-expression of cystatin C, the endogenous inhibitor of extracellular 

cysteine proteases, which leads to the potentiation of ECM dissolution.  CtS, CtK and 

CtL are known for their elastolytic and collagenolytic tendencies; therefore it is thought 

that these proteases are being secreted to remodel the vascular wall (Liu et al., 2004).  

 

CONNECTION BETWEEN OBESITY AND CATHEPSINS 

One of the clearest links between cathepsins and obesity is shown through the expression 

of cathepsin S (CtS), which a unique cysteine protease because it has been found to be 

confirmationally stable and proteolytically active at physiologically neutral pH (Taleb & 

Clement, 2007).  CtS is overexpressed in adipose tissue from obese subjects, additionally 

CtS mRNA level in subcutaneous adipose tissue and circulating levels of CtS are 

positively correlated with BMI, body fat, and plasma triglycerides (Taleb et al., 2005).  

This cathepsin has a role in degrading the ECM, which would allow for increased 

adiposity through the expansion of fat mass (Taleb and Clement, 2007).  Weight loss 

leads to a decrease in serum CtS; three months after gastric bypass there was a 25% 

decrease in CtS enzymatic activity and a 30% decrease in subcutaneous adipose tissue 

expression of CtS (Taleb et al., 2006).  It is thought that CtS contributes to the 
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pathologies associated with obesity due to evidence that proinflammatory stimulation 

with LPS, IL-1β and TNF-α of human subcutaneous explants leads to increased 

expression of CtS (Taleb et al., 2005).   CtS could be considered a biomarker for both 

diabetes and atherosclerosis.  Both conditions involve extensive degradation of aortic 

elastin which is marked by a significant increase in circulating CtS with insufficient 

levels of cystatin C to inhibit the cathepsin.  Additionally, patients with a history of a 

prior myocardial infarction or unstable angina pectoris, which are frequently co-

morbidities of obesity, had elevated levels of CtS (Liu et al., 2006).  Studies have 

demonstrated the deleterious effects that overexpression of CtS has on the cardiovascular 

system, for example it has been shown to contribute to the degradation of arterial walls in 

atherosclerosis (Lutgens et al, 2007).   

There are many links between cathepsins and the development of cardiovascular disease.  

For example, a strong correlation has been demonstrated between CtL serum levels and 

the severity of coronary disease (Bengtsson et. al, 2008).  Another link has been revealed 

through the expression of the endogenous inhibitor, cystatin C, which has recently 

become a candidate as a biomarker for cardiovascular disease.  Obese subjects have a 

significantly higher serum level of cystatin C compared to their lean counterparts.   It has 

been found to be secreted from both omental and subcutaneous adipose tissue and is 

twice as high in non-adipocytes compared to adipocytes, as determined from biopsies.  

This suggests a link between adipocity and cystatin C production (Naor et al., 2009). 

As previously stated, obesity is an inflammatory condition.  Cathepsins appear to 

contribute to the secretion of certain cytokines that mediate the inflammatory response.  
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One inflammatory cytokine is IL-1β.  For IL-1β to be efficiently released it needs both 

the activation of toll-like receptors and nod-like receptor (NLR) inflammasome 

activation.  Inflammasome complexes require the activation of inflammatory caspases 

such as caspase-1.  Caspase-1 is an essential component in the transformation of pro-IL-

1β to the mature form.  Alternatively, tetanolysin-O (TLO) activation leads to the release 

of IL-1β via the activation of the NLRP3 inflammasome, which requires CtB and partial 

contribution of CtL (Chu et al., 2009), thus revealing a role that cathepsins have in the 

secretion of IL-1 β.  

Cathepsins have also been shown to contribute to the development of atherosclerosis.  

Cholesterol crystals, which develop as cholesterol accumulates and aggregates in the 

cytoplasm of foam cells, are recognized as a hallmark of atherosclerotic lesions.  The 

cholesterol crystals were found to cause lysosomal damage in the macrophages that 

engulfed them, leading to a release of lysosomal proteases such as cathepins into the 

cytoplasm (Rajamki et al, 2010).  These crystalline formations lead to the activation of 

caspase-1 to form an NLRP3 inflammasome.  This inflammasome leads to the secretion 

of cytokine IL-1β through the previously mentioned mechanism.   This could provide a 

partial explanation of when CtB or CtL is knocked out in ApoE deficient mice there is a 

reduction of inflammation and a drastic reduction of atherosclerotic lesions (Duewell et 

al., 2010). 

 

Cathepsins have been shown to play a role in adipocity beyond ECM degradation and 

lipid metabolism.  Yang et al. (2007) cultured both 3T3-L1 adipocytes and human 
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adipocytes, and treated them with either a CtL inhibitor alone or a combination CtL/ CtB 

inhibitor (E64). The cathepsin inhibitors caused the cells to have altered insulin receptor 

and insulin like growth factor-1 receptor processing, an endocytic process, and a 

decreased ability to accumulate lipids during adipogenesis.  These findings were 

duplicated on a systemic model in mice, where they compared CtL-/- to C57BL/6J mice 

who had a similar caloric intake of a HFD.  They found CtL-/-  to have reduced levels of 

serum glucose and insulin compared to the control group.  Additionally, the CtL-/- mice 

were lean and had higher expression of insulin receptors and glucose transporter 4.  They 

used a pharmacological CtL inhibitor on a second mouse model, ob/ob, and found the 

mice gained less weight, had improved glucose tolerance, and had lower basal insulin 

levels.  In humans they found that non-diabetic, obese subjects had a much higher serum 

concentration of CtL compared to lean controls.  CtL serum levels, irrelevant of the 

weight of the subject, were significantly higher in diabetic subjects.  Therefore, they 

concluded that CtL can cause insulin resistance and increased adiposity and that an 

exogenous inhibitor may be able to improve insulin resistance (Yang et al., 2007). 

Conversely, Hung et al. (2003) found that impaired cathepsin L gene expression in 

skeletal muscle is associated with insulin resistance in mice and humans.  Their goal was 

to determine what kinds of genes were abnormally expressed in skeletal muscle in a HFD 

that induced insulin resistance.  Two different mouse models were used; C57BL/6J mice 

which are genetically prone to develop diabetes, especially when given HFD, and NMRI 

mice which are resistant to diabetes. Muscular tissue was collected at 3 and 15 months of 

HFD feeding.  Using an insulin clamp, all HFD mice at both time points were determined 

insulin resistant.  They found that the insulin sensitive, control mice had a higher 
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expression of CtL in the gastrocnemius, and that CtL muscle expression had an inverse 

correlation with plasma glucose. This finding was confirmed in humans.  They collected 

a muscle biopsy in twins that were discordant for type 2 diabetes (DM2) and control 

subjects before and after an insulin clamp.  They found that insulin stimulated CtL 

expression in human muscle in control and non-diabetic subjects, but not in DM2 

subjects.  Concluding that CtL mRNA expression is proportional to insulin mediated 

glucose uptake and that chronic hyperglycemia leads to a downregulation of CtL (Hung 

et al., 2003). 

 

CtS, CtK and CtL expression in adipose tissue has a positive correlation with BMI.  

Human studies show that adipocytes from obese subjects have elevated secretion of CtS, 

and weight loss leads to decreased presence in serum and adipose tissue (Clement and 

Taleb, 2007). Inflammatory markers enhance CtS and other cathepsin expression.  CtS is 

secreted from adipose tissue and has local paracrine affect on vascular structure as well as 

a systemic effect on the circulation (Marcus and Stern, 2006).  Studies have shown that 

CtS and other cysteine proteases have a possible role in preadipocyte differentiation 

through fibronectin cleavage, therefore CtS enables adipogenesis and fat mass expansion 

(Clement and Langin, 2007).   
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CATHEPSINS IN OBESITY RELATED PATHOLOGIES  

 

CATHEPSINS IN INFLAMMATION 

Cysteine proteases have been known to play a role in mediating the adaptive immune 

response especially in antigen presentation; however, it is only recently that these 

cathepsins have been shown to contribute in the development of the innate immune 

response. For example, cathepsins appear to contribute to the propagation of the 

inflammatory response.  Additionally, CtS concentrations have also been found to 

increase with exposure to inflammatory factors like LPS (lipopolysaccharide) and TNF-α, 

and CtS expression increases in inflammatory conditions, such as obesity.  Higher levels 

of CtS and cystatin C, an endogenous cathepsin inhibitor, are seen with increased 

adiposity in adipose tissue (Taleb and Clement, 2007).  With increased visceral obesity 

there is a greater infiltration of macrophages.  When preadipocytes were grown in 

medium conditioned by macrophages there was a higher level of CtS secretion compared 

to preadipocytes grown in standard medium.  Therefore, one explanation of the increase 

in circulating CtS in obesity is that interactions with adipocytes and macrophages 

influence CtS secretion (Taleb and Clement, 2007).  As previously mentioned, 

disturbance of the normal balance of cathepsins has been correlated with disease; the 

dysregulation of cystatin C and cysteine proteases has been implicated in many diseases 

related to inflammation and immunity, such as arthritis, atherosclerosis, and neurological 

disorders.     
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In clinically stable cystic fibrosis patients, CtS and CtB expression were measured in 

their sputum.  Enzymatic activities of cathepsins were detected in all samples, with mean 

concentrations of CtB at 18.0 µg/ml and CtS at1.6 µg/ml; the concentrations of the 

cathepsins were found to correlate not only with each other but with the expression of 

nutrophil elastase, TNF-α, and IL-8 (in all cases p < 0.05).   Airway CtB expression 

further correlated with circulatory IL-6 and C-reactive protein (Martin, 2010).  This 

supports the relationship between inflammation and cathepsin expression, and the role 

that cathepsins could serve as markers of inflammation.  Furthermore, CtL inhibition is 

found to impede inflammation and cardiac hypertrophy by blocking the AKT/GSK3β 

cascade (Tang et al., 2009).  IL-6 has been found to induce CtL mRNA, protein, and 

enzymatic activity in epithelial cells in a dose dependant manner but has no effect on 

CtB.  IL-1β, IL-10, and HGF had no effect on either cathepsin (Gerber et al., 2001). 

There is growing evidence that CtK expression is correlated with inflammation, 

especially expression mediated through toll-like receptor 9.  Inhibiting CtK with an 

exogenous specific inhibitor causes a reduced inflammatory response, as shown by 

limited development of osteoarthritis in susceptible rats (Podgorski, 2007).   

Ha et al. (2008) found that CtB was responsible for the secretion of TNF-α.  Studies have 

shown that the secretion of TNF-α is regulated through a process which involves 

cholesterol-dependant lipid raft formation in activated macrophages.  Through CtB’s 

endopeptidase functions at a neutral pH, it is thought that CtB is involved in the 

intracellular trafficking of TNF- α to the membrane through vesicles, but not involved in 

the posttranslational modification to activate the cytokine.  In classically activated 
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macrophages and monocytes, inhibiting CtB with a commercially produced CtB inhibitor 

(CBI) almost completely blocked the secretion of TNF- α (Ha et al., 2008).  Other studies 

have also shown CtB to play an important role in the secretion of mature IL-1β, in a 

caspase-1 dependant manner.  CtB activates inflammasome formation, the inflammasome 

triggers caspase-1, and caspase-1 cleaves pro-IL-1β to form the mature IL-1β (Morishige 

et al., 2010).  Additionally, using exogenous inhibitors (CA-074Me and E64-d) to block 

the action of CtB was observed to impede the maturation of IL-1β from the pro-form.  It 

was also found that inhibiting CtB prevented the activation of caspase-1, which has been 

found to be required for the maturation and secretion of IL-1β (Terada et al., 2010).  

 

Animal studies with cathepsin knockout animals related to obesity 

Many cathepsin knockout models seem to have limited physiological differences from 

wild type mice; this is most likely due to the compensatory roles many cathepsins play.  

The only phonotypic distinction that CtL-/- mice develop is hair loss from alterations of 

the hair follicle morphogenesis and cycling (Lutgens et al., 2007); otherwise these 

knockouts appear to be very healthy. However, problems can be detected on a molecular 

biological level and is often tissue specific. CtL-/- mice show a lysosomal system disorder 

indicated by an increase in the number and alteration in the morphology of acidic 

organelles.  In cardiac tissue, this leads to the dysfunction of cardiomyocytes from the 

loss of cytoskeletal proteins and mitochondrial impairment, however skeletal muscle 

function does not appear to be altered in CtL-/- mice (Tang et al., 2009).   On a HFD CtK-/- 
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mice had significantly lower body weight, white adipose tissue, brown adipose tissue, 

liver mass, and percentage of body weight compared to WT animals.  These animals had 

greater lipolysis, lower plasma triglycerides, cholesterol, and leptin compared to HFD fed 

WT counterparts (Funicello et al., 2007).  

To further understand the role cathepsins play in the development of obesity related 

pathologies, such as atherosclerosis, knockout animals were created in animal models 

that were prone to developing atherosclerosis such as LDL receptor knockout (LDLR-/-) 

or ApoE-/-.  Several cathepsins are found in atherosclerotic lesions, including S, K, B, L, 

H, F, and W, with a concurrent reduction in expression of their endogenous inhibitor, 

cystatin C, leading to increased protease activity (Bengtsson et al., 2008). However, when 

LDLR -/- mice are crossed with CtS-/- mice and fed a high-fat diet they demonstrate a 

decreased rate of atheroma lesion development compared to LDLR-/- mice (Taleb and 

Clement, 2007).  LDLR-/- mice who were CtL-/- or CtK-/- and fed an athrogenic, high-fat 

diet also developed much smaller lesions (Kitamoto et al., 2007).  It is thought that both 

CtS and CtL increase the propensity to develop atherosclerosis due to their elastolytic and 

CtL collagenase capacity, which would alter the vascular wall through ECM remodeling.   

ECM remodeling of the vascular wall allows for the migration of monocytes and smooth 

muscle cells into the vascular wall, which promotes the development of atherosclerotic 

lesions (Taleb and Clement, 2007; Kitamoto et al., 2007).  Cystatin C is known to inhibit 

cathepsins K, B, H, L and S.  Mice susceptible to atherosclerosis (ApoE -/-) that were 

knockout cystatin C had larger plaque formation, greater macrophage lipid content, and 

greater elastic lamina degradation compared to just the ApoE -/- mice (Bengtsson et al., 
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2008).  In mice where cystatin C was inhibited there was a simultaneous increase in the 

expression of CtB, CtL and CtS in aortic extracts (Lutgens et al., 2007).  

 

Role of cathepsins demonstrated by human studies  

While we gain a large amount of insight about diseases that affect humans through the 

use of animal models, sometimes what is observed in one species is not consistent with 

another.  Cathepsins clearly play important roles in the development of various 

pathologies in animal models, which has been shown by either giving them an exogenous 

inhibitor or by knocking out cathepsin genes.  It is much more challenging to study the 

role of specific proteins in humans, however from the data that can be collected from 

humans, such as from serum or tissue biopsies, cathepsins doubtlessly contribute in 

mediating inflammation, tumorgenesis, obesity and other pathologies.  Due to the 

stability of CtS in neutral pH it has been extensively studied as a secreted protease.  

Circulating concentrations of CtS are elevated in obese subjects and are positively 

correlated with body mass index, body fat, and triglyceride concentrations (Marcus and 

Stern, 2006).  CtS plays a role in adipogenesis, especially in the early phases of 

differentiation by degrading the ECM, specifically fibronectin, which allows for lipid 

accumulation in growing adipocytes (Taleb and Clement, 2007).  In human endothelial 

progenitor cells, which are essential in the regeneration of vascular endothelium and 

neovascularization, there is a dose dependant correlation between the expression and 

activity level of CtL and blood glucose in humans; the higher the glucose concentration, 
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the lower the enzymatic CtL activity.  It appears that this is a post-transcriptional 

downregulation of CtL since CtL mRNA level was not altered (Urbich et al., 2008).  

From these findings it was hypothesized that the reduced activity of CtL contributed to 

the development of cardiovascular disease in uncontrolled, type two diabetes.  

 

CATHEPSINS IN ATHEROSCLEROSIS 

Atherosclerosis is the thickening of arterial walls caused by fatty deposits which 

accumulate and eventually can cause the arteries to become occluded. The development 

of atherosclerosis is a complicated process that is characterized by the formation of 

lesions in the arterial wall.  These lesions are filled with macrophages, smooth muscle 

cells, and foam cells, smooth muscle cells or macrophages that have accumulated LDL.  

As mentioned earlier, in atherosclerotic lesions there is an upregulation of many 

cathepsins such as S, K, B, L, H, F, and W (Bengtsson et al., 2008).  Data suggests that 

CtB, CtF, CtK, and CtB contribute to extracellular lipid accumulation in the arterial wall. 

Cathepsins have been found to contribute to the development of atherosclerosis in many 

ways, including their role in degrading proteins in the ECM to allow for lipid laden 

macrophages to enter and accumulate in the arterial wall. Cathepsins are also involved in 

the intracellular trafficking of lipids and the phagocytosis of lipoproteins from blood 

(Lutgens, et al., 2007).   

It is likely that many of the cathepsins present in the arterial wall originated from 

macrophages. For example, CtL expression in atherosclerotic lesions was correlated with 
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the amount of CD68 positive macrophages, and not smooth muscle cells.  CtL was 

significantly elevated in plaques that had formed a necrotic core and rupture of the cap.  

Expression appears to be correlated with apoptosis.  Subjects that were positive for 

coronary artery disease expressed high levels of CtL, cellular lipids, and apoptosis 

compared to asymptomatic patients (Li et al., 2008).  There is a causative link between 

the presence of oxidized low-density lipoprotein (oxLDL), which contains toxic oxidated 

lipids, and the development of atherosclerosis.  The oxidized lipids found within oxLDL 

lead to the creation of compounds such as: oxysterols, hydroxyperoxides, and carbonylic 

fragments, which can all be cytotoxic due to their destructive effect on lysosomal 

enzymes and membranes.  Circulating oxLDL is engulfed by macrophages.  The 

absorption of oxLDL causes the lysosome to leak, which allows CtB and CtL to be 

relocated into the cytosol and can induce apoptosis (Lutgens et al., 2007).   

Cathepsin S has been found to be upregulated in obese patients and has become a 

biomarker for obesity related pathologies.  In atherosclerotic plaques there is an abnormal 

increase in CtS compared to an undetectable level of CtS expression in healthy arteries. 

LDLR -/- (atherosclerotic prone) and CtS -/- double knockout mice are protected from high-

cholesterol induced athroma development (Clement and Langin, 2007).  Increased 

expression of CtS could be a link between obesity and atherosclerosis due to the 

deleterious effect CtS has on vascular walls.  Inhibition of the individual cathepsins CtS, 

CtK, and CtL lead to a reduction of the development of atherosclerosis by decreasing 

ECM remodeling of the arterial wall.  Therefore, increased expression of cystatin C 

would have a protective effect on the pathogenesis of obesity through its ability to inhibit 
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the modulation of the ECM that accommodates the hypertrophy of adipocytes and the 

degradation of arterial walls (Lafarge et al., 2010).   

Macrophages are classified as foam cells once enough oxLDL is absorbed; foam cells 

penetrate the arterial wall and lead to the development of an athroma lesion. When lipids 

are oxidized in LDL, the toxic metabolites alter the lysosomal enzymes and membranes 

of the cell they are in.  The free radicals and toxic metabolites accumulate from the 

oxidized LDL and create enough damage to cause the lysosome to rupture, leading to the 

relocation of CtL and CtB into the cytoplasm and can precede to apoptosis (Lutgens et 

al., 2007).  When oxLDL is absorbed in macrophages it also induces CtS expression, 

linking a cathepsin with foam cell formation (Bengtsson et al., 2008).  CtS could also 

facilitate in the transmigration of macrophages through the degradation of the vascular 

wall, which would facilitate the development of atherosclerosis (Taleb and Clement, 

2007).  CtB and CtL have been co-localized with apoptotic macrophages.  Inhibitors of 

CtB and CtL have been found to protect against oxysterol-induced apoptosis and reduced 

activation of caspase-3, an enzyme known to induce apopotosis once activated 

(Bengtsson et al., 2008).  When CtB is inhibited there is a 41% reduction in the 

degradation of modified LDL.  Decreased lysosomal degradation may lead to the 

accumulation of modified LDL in smooth muscle cells and macrophages, therefore 

leading to the development of foam cells (Lutgens et al., 2007).  

In ApoE-/- mice there was a significant increase in CtB, CtD, CtL, and CtS compared to 

C57BL/6 mice after both 10 and 20 weeks, but no noticeable difference in the expression 

of cystatin C.  There was a much higher expression of cathepsins in the lesions compared 
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to non-affected areas in the aorta.  They found the expression of CtB, CtD, and CtL 

correlates with the macrophage marker CD68 (Jormsjo et al., 2002).   

Protenases are released with inflammatory cells to facilitate their invasion into tissues 

(Twining, 1994).  Cathepsin activity may be enhanced by inflammation, as demonstrated 

by the increase in CtL and CtS activity after inflammatory cytokine stimulation (Lutgens, 

et al., 2007).  Studies have shown that serine and cysteine proteases play an important 

role in both the initiation and progression of atherosclerotic lesions.  CtL, CtB, and CtS 

levels are elevated within the endothelial cells, smooth muscle cells, and macrophages in 

animal models, and in human athromas, abdominal aortic aneurysms, and neointima 

formation (a thickened layer that forms on vascular walls after injury).  In studies that 

used either the LDLR-/- or ApoE-/-, proatherogenic mice, found that mice that also had 

CtS, CtK, and CtL knocked out had a significantly reduced development of 

atherosclerosis (Cailhier et al., 2008). 

 

CATHEPSINS IN CELLULAR CHOLESTEROL METABOLISM  

Cholesterol has many important roles in the body, such as maintaining proper membrane 

fluidity and cellular signaling; too much or too little cholesterol is detrimental to health.  

Cellular cholesterol synthesis, uptake, and processing reactions are regulated in a 

complex manner primarily through two nuclear receptor systems, sterol regulatory 

binding proteins (SREBPs) and liver X receptors (LXRs).  The SREBP pathway is 

involved in detecting the cholesterol levels of cell membrane and activates cholesterol 
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synthesis by regulating LDL receptor and HMG-CoA reductase genes.  LXR activation, 

through oxysterols, increases reverse cholesterol transport, which is the removal of 

cholesterol from peripheral cells (Ikonen, 2008). 

 

Hypertrophied adipocytes, found in obesity, have been shown to have a decreased 

amount of cholesterol and are therefore considered cholesterol-deprived.  This state leads 

to an upregulation of SREBP2, which is responsible for the upregulation of genes 

involved in synthesis of cholesterol (Le Lay et al., 2004).  There is strong evidence 

showing the manipulation of adipocyte cholesterol balance may alter gene expression 

profiles of metabolic genes involved in the development of the co-morbidities associated 

with obesity, including an increase in fatty acid synthase, a decrease in Glut4, and an 

increase in Glut 1 (Le Lay et al., 2004).  Bartz et al. (2009) found that many cholesterol 

regulating genes are managed by transcription factor TMEM97.  It is upregulated in 

cholesterol depleted cells and controls the expression of cholesterol trafficking and 

sensing genes such as NPC1, NPC2, LDLR, and SREBP.  

 

When tissues accumulate too much cholesterol the body maintains cholesterol 

homeostasis through reverse cholesterol transport, a process that removes cholesterol 

from cells and brings it to the liver.  Macrophages are involved in reverse cholesterol 

transport.  Macrophages donate cholesterol to HDL, HDL brings cholesterol to the liver, 

and the liver converts cholesterol to bile for excretion or recycles it into VLDL particles. 

Macrophage elimination of cholesterol is therefore an important process that helps reduce 

the development of atherosclerotic lesions (Ikonen, 2008). 
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Macrophages play a pivotal role in the development of atherosclerosis because they can 

turn into foam cells, which are macrophages/smooth muscle cells that have accumulated 

modified LDL in lipid droplets in their cytosol (Ikonen, 2008).  When the cholesterol in 

LDL become oxidized, as seen in conditions of oxidative stress and hyperlipidemia or 

certain genetic disorders, the transport of cholesterol in macrophages becomes hindered.  

This process leads to the development of foam cells (Miller et al., 2010).   

 

Cathepsins and their inhibitor, cystatin C, play a role in all elements of the development 

of atherosclerosis: lesion initiation, progression, and final rupture (Bengtsson et. al, 

2008).  Cathepsins B, F, K, L, S, and V appear to be equally able to rapidly break down 

apolipoprotein B-100, the primiary apoprotein in LDL, in an invitro study mimicking the 

lysosomal environment.  However, apolipoprotein B-100 can undergo proteolysis with 

CtS at physiologically neutral conditions, pH 7.4, which would allow it to break down 

circulating LDL and decrease the amount of circulating cholesterol carrying capacity 

(Linke et al., 2006).  Incubation of HDL with CtF or CtS leads to a rapid loss of preβ-

HDL, which reduced cholesterol efflux from macrophages by 50% in a minute.  CtF and 

CtK partially degraded lipid free apoA-I and CtS completely degraded apoA-1, therefore 

linking these cathepsins with cholesterol efflux (Lindstedt et al., 2003). 
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ABCA1 and cathepsins in cholesterol trafficking 

While much is known about how cellular cholesterol metabolism is regulated, it is still 

nebulous how cholesterol is trafficked from the lysosomes and other organelles (Chang et 

al., 2006).  Lysosomes/late endosomes contain free cholesterols.  These are either 

trafficked to membranes around the cell, to make them more fluid, or they are converted 

to cholesteryl esters, which are much less toxic than free cholesterol to cells (Chang et al., 

2006).  Foam cells are characterized by cytoplasmic accumulation of cholesteryl esters 

and triglycerides.  Activation of PPARα and LXR lead to cholesteryl ester efflux from 

cells (Chinetti et al., 2006).  

ATP-binding cassette (ABC) transporters are key regulators of cellular cholesterol 

exportation from cells to the liver.  ABCA1 is the rate-limiting step in HDL particle 

formation.  ApoA1, the primary apoprotein of HDL, binds to ABCA1 which allows 

cholesterol and phospholipids to transfer from tissue and leads to the formation of mature 

HDL (Ikonen, 2008). “ABCA1 contributes to late endosomal cholesterol efflux, and late 

endosomal proteins, such as CtD and Neimann-Pick type C1 (NPC1), are somehow 

involved” (Ikonen, 2008).  The role of cathepsins in cholesterol efflux depends on 

localization of cathepsins. Extracellular cathepsins degrade cholesterol acceptors, reduce 

cholesterol efflux, and increase the formation of foam cells (Lutgens et al., 2007) 

 

ABCA1 may have a protective role in the development of atherosclerosis by reducing the 

amount of lipids that accumulate in macrophages and by attenuating the inflammatory 
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response to reduce the amount of macrophages that are attracted to the area (Goldman 

and Krise, 2009).  For example, ABCA1 knockout leads to accumulation of free 

cholesterol in macrophages and triggers an inflammatory response through the activation 

of NFκB and MAPK.   

 

A connection between ABCA1 and CtD has been made. Subjects with low HDL have 

been found to have a defect in ABCA1 and also have low expression of CtD in 

macrophages.  The blockage of CtD expression with either an inhibitor or with siRNA 

causes a reduction in ABCA1 expression in macrophages, leading to the accumulation of 

cholesterol and glycosphingolipid in late endosomes/lysomes (Haidar et al., 2006).  

Further evidence that there is a link between cholesterol trafficking and CtD is found in 

CtD-/- mice, which show an accumulation of cholesterol esters and abnormal levels of 

proteins involved in cholesterol trafficking. In CtD-/- mice there are increased levels of 

ApoE-in LDL/VLDL, which would lead to an elevated influx of cholesterol into cells and 

decreased levels of ABCA1, which would lead lowered efflux of cholesterol out of the 

cells.  This imbalance in cholesterol homeostasis would cause an accumulation of 

cholesterol esters in the brain (Mutka et al., 2010). 

 

NPC and cathepsins in cholesterol trafficking 

In addition to ABC-transporters, the Niemann Pick type C (NPC) system plays an 

important role in cholesterol metabolism, particularly in cholesterol trafficking. The NPC 

system is required for the movement of cholesterol from LDL particles within and 
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beyond the lysosomal system (Munkacsi et al., 2009).  The NPC1-NPC2 pathway is 

thought to act like a checkpoint that senses LDL derived cholesterol in the endocytic 

pathway by carrying free cholesterol from the lysosome/endosome system to the 

cholesterol sensing molecules in the ER (Ory, 2009).  NPC1 & NPC2 are both required 

for lipoprotein derived cholesterol to egress from endosomes and lysosmes. There are 

numerous studies that support a physical interaction between NPC2 and NPC1 to 

transport cholesterol from endosome or lysosome (Munkacsi et al., 2009).  The transfer 

of cholesterol between NPC1 and NPC2 or between two NPC2 molecules happens very 

rapidly and is not temperature dependent; it is just as fast at 37°C as it is at 4°C (Infante 

et. al., 2008).   

Deficiency of NPC1 or NPC2 leads to the accumulation of LDL-derived unesterified 

cholesterol in the late endosomes and lysosomes.   Loss of function of either NPC1 or 

NPC2 results in an accumulation of cholesterol and other lipids within the late 

endosomes/lysosomes.  This causes progressive neurodegeneration, hepatosplenomegaly, 

and premature death; the pathological state is called Neimann Pick C disease (Peake and 

Vance, 2010).  

NPC2 is a small soluble cholesterol transfer protein that favors acidic pH and the 

presence of lysobisphosphatidic acid (LBPA).  LBPA is a phospholipid that is important 

for the formation of highly curved internal membranes of some organelles and is thought 

to be important for cholesterol mobilization from late endosomes (Ikonen, 2008).   NPC2 

has also been called HE1, because Neimann Pick C2 disease is caused by a mutation in 

the HE1 gene, a known lysosomal protein that binds and transports protein (Naureckiene 
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et al., 2000). NPC1 is a large glycoprotein that has 13 membrane spanning domains and 

five constitute a sterol sensing domain. To transfer cholesterol out of the lysosome it is 

thought that NPC2 transfers cholesterol from intra-endosomal membranes or from acid-

lipase-catalyzed ester hydrolysis to NPC1, allowing cholesterol out of the endolysosomal 

system. NPC2 may also have a role in delivering cholesterol to membranes (e.g. plasma 

membrane, ER, recycling endosome, or mitochondria) (Ikonen, 2008).  

Cellular cholesterol accumulates through synthesis and exogenous uptake, predominantly 

from LDL particles.  LDL is internalized through endocytosis and brought into the late 

endosomes/lysosomes.  Cholesterol esters from LDL are hydrolyzed by an acid lipase.  

The unesterified cholesterol is transported to different membranes, primarily the plasma 

and ER, via a NPC1/NPC2 mechanism.  The ER maintains a low cholesterol 

concentration to act as a cellular cholesterol sensor and regulates the production of 

endogenous cholesterol (Peake and Vance, 2010).  Without NPC, LDL is taken up by the 

cell at the normal rate but is unable to reach the ER.  Therefore, endogenous production 

continues causing cholesterol accumulation in the lysosomes (Peake and Vance, 2010).  

Peake and Vance (2010) show a possible mechanism that illustrates the relationship 

between NPC2 and NPC1 in cholesterol trafficking and describes how these two proteins 

could interact in the same pathway.  This would be the only way mice that have NPC1, 

NPC2, or both knocked out would produce the same phenotype.  NPC2 binds to 

cholesterol with high affinity, but is sensitive to modification of the hydrophobic side 

chain, where NPC1 binds to the hydroxyl group on cholesterol.  Their ability to bind to 

cholesterol in opposite directions indicates how they can work together to traffic 
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cholesterol out of the lysosome.  It is also possible that NPC1 transfers cholesterol back 

to NPC2 in the cytosol (Peake and Vance, 2010). 

 

There are some similarities between ABCA1 and NPC2: they both seem essential for 

cholesterol homeostasis and they are both involved in cholesterol trafficking.  However, 

ABCA1 is involved in reverse transport of cholesterol from cells to the liver and NPC2 is 

believed to be involved in transport of free cholesterol from the lysosomes to other parts 

of the cell.  NPC2 is involved in the movement of LDL derived cholesterol inside the 

lysosomes and possibly to other parts of the cell (Naureckiene et al., 2000).  ABC 

transporters also have a role in transporting cholesterol from the plasma membrane to the 

ER (Chang et al., 2006).  

 

NPC2 is primarily located in the lysosome and ABCA1 is primarily located in the plasma 

membrane (Chang et al., 2006).  In Niemann Pick type C disease, cholesterol 

accumulates in certain cells because it cannot egress via the ABCA1 or active transport, 

which could provide evidence that there is a link between NPC2 and this active 

transporter (Munkacsi et al., 2009). 

 

There is a connection between ABCA1 and NPC1.  When lipids accumulate in 

lysosomes/endosomes due to an inactive NPC1, ABCA1 efflux increases to compensate 

for the increased cholesterol synthesis and lysosomal build-up.  The increased efflux is 

caused by an upregulation of ABCA1.  There is a minimal upregulation of Abca1 mRNA, 

so it appears to be regulated at a translational level.  CtD is known to be a positive 



 

38 

 

modulator of ABCA1; when CtD is inhibited there is a reduction of ABCA1 in Npc1-/- 

heptatocytes (Wang et al., 2007).  Figure 1 outlines some of the roles that NPC1, NPC2, 

and ABCA1 have in cholesterol homeostasis.  
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RESEARCH QUESTIONS 

The role of CtS in adipose tissue and as an adipokine is fairly well established.  As are 

the functions of the cysteine protease cathepsins, as elastases and collegenases, used to 

remodel the ECM that accommodates for adipocyte hypertrophy, for the infiltration of 

macrophages into tissue, and for the structural changes in the arterial wall during the 

development of atherosclerosis.  However, these limited tasks do not account entirely for 

the increased expression of cathepsins observed in obese adipose tissue compared to 

tissue from lean counterparts.  It is well established that obesity is an inflammatory 

condition. The link between cathepsins and inflammation seems clear, but the molecular 

mechanisms between how CtL and CtB modulate an inflammatory response is not 

completely understood.  We hypothesize that an apparent connection between cathepsins 

and inflammation can be demonstrated in obesity, specifically in adipose tissue and 

macrophages.   

Another role that has not been explored is that of cathepsins in cholesterol trafficking, 

especially in macrophages.  Exogenous cholesterol from LDL is trafficked through the 

endosomal/lysosomal system.  There are well established links between cholesterol 

crystals and CtB leading to the secretion of IL-1β.  We believe that our research will 

show that cathepsins play a role in eucholesterolemic trafficking, specifically through 

NPC2 as they are both lysosomal proteins.  The ensuing paper will focus on the roles that 

CtL and CtB play in modulating intracellular cholesterol trafficking and how CtL and 

CtB can modulate an inflammatory response.   
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Introduction 

Chronic inflammation affiliated with obesity is known to alter metabolism, which leads 

to the development atherosclerosis and heart disease.  While this association is well 

established, many of the underlying changes that occur at the molecular level in an obese 

state are not well understood.  One class of proteins that has been found to have altered 

expression in obese subjects is cathepsins.  

There are 11 isoforms of cathepsins, or lysosomal proteases, known to mammals. 

Cathepsins are responsible for post-translational processing and degradation of many 

proteins, which are essential roles to maintain cellular and physiological health.  Due to 

their ubiquitous expression they are generally considered housekeeping enzymes, 

however, certain isoforms of cathepsins have been tied to adipogenesis, inflammation, 

and atherosclerosis.  For example, it is known that cathepsin B (CtB) is necessary for 

TNF-α secretion, a mediator of inflammation.  It has also been found that cathepsin L 

(CtL) is expressed at very high levels in atherosclerotic lesions.  

Cathepsin D has been shown to play a crucial role in processing the cholesterol 

trafficking protein ATP-binding cassette transporter 1 (ABCA1); when cathepsin D is 

knocked out ABCA1 becomes trapped causing cholesterol to accumulate in the cell 

(Haidar et al., 2006).  Niemann-Pick type C (NPC) proteins are a class of lysosomal 

proteins involved with cholesterol trafficking.  Aberrations in either NPC1 or NPC2 

structure lead to the accumulation of cholesterol and atherosclerosis. There is very little 
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data on the roles of cathepsins or NPC2 in adipose tissue, and none that currently link 

these two classes of proteins together.   

We hypothesized that modulating cathepsin activity would influence NPC2 expression 

because both are lysosomal proteins and are altered in an inflammatory state. We also 

thought that exogenous cathepsin inhibitors would disrupt the production and secretion of 

pro-inflammatory cytokines in adipocytes and macrophages. The objectives of this study 

were to examine the regulation of cathepsins, specifically CtB, CtL, and NPC2 

expression in adipose tissue and macrophages in genetic and diet-induced obesity. 

Additionally, we explored the regulation of cathepsin activity in cholesterol metabolism 

in macrophages through determining how CtL and CtB affected NPC2 and other 

cholesterol metabolic pathways.   

We found that CtB, CtL, and NPC2 expression in adipose tissue and macrophages was 

regulated by high fat diet feeding and inflammatory mediators.  This regulation displays a 

notable difference between fat depots.  We also found that cathepsins regulated cytokine 

production as well as the expression of NPC2 and the genes involved in cholesterol 

homeostasis in macrophages.  The link between CtB and NPC2 appeared very strong, 

suggesting that these proteins are interregulated or part of a common pathway. Our novel 

findings demonstrated that cathepsins have important roles in regulating inflammation 

and cholesterol trafficking pathways in macrophages.   
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REGULATION OF CATHEPSINS IN ADIPOSE TISSUE OF OBESE ANIMALS  

Previous studies have demonstrated that several cathepsins were upregulated in the 

adipose tissue of obese animals.  However, few reports have suggested what roles 

cathepsins, particularly CtL and CtB, have in inflammation and obesity (Huang et al., 

2003; Yang et al., 2007; Ha et al., 2008).  The first set of experiments focused on looking 

at the expression of cathepsins in adipose tissue of genetic and diet induced obesity.  For 

the genetic model, the Zucker obese rat was used; a mutation in leptin receptors causes it 

to be leptin resistant, obese, and insulin resistant.   

As mentioned previously, the SV fraction of adipose tissue is composed of preadipocytes, 

fibroblasts, macrophages, and other non-adipocytes.  In obesity it is known that there is 

an increased infiltration of macrophages into adipose tissue and the development of 

chronic low-grade inflammation.  To determine how cathepsins are expressed in adipose 

tissue, mRNA levels were analyzed in both the adipocytes and the SV fraction of the 

epididymal fat pad.  Microarray data from the adipocytes and the SV fraction in both the 

lean and obese models (Fig. 2) clearly show that in the Zucker obese rats, the mRNA 

expression of cathepsins (H, L, B, D and K) were significantly upregulated in the SV 

fraction; while there is little difference in the expression of cathepsins (L and B) in 

adipocytes.  This suggests that changes in the SV fraction primarily contribute to the 

altered expression of cathepsins (L and B) in obese adipose tissue.   

We next examined the expression of CtL and CtB protein in adipose tissue of diet-

induced obesity.  C57BL/J6 mice were placed on a commercially produced high-fat diet 
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(HFD) while the control mice remained on regular chow diet (RCD) for 14 weeks.   One 

group of HFD mice was given Roziglidizone (TZD), which is a PPARγ agonist and has 

been found to improve insulin resistance in adipose tissue.  The inguinal pad, a 

subcutaneous fat depot, and the epididymal pad, a visceral fat depot, were analyzed for 

protein expression of CtB and CtL.   

It is well known that there are significant differences in the metabolic activity and 

adipokine/cytokine secretion between the subcutaneous and visceral depots.  Visceral 

adipose tissue is more prone to develop insulin-resistance, is more metabolically active, 

and is more sensitive to lipolytic signaling (Ibrahim, 2010).       

The results showed that CtL was differentially expressed and regulated between the two 

depots in the mice in response to the HFD feeding.  In the inguinal depot of the HFD 

mice there was a much higher expression of the high-molecular-weight form of CtL; 

where in the RCD mice there was a much higher expression of the low-molecular-weight 

form of CtL (Fig. 3 & 4).  In the epididymal depot there was limited expression of either 

isoform in the animals on RCD and there appeared to be equal expression of both the 

high- and low-molecular-weight forms of CtL in the HFD mice (Fig. 3 & 4).  The TZD 

treatment appeared to attenuate the expression of CtL in the epididymal depot.  The 

expression of CtL in the inguinal depot did not seem to be affected by TZD treatment 

(Fig. 4).  Findings from Naour et al. (2010) support these results of differential 

expression of CtL between the depots, they found CtL mRNA levels to be two fold 

higher in obese visceral depots compared to subcutaneous depots.  CtL expression in 
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adipose tissue has been linked to increased adiposity and the development of insulin 

resistance (Yang et al., 2007). 

CtB expression was also differentially regulated between the depots upon HFD feeding 

(Fig. 5 &6).  The inguinal tissue showed the decreased expression of CtB in the mice fed 

HFD.  However, the expression of CtB in the epididymal depot was upregulated in the 

HFD feeding condition.  TZD did not appear to alter the expression of CtB in the two 

depots (Fig. 6). 

 

REGULATION OF NPC2 IN OBESE ANIMALS  

Numerous studies have demonstrated that there is an upregulation of many cathepsins 

such as S, K, B, L, H, F, and W in atherosclerotic lesions (Bengtsson et al., 2008), 

suggesting that cathepsins contribute to the development of atherosclerosis.  Cathepsins 

have been found to be involved in the uptake of modified LDL and intracellular 

trafficking of cholesterol in macrophages, an important process for foam cell formation 

and atherogenesis (Lutgens et al., 2007).  However, the molecular details about which 

molecules are involved in the regulation of this process have not been clearly elucidated.  

NPC2, another lysomal protein, has been recently emphasized due to its role as a 

cholesterol trafficking protein in intracellular cholesterol homeostasis.  It is reasonable to 

raise the question of whether cathepsins and NPC2 have a functional relationship and 

coordinately regulate cholesterol metabolism and inflammation.  The regulation of NPC2 

expression in adipose tissue, in macrophages, and in obesity and inflammation has not 
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been previously reported.  We then determined how obesity influenced adipose tissue 

NPC2 expression.  The DIO mice were used and NPC2 protein expression was examined 

in both epididymal and inguinal depots.   NPC2 expression appeared to be differentially 

expressed between the two depots when they were directly compared (Fig. 7).  C57BL/J6 

mice on the RCD, or control condition, expressed higher levels of NPC2 in the inguinal 

adipose tissue as compared to the epididymal depot.  In the inguinal depot, HFD induced 

a decrease in the expression of NPC2 compared to the RCD mice; where in the 

epididymal depot, HFD appeared to increase the expression of NPC2.  TZD treatment 

was not able to significantly reverse HFD-induced alteration in NPC2 expression in two 

depots (Fig. 7).   

The above data together suggests that the expression of CtB, CtL, and NPC2 in adipose 

tissue was differentially regulated in different fat depots in response to HFD feeding and 

TZD treatment.  Interestingly, changes in HFD-induced expression of CtB and NPC2 

display similar patterns in two fat depots.  HFD induced an upregulation of both CtB and 

NPC2 in epididymal, but a downregulation in inguinal fat depot.  CtL expression in both 

fat depots was upregulated.  TZD can modulate CtL but not CtB and NPC2 expression.   

 

REGULATION OF CATHEPSINS AND NPC2 BY INFLAMMATORY MEDIATORS IN 

MACROPHAGES AND ADIPOCYTES 

Since inflammation in adipose tissue is critical in the development of obesity, insulin 

resistance, and atherogenesis, it is of interest to investigate whether inflammatory 
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mediators regulate the expression of cathepsins and NPC2.  In the first set of 

experiments, the effect of TNF-α on cathepsins was examined in 3T3-L1 adipocytes.  As 

shown in figure 8A, TNF-α does not appear to significantly modulate CtL expression at 1 

ng/mL; this reflects results from the Zucker obese rats.  Neither inflammation nor obesity 

appears to influence cathepsin expression in adipocytes.  However, TNF-α decreased 

intracellular expression of NPC2 and CtB in a dose dependant fashion in adipocytes (Fig. 

8B).  Additionally, TNF-α caused an increase in the secretion of NPC2, CtB and CtL 

from 3T3-L1 adipocytes (Fig. 8B). 

Obesity induces a large infiltration of macrophages in the SV fraction of adipose tissue, 

and those macrophages potentiate the inflammatory response.  Therefore, it is import to 

examine inflammatory regulation of cathepsins and NPC2 in macrophages.  Raw 264.7 

macrophages were used in the following experiments.  We found that LPS treatment for 

24 hours dramatically increased the intracellular expression and secretion of CtL in Raw 

macrophages (Fig. 9A).  CtB is active in acidic environments.  Inflammatory mediators 

are thought to cause local pH reductions (Punnia-Moorthy, 1987); therefore, CtB could 

have its proteolytic effects outside of the cell.  After a twenty-four hour treatment of LPS 

reduced intracellular CtB was noted with an increased secretion of the active form of CtB 

(Fig. 9B).  Due to this evidence and other published work, it seems clear that cathepsins 

and NPC2 are regulated by inflammation in macrophages.   
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REGULATION OF CYTOKINE PRODUCTION BY CATHEPSINS IN MACROPHAGES 

To further investigate the roles that CtB and CtL play in mediating inflammation 

exogenous inhibitors of cathepsins were added to cultured cells.  CtB inhibitor (CBI), 

CtL inhibitor (CLI), and E64, an inhibitor that has been found to target both cathepsins, 

were used.  To determine the role that cathepsins have in the inflammatory response, 

inflammatory cytokines TNF-α, MCP-1, and IL-1β were detected in the conditioned 

medium of Raw macrophages.  All macrophages treated with LPS, regardless of the use 

of cathepsin inhibitors, had a significantly higher secretion of cytokines compared to the 

control groups (Fig. 10-12).   

Out of the three cytokines chosen TNF-α secretion seems to be the most affected by CtL 

and CtB inhibition, especially CtB (Fig. 10-12).  TNF-α secretion was significantly 

muted when CtB inhibitors were used. This effect is supported by Ha et al. (2008) that 

found CtB necessary for secretion of TNF-α.  In addition, the cathepsin inhibitors 

significantly decrease the secretion of LPS induced MCP-1(Fig. 11).  This indicates the 

role that CtL and CtB have in mediating the secretion of MCP-1 (Fig. 11).    

LPS clearly increases IL-1β secretion, but the role that cathepsins play is not clear (Fig. 

12). In another study, inhibiting CtB with exogenous inhibitors (CA-074Me and E64-d) 

was observed to prohibit the maturation of IL-1β from the pro-form.  It was also found 

that inhibiting CtB prevented the activation of caspase-1, which has been found to be 

required for the maturation and secretion of IL-1β (Terada et al., 2010).  We found that 

there is a trend toward decreased secretion with CBI alone, however, E64 shows a 
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significant increased secretion of IL-1β as compared to LPS alone.  CtL appears to have 

no effect on IL-1β secretion compared to LPS alone (Fig. 12).   

The preceding data clearly show that cathepsins have a role in mediating the 

inflammatory response in macrophages. 

 

 REGULATION OF CATHEPSINS ON NPC2 IN MACROPHAGES 

The results obtained from obese animals and in vitro studies suggest that the expression 

of both cathepsins and NPC2 is regulated by inflammatory mediators. In particular, the 

mirrored patterns of CtB and NPC2 expression is regulated by the same pathways or 

interregulated.  To determine if cathepsins regulate NPC2 expression in macrophages, 

Raw macrophages were stimulated with LPS in the presence or absence of the cathepsin 

inhibitors (E64, CLI and CBI).  Intracellular and secreted levels of NPC2 protein were 

detected by western blotting. LPS treatment for 24 hours led to an increase in secretion of 

NPC2, but a decrease in the intracellular NPC2 (Fig. 13).  The presence of three 

cathepsin inhibitors, particularly CBI, significantly attenuated LPS-stimulated NPC2 

secretion and LPS reduced intracellular NPC2 levels (Fig. 13). This indicates that 

cathepsins have a role in regulating NPC2 protein expression and secretion. 
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REGULATION OF CATHEPSINS ON CHOLESTEROL METABOLIC PATHWAYS IN 

MACROPHAGES  

Our results have clearly shown that CtL and CtB have a role in regulating NPC2 

expression. To further determine if CtL and CtB have roles in the regulation of other 

cholesterol metabolic pathways in macrophages, we assessed the effect of cathepsin 

inhibitors on the expression of key transcription factors governing multiple pathways of 

cholesterol metabolism under LPS-stimulated and un-stimulated conditions.    

SREBP2 is a transcription factor that is involved with monitoring cholesterol levels in 

membranes.  Low levels of cholesterol cause the activation of SREBP2, leading to 

increased transcription of genes involved in increasing cellular cholesterol levels, such as 

LDL-receptor and HMG-CoA reductase.  Therefore, SREBP2 mRNA expression reflects 

the status of cholesterol synthesis and uptake.  In this study there is a clear trend towards 

decreased SREBP2 expression with 24 hour LPS treatment; this effect is not influenced 

by cathepsin inhibition (Fig. 14B).  This suggests that cathepsins may not be critical 

regulators of cholesterol synthesis (Fig. 14B).   

 The oxidized LDL receptor (LDL-R ox) is a scavenger receptor that uptakes modified 

LDL.  Oxidation is one of the most common ways that LDL becomes modified, which 

can lead to the generation of free radicals unless it is sequestered in cells like 

macrophages.  There is a clear link between oxidation and inflammation in the NFκB 

pathway activation (Miller et al., 1993; Van Guilder et al., 2006).  We found that 24 hour 

LPS stimulation led to a significant upregulation of LDL-R ox mRNA expression as 
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compared to the control group (Fig. 14B).  E64, CLI, and CBI were all able to 

significantly reduce the LPS induction of the LDL-R ox, which clearly indicates that CtL 

and CtB have a role in regulating the mRNA expression of LDL-R ox (Fig. 14B).    

LXR-α is a transcription factor that is involved with transcribing cholesterol efflux genes, 

such as ABCA1.  In the cells that did not receive LPS stimulation, the 27 hour treatment 

of E64 lead to a significant upregulation of LXR-α gene expression, while CLI 

significantly downregulated LXR-α  gene expression (Fig. 14C).  LPS treatment for 24 

hours significantly reduced LXR-α gene expression (Fig. 14C).  Treatment with any of 

the three cathepsin inhibitors reversed the LPS-induced reduction in LXR-α (Fig. 14C).   

From these results we can conclude that cathepsins modulate cholesterol homeostasis 

primarily through regulating the expression of cholesterol uptake genes (LDL scavenger 

receptor and LDL-R ox) and cholesterol efflux genes (LXR and NPC2). 
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REGULATION OF CATHEPSINS IN ADIPOSE TISSUE OF OBESE ANIMALS  

Cathepsins are lysosomal proteases that are integral in protein turnover and cellular 

metabolism.  CtL is ubiquitously expressed and thought to be one of the most active 

cysteine proteases.  Their expression is tightly regulated, and an overexpression of 

cathepsins is correlated with pathologies that require the breakdown of the extracellular 

membrane including tumor growth and atherosclerosis.  It is well established that 

cathepsins are upregulated with inflammation, and obesity is an inflammatory condition. 

In this study we looked at the regulation of CtL and CtB expression in obese adipose 

tissue, specifically in adipocytes and the SV fraction, as well as in the different adipose 

depots by comparing subcutaneous to visceral adipose tissue.  We also addressed the 

question of whether CtB and CtL are involved in the regulation of inflammation and 

cholesterol metabolism, as both conditions are associated with the development of 

atherosclerosis, an obesity-related pathology. 

We found increased expression of CtL and CtB in the epididymal adipose tissue of both 

HFD induced obese mice and Zucker obese rats to be congruent with our hypothesis.  

Yang et al. (2007) found that in mice, obesity lead to an upregulation of CtL in gonadal 

adipose tissue.  CtB has also been found to be upregulated in epididymal tissue of obese 

mice (Nadler et al., 2000).  Neither study investigated which fraction cathepsins were 

upregulated in.  Through microarray analysis of the SV fraction and adipocytes of the 

epididymal depot of Zucker rats, we found that there was a significant upregulation of 

cathepsins B and L in the SV fraction but not in the adipocytes.  This indicates that 
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dysregulated expression of CtB and CtL in the SV fraction contributes mainly to the 

upregulation of CtB and CtL in obese adipose tissue. 

Abdominal obesity is associated with elevated risks of cardiovascular disease and insulin 

resistance.  This is primarily because visceral adipose tissue is more metabolically active 

and, in obesity, has a greater infiltration of immune cells, like macrophages, as compared 

to subcutaneous tissue (Ibrahim, 2009).  After a Western blot analysis of CtL and CtB in 

epididymal or inguinal adipose tissue of DIO mice, HFD lead to increased expression of 

both CtL and CtB in the epididymal depot but not in the inguinal depot.  This may be 

partially explained by a greater presence of macrophages in the visceral depots because 

they are a source of cathepsins (Collette et al., 2004; Ibrahim, 2010).  Another possible 

reason is visceral adipocytes tend to hypertrophy more than subcutaneous, a process that 

requires ECM remodeling.  Secreted proteinases have been shown to degrade structural 

proteins of the basement membrane, such as collagen, laminin, and elastin (Lutgens et al., 

2007), which would allow room for the expansion of adipocytes.    

These findings also showed that the upregulation of CtL in epididymal adipose tissue was 

mitigated by TZD, while CtB did not appear to be affected by this treatment.  This 

indicates that CtL is downregulated by a factor in the PPAR-γ pathway; a finding that is 

supported by CtL being a FOXO1 target, a transcription factor that directly inhibits 

PPAR-γ activation (Yamazaki et al., 2010).   

In summary, the expression of CtL and CtB in adipose tissue is upregulated in obesity; 

the induction of these cathepsins primarily seen in the epididymal depot after DIO.  
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Adipocytes do not appear to contribute to the upregulation of CtB and CtL in obese 

adipose tissue.  However, the expression of these cathepsins is strongly upregulated in 

obesity in the SV fraction, a heterogeneous component of adipose tissue that has an 

increased infiltration of macrophages in obesity.   

 

REGULATION OF NPC2 IN OBESE ANIMALS  

Both NPC1 and NPC2 play important roles in trafficking LDL derived cholesterol around 

the cell from receptor mediated endocytosis into the endosomal system and maintaining 

cellular cholesterol homeostasis (Ikonen, 2008).  A mutation in either NPC1 or NPC2 

causes Neimann-Pick type C (NPC) disease, which is characterized by an accumulation 

of unesterified cholesterol within the lysosome.  There is significantly more research 

done on NPC1, because 95% of cases with NPC disease are caused by a mutation in 

NPC1. NPC2 has been shown to be a ubiquitous, highly conserved, secreted protein, but 

its expression and regulation in adipose tissue and its function in obesity is not clear.   

We found that NPC2 protein expression in adipose tissue is dysregulated in diet-induced 

obesity, and this dysregulation differs between the adipose depots. In the RCD feeding 

condition, the expression levels of NPC2 protein are higher in the inguinal adipose tissue 

compared to the epididymal adipose tissue.  Interestingly, the influence of DIO on NPC2 

protein expression in the two different depots was opposite.   In the subcutaneous adipose 

depot, specifically in the inguinal, DIO caused a decrease in NPC2 expression; where in 

the visceral adipose depot, particularly the epididymal, DIO lead to increased expression 
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of NPC2.  There is some evidence that NPC2 is essential for the differentiation of mature 

adipocytes and helps maintain mature adipocytes when combined with increased 

expression of PPAR-γ (Cspeggi et al., 2010).  Cspeggi et al. (2010) predict that over 

expression of NPC2 in adipocytes contributes to the development of insulin resistance 

through the activation of FOXO1 pathway.  They found that silencing of NPC2 through 

siRNA lead to increased secretion of adiponectin and increased PPAR-γ expression, two 

factors that are correlated with an improved metabolic state in adipose tissue.  It is well 

known that visceral adipose tissue is more metabolically active and more sensitive to 

lipolysis signals (Ibrahim, 2010).  Therefore, our findings of increased expression of 

NPC2 in visceral obese adipose tissue suggest that NPC2 may play a role the 

development of insulin insensitivity.    

TZD treatment did not appear to modulate the expression of NPC2 caused by DIO in 

either of the depots.  This could be explained by the thought that NPC2 could regulate 

PPARγ expression from an upstream factor, such as through the fibroblast growth factor 

receptor (FGFR) (Cspeggi et al., 2010).  Therefore, expression of NPC2 would not be 

altered by a PPARγ agonist even though they could be involved in a common signaling 

pathway.   

The inguinal depot is relatively inert and functions to store lipids and the epididymal 

depot more actively metabolizes lipids in response to energy needs (Gealekman et al., 

2011).  The finding that HFD causes decreased NPC2 protein expression in the inguinal 

depot may be associated with decreased adipogenesis and lipid storage capacity in this 

subcutaneous depot.  From this we can conclude that DIO leads to increased expression 
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of NPC2 in the more metabolically active visceral adipose tissue and may contribute to 

the development of insulin resistance.  

 

REGULATION OF CATHEPSINS AND NPC2 BY INFLAMMATORY MEDIATORS IN 

MACROPHAGES AND ADIPOCYTES 

Because obesity is closely associated with chronic low-grade inflammation that originates 

in adipose tissue, it is of interest to investigate whether inflammatory mediators regulate 

the expression of cathepsins and NPC2 in adipocytes and macrophages, common cells in 

the SV fraction of obese adipose tissue.  Obesity has been characterized by both 

hypertrophy of existing adipocytes and elevated hyperplasia (adipogenesis) in adipose 

tissue; CtL has been found to play a role in both.  Yang et al. (2007) found that CtL 

inhibitors reduced adipogenesis of 3T3-L1 fibroblasts as evidenced by limited lipid 

accumulation after a differentiation cocktail was applied, where CtB inhibitors showed 

little effect on the ability of these cells to differentiate into mature adipocytes.  They 

believed that this effect was due to the role of CtL in breaking down extracellular 

fibronectin, which can inhibit pre-adipocytes from differentiation (Yang et al., 2007).  It 

was also noticed that in the cells where CtL was inhibited there was a decreased 

expression of PPARγ and C/EBP, two pivotal transcription factors in adipogenesis, which 

was thought to be due to an altered expression of the insulin receptor (IR) and insulin-

growth factor-1 receptor (IGF-1R) (Yang et al., 2007).  However, even though cathepsins 

may mediate a change in metabolism obese adipocytes, we found that the expression of 



 

58 

 

cathepsins did not change much in 3T3-L1 adipocytes with inflammatory stimulation or 

in the adipocyte fraction in Zucker obese rats.   

In agreement with the upregulation of mRNA expression of CtL and CtB in the SV 

fraction of Zucker obese rats, we found that inflammatory signaling was able to 

upregulate cathepsin expression in Raw 264.7 macrophages.  There are vast amounts of 

information supporting the relationship between inflammation and cathepsin expression 

and secretion.  For example, there is evidence that TNF-α leads to increased secretion of 

CtL in adipose derived mesenchymal stem cells (Lee et al., 2010) and CtL expression is 

upregulated by LPS in dendritic cells, similar to monocyte derived immune cells (Menzel 

et al., 2006).  Therefore, our findings that CtL protein expression was upregulated in Raw 

macrophages is strongly supported.   

Secreted CtL is known to degrade the basement membrane of many tissues (Baricos et 

al., 1988; Yamaguchi et al., 1990), which may accommodate the increased hypertrophy 

of adipocytes shown in obesity.  Secreted CtL has been found to be a combination of the 

mature and pro form of CtL, giving it a higher molecular weight than the lysosomal 

mature form.  The combination allows CtL to be catalytically stable at a physiologic pH 

(Collette et al., 2004).  With that understanding, it is possible that inflammatory 

stimulation increases the secretion of the more stable form of CtL from macrophages, 

which would accommodate a greater amount of tissue remodeling and infiltration of 

macrophages.  However, this would have to be tested in future studies by measuring the 

enzymatic activity of the secreted CtL and CtB.  CtB expression has been found to be 
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upregulated with the activation of NFκB pathway (Bien et al., 2004).  In this study, CtB 

secretion was increased significantly with LPS stimulation in macrophages.   

In addition, we found NPC2 to be downregulated in LPS treated Raw macrophages, but 

NPC2 secretion was increased significantly.  Since NPC2 expression has been correlated 

with the development of insulin resistance (Cspeggi et al., 2010), our findings that HFD 

induced an upregulation of NPC2 expression in adipose tissues and increased secretion 

from inflammatory activation of macrophages suggest that NPC2 is involved in the 

inflammatory response in the obese state.   

The above results together suggest that CtL, CtB and NPC2 expression can be modulated 

by inflammation in macrophages, which would contribute to the development of obesity 

related pathologies.   

 

REGULATION OF CYTOKINE PRODUCTION BY CATHEPSINS IN MACROPHAGES 

Many cysteine proteases have been shown to regulate and be regulated by inflammation.  

CtL has been thought to be the most powerful lysosomal protease (Yamaguchi et al., 

1990) and it is known that the functions of CtL and CtB overlap.  Inflammation is known 

to promote pathologies associated with obesity.  It is important to understand the 

molecular mechanisms behind the propagation of inflammation to provide us with the 

tools to mitigate associated pathological states.  Our results have shown that LPS 

upregulated CtL and CtB expression in macrophages.  To further investigate the 

involvement of cathepsins in inflammation at the functional level we used cathepsin 



 

60 

 

inhibitors to examine if the inhibition of CtL and CtB activity would alter the secretion of 

proinflammatory cytokines including: MCP-1, TNF-α, and IL-1β.  As predicted, Raw 

macrophages treated with LPS showed a significant increase in the secretion of the three 

cytokines as compared to basal condition. 

The cathepsin inhibitors did not have a consistent effect on the secretion of three different 

cytokines, which indicates that the cytokines are differentially regulated.  The most 

significant effect was through the addition of CBI or E64, which reduced TNF-α 

secretion after LPS stimulation. This can be supported by the findings from Ha et al. 

(2008).  When CtB was inhibited or silenced through siRNA, there was an accumulation 

of pro-TNF-α vesicles (Ha et al., 2008).  However, the role of CtL in TNF-α secretion has 

not been investigated.  We found that with the addition of CLI there was a trend to reduce 

TNF-α secretion with LPS stimulation; E64 inhibited TNF-α more than CBI alone.  This 

could be explained by the understanding that CtB and CtL have overlapping functions 

(Collette et al., 2004); therefore, both would have an additive effect on the secretion of 

TNF-α. 

We found MCP-1 to be strongly induced by LPS stimulation.  The inhibitors all 

significantly and equally reduce the secretion of MCP-1.  A mechanism on how these 

cathepsins are involved in MCP-1 expression has not been addressed.  However, there is 

evidence of a correlation between the expression of cathepsins and MCP-1.  For example, 

MCP-1 and CtB expression are upregulated in atherosclerotic lesions, but when ApoE is 

added the expression of both is downregulated (Ma et al., 2008).   From this we can 
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conclude that inhibiting cathepsins decrease MCP-1, which could reduce the number of 

macrophages that infiltrate adipose tissue (Ueno et al., 2000).    

IL-1β is clearly upregulated by LPS, but how cathepsins regulated it was not clear from 

these experiments.  There is trend toward decreased secretion of IL-1β through the use of 

CBI, but when using E-64 IL-1β secretion was even greater than LPS alone.  CLI appears 

to have no effect on IL-1β secretion.  Our finding that IL-1β secretion is muted with CBI 

was supported by Terada et al. (2010) who found that CtB is essential for the maturation 

of IL-1β by activating caspase-1.  However, it is not clear why we found that E-64 could 

increase IL-1β secretion.  One possible explanation is that the test that was used to 

measure IL-1β is not sensitive enough to accurately detect the subtle changes in IL-1β 

due to a low concentration present in the medium.  For example, the concentrations of the 

other cytokines were ten to a hundred fold higher than IL-1β, where IL-1β was only 

secreted in tens of pg/mL.    

 

REGULATION OF CATHEPSINS IN CHOLESTEROL METABOLISM 

NPC2 is known to be involved in cholesterol metabolism.  Both NPC2 and cathepsins are 

all primarily lysosomal proteins (Lutgens et al., 2007; Naureckiene et al., 2000); their 

expression levels are both modulated by inflammation as we previously showed.  More 

interestingly, we found that NPC2 and CtB share a similar pattern of expression regulated 

by HFD and inflammatory mediators in different adipose depots and macrophages. 

Therefore, we hypothesized that cathepsins and NPC2 may be functionally interregulated 
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in inflammation and cholesterol metabolism.  To test this relationship, we used cathepsin 

inhibitors to determine if blocking cathepsin activity would modulate NPC2 expression in 

macrophages.  There is nothing in current literature that has looked at the relationship 

between NPC2 and cathepsins in any tissue.   

We were the first to demonstrate that LPS leads to decreased intracellular expression of 

NPC2, but also leads to an increased secretion of NPC2 in macrophages.  The inhibitors 

were able to decrease the secretion of NPC2 in both the basal and LPS treated cells.  In 

the LPS treated cells, this lead to increased intracellular concentration of NPC2, which 

may contribute to increased intracellular cholesterol trafficking capacity.   

These results suggest that CtL and CtB have a role in mediating cholesterol metabolism; 

modulation of NPC2 may be part of the mechanism.   

To provide more direct evidence supporting the conclusion that cathepsins are involved 

in cholesterol metabolism we examined the expression of transcicription factors that 

control cholesterol metabolic homeostasis. SREBP2 is a transcription factor that controls 

proteins involved in increasing cellular cholesterol levels, such as HMG-CoA reductase 

and LDL-receptor.  LXR-α is a transcription factor involved in reducing intracellular 

cholesterol concentrations through cholesterol efflux.  The oxLDL receptor is a scavenger 

receptor found on macrophages and is responsible for removing oxidized LDL from 

circulation and tissues.  LPS has been shown to decrease reverse transport as 

demonstrated through fecal analysis, even at a dose too low to induce cytokine 

production, 0.3 mg/kg (McGillicuddy et al., 2009).  Some hypothesized mechanisms for 
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the reduction of reverse transport by LPS is through a downregulation of ABCA1 and 

ApoE expression (Baranova et al., 2002; Gafencu et al., 2007)  

We found that SREBP2 gene expression showed a decreasing trend with LPS stimulation 

and this effect is not cathepsin dependant.  LPS has also been shown to potentiate 

cholesterol ester absorption in Raw macrophages from lipoproteins (Funk et al., 1993).  

Therefore, there would not be any need to transcribe genes that would further increase 

cholesterol levels, which explains the down-regulation of SREBP2.  LDL-R ox mRNA is 

significantly upregulated with LPS treatment, which is congruent with the understanding 

that an inflammatory condition can lead to an increased presence of oxidized lipids.  

When any of the cathepsin inhibitors were added, the expression of LDL-R ox 

significantly decreased.  It clearly shows that cathepsins mediate the LPS stimulation on 

the expression of this scavenger receptor.  The expression of LXR-α mRNA is 

significantly reduced by LPS treatment, but when any of the inhibitors were added this 

effect was reversed.   In the basal condition, E-64 significantly upregulated LXR-α 

expression, while CLI significantly downregulated LXR-α expression.  PPAR-α and LXR 

activation leads to an increase in the expression of NPC1 and NPC2.  This induces an 

enrichment of cholesterol in the plasma membrane and a redistribution of cholesterol in 

the plasma membrane to the outer layer.  LXR and PPAR-α has been shown to upregulate 

ABCA1, which transports cholesterol out of the cell (Chinetti et al., 2006).  Our results of 

gene expression data clearly support the importance that cathepsins play in mediating 

cholesterol efflux from macrophages.   
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In summary, we can conclude from our findings that cathepsins B & L are upregulated in 

obesity, especially in the visceral adipose depot and in the SV fraction.  NPC2 was 

downregulated in visceral obese adipose tissue.  The visceral depot is more metabolically 

active and becomes more infiltrated with macrophages in an obese state than 

subcutaneous depots.  In macrophages, inflammatory stimulation leads to an upregulation 

of CtB and CtL and an increase in NPC2 secretion.  CtL and NPC2 have been shown to 

contribute to insulin resistance.  CtL and CtB were shown to regulate NPC2 secretion 

through the use of inhibitors.  The role of NPC2 in cholesterol homeostasis is fairly clear, 

but little is known about how cathepsins may be involved in cholesterol metabolism.  We 

found that cathepsins are important in cholesterol homeostasis through the regulation of 

LXR, oxLDL-R and NPC2, however the mechanism of regulation is not clear and needs 

to be further investigated. 
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MATERIALS AND METHODS 
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Animal studies: 

Rats were Zucker lean (Fa/fa) and obese (fa/fa) on commercial rat diet (Rodent 

Laboratory Chow 5001, Purina Laboratories, St. Louis, MO).  The rats were euthanized 

and fat pads were collected when the lean rats weighed 300g and the obese rats weighed 

600g, at 8 to 10 weeks old. There were 5 to 6 rats in each group. Messenger RNA was 

collected from the fat pads and used to generate cDNA.  The cDNA of each group was 

pooled and plated on three separate microarray slides.   

C57BL/6 mice are genetically prone to develop insulin resistance and diabetes when fed 

a high fat diet.  Male C57BL/6 mice (The Jackson Laboratory, Bar Harbor, ME) were 

housed in a specific pathogen-free facility.  Animal handling followed the National 

Institutes of Health guidelines, and experimental procedures were approved by the 

University of Minnesota Animal Care and Use Committee.  Animals were grouped into 

3-4 mice/cage and at 3 weeks were started on a HFD (fat calories: 60%) obtained from 

Bio-Serv (F3282; New Brunswick, NJ) or a regular chow diet (RCD), with free access to 

water for all studies.  For the Rosiglitazone (TZD) (GlaxoSmithKline, Philadelphia, PA) 

study some of the HFD mice were given an oral gavage of TZD (10mg/kg body 

weight/day) for 25 days after developing insulin resistance and obesity in response to 14 

weeks of HFD.   The epididymal and inguinal fat pad were collected and immediately 

frozen in liquid nitrogen and stored at -80°C.   
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Cell culture: 

3T3-L1 adipocytes were cultured in 6-well plates using Dulbecco’s Modified Eagle 

Medium (DMEM) (Invitrogen, Carlsbad, CA) with 10% bovine serum albumin (BSA) 

(Sigma Aldrich, St. Louis, MO). Two days after 100% confluence was reached, the 

differentiation cocktail was applied.  Cells were grown in DMEM with 10% fetal bovine 

serum (FBS) (JRH Biosciences, Inc. Lenexa, KS) and insulin for 8 days then tumor 

necrosis factor-α (TNF-α) (R & D systems, Inc., Minneapolis, MN) was applied to assess 

time and dose response.  For the dose response, cells were treated for 24 hours with 1.0 or 

10 ng TNF-α/mL medium; for the time course 10 ng TNF-α/mL medium was applied to 

the cells for up to 24 hours.  Experiments were conducted in low glucose DMEM with 

0.5% FBS.  Medium was collected and condensed 10 fold (1000µL to 100µL) through 

filtration and centrifugation by a Macrosep centrifugal device with molecular weight 

cutoff of 1 KDa (Pall Life Sciences, MI).  Cellular proteins were collected using RIPA 

buffer to prepare for Western blot analysis (Sigma-Aldrich, St. Louis, MO).   

  

Raw 264.7 macrophages, a murine cell line, were cultured in 6 well plates using DMEM 

and 15% FBS.  Cells were grown to approximately 70% confluence and 1µg/mL 

lipopolysaccharide (LPS) (Sigma Aldrich, St. Louis, MO) was added to fresh culture 

medium to test the inflammatory response.  Cathepsin inhibitors were applied at 

concentrations of 10µM/well 3 hours prior to LPS treatment. The inhibitors used were: 

CtL inhibitor (NapSul-Ile-Trp-CHO, Enzo Life Sciences Farmingdale, NY), CtB 

inhibitor (CA-074Me, Enzo Life Science) and CtL and CtB combination inhibitor (E64) 

(Enzo Life Science). Most LPS treatments lasted 24 hours.  When medium was collected 
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for cytokine and cell secretion studies, experiments were conducted in medium with 1% 

FBS.  Cells were washed twice with PBS before using RIPA buffer to harvest proteins.  

Total RNA was extracted from cells using a Trizol protocol. 

 

All cells were maintained at 37°C in 5% CO2 in a sterile, controlled environment. 

 

Western blot analysis: 

Protein extracts were homogenized and solubilized using Radio-Immunoprecipitation 

Assay (RIPA) buffer (Sigma-Aldrich) with a proteinase inhibitor.  The concentration was 

determined using Pierce bicinchoninic acid method (Pierce Chemical Co., Rockford, IL, 

USA).  Equal amounts of protein was loaded onto SDS-PAGE and transferred to a 

nitrocellulose membrane.  The membranes were immunoblotted according to the 

manufacturers using: CtL (Santa Cruz Biotechnology, inc), CtB (R & D Systems, 

Minneapolis, MN), NPC2 (HEI) antibody (NPC2 antibody was kindly provided by Dr. 

Peter Lobel from Department of Pharmacology, University of Medicine and Dentistry of 

New Jersey-Robert Wood Johnson Medical School).  After incubating with the primary 

antibody, the membranes were incubated with secondary antibodies conjugated with 

horseradish peroxidase.  ECL Western Blotting detection systems (GE HealthCare 

BioSciences, Piscataway, NJ) were used to detect protein expression through antibody 

reactivity.  Membranes were stripped using Restore Western stripping buffer (Thermo 

scientific Waltham, MA), and re-incubated with actin (Cell Signaling Technology, 

Danvers, MA) to test protein loading.   
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Cytokine detection: 

Cytokines were detected using the Bio-Rad, Bio-Plex multiplex cytokine secretion 

detection by a technician at the University of Minnesota Cytokine Reference Laboratory.   

 

RNA extraction and qPCR: 

RNA was extracted from cells using TRIzol Reagent (Invitrogen, Carlsbad, CA) and 

protocol. RNA was purified using RQ treatment (Promega, Madison, WI), following their 

protocol.  cDNA was synthesized using reverse transcript (RT) treatment (Promega, 

Madison, WI).  Real-time qPCR was done using SYBR green SuperMix Universal kit 

(SABiosciences, Fredrick, MD) and an ABI StepOnePlus real-time PCR Systems 

(Applied Biosystems, Foster City, CA, USA). Primers specific for the examined genes 

are shown in the following table.  Results are presented as levels of expression relative to 

that of controls after normalizing to β-actin as the internal control using the ∆Ct method. 

Statistical significance was determined by 2-tailed Student’s t-test. Primer sequences are 

shown in table 1.  

 

Statistical analysis:  

Results were expressed as means ±SE. Differences in parameters between control and 

inhibitors or LPS and LPS with inhibitors were evaluated using a two-group t test with a 

0.05 two-sided significance level. A P value <0.05 was considered significant. 
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Table 1: Primer sequences: 

Gene Forward Reverse 

Actin 5’-GCT CTG GCT CCT AGC ACC AT-3’ 5’-GCC ACC GAT CCA CAC AGA GT-3’ 

Ox LDL-R CTTCCATGGGCCCTTTAGC TGGCCACCCAAAGATTGG 

LDL-R CCTGTGCATGGCTTCATGTACT CCTGTGCATGGCTTCATGTACT 
SREBP2 TGTGAACCTGGCCGAGTGT CGCTGTCAGGTGGATCTCAA 
LXRα TGGGATGTCCACGAGTGACTGTTT TGGGATGTCCACGAGTGACTGTTT 
LXRβ AGTGGGCAAAGCGTTGCT CGGCTCAGGAGCTGATGATC 

    



 

71 

 

Figure 1:  

 

 

Diagram of Cholesterol Homeostasis: Cholesterol homeostasis is a highly regulated 

process. There are three mechanisms that alter cellular cholesterol concentrations: 

cholesterol influx, de novo cholesterol synthesis, and cholesterol efflux.  If cholesterol 

levels are low, there is an upregulation of LDL-receptors to increase efflux of dietary 

cholesterol from serum LDL and an increase in the transcription of genes responsible for 

cholesterol synthesis, such as HMG-CoA reductase.   If cholesterol becomes too elevated, 

there is an increase in cholesterol efflux through the reverse transport system, where HDL 

brings cholesterol back to the liver. NPC1 and NPC2 are key proteins in mediating 

intracellular cholesterol trafficking and are found primarily within the endosomal-

lysosomal system.   If either of the NPC genes is mutated, there is an accumulation of 

unesterified cholesterol within the lysosomes which eventually leads to cellular death, 

which indicates an important interaction between these proteins.     
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Figure 2:  

 

 

 

Cathepsin Expression in Adipose tissue of Zucker lean and obese rats. Microarray 

analysis of the gene expression of cathepsins in adipose (B) and stromal-vascular (SV) 

cells (A) isolated from epididymal fat tissue of lean and obese Zucker rats.   
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Figure 3:  

 

 

 

 

Adipose tissue expression of cathepsin L in HFD induced obese mice.  Western blot 

analysis was conducted to evaluate CtB expression in the inguinal and epididymal 

adipose depot of C57BL/J6 mice on a RCD or HFD for 14 weeks.  Protein levels of CtB 

were determined by immunoblotting.  Each lane represents an individual animal. 

A) CtB expression of C57BL/J6 mice on a HFD for 14 wks.  

B) Quantification of CtB expression of C57BL/J6 mice on HFD for 14 wks. 

  



 

74 

 

Figure 4:  

   

 

 

Expression of cathepsin L in HFD induced obese mice with TZD treatment. Western 

blot analysis was performed on protein extracts from inguinal and epididymal adipose 

tissue from C57BL/J6 mice. Mice were fed a HFD for 14 weeks; TZD (10mg/kg body 

weight/day) was given via oral gavage for 25 days after developing HFD induced insulin 

resistance. CtL expression was determined through immunoblotting. Each lane represents 

an individual animal. 

A) CtL expression in epididymal tissue of C57BL/J6 mice on HFD for 14 wks.  

B) Quantification levels of CtL expression in epididymal tissue of C57BL/J6 mice on 

HFD for 14 wks.  

C) CtL expression in inguinal tissue of C57BL/J6 mice on HFD for 14 wks.  

D) Quantification levels of CtL expression in inguinal tissue of C57BL/J6 mice on HFD 

for 14 wks.  



 

75 

 

Figure 5:  

 

 

Adipose tissue expression cathepsin B in HFD induced obese mice. Western blot 

analysis was conducted to evaluate CtB expression in the inguinal and epididymal 

adipose depot of C57BL/J6 mice on a RCD or HFD for 14 weeks.  Protein levels of CtB 

were determined by immunoblotting.  Each lane represents an individual animal; the 

samples were identical to those used in figure 3.  

A) CtB expression of C57BL/J6 mice on a HFD for 14 wks.  

B) Quantification of CtB expression of C57BL/J6 mice on HFD for 14 wks. 
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Figure 6:  

 

  

Expression of cathepsin B in HFD induced obese mice with TZD treatment. Western 

blot analysis was performed on protein extracts from inguinal and epididymal adipose 

tissue from C57BL/J6 mice. Mice were fed a HFD for 14 weeks; TZD (10mg/kg body 

weight/day) was given via oral gavage for 25 days after developing HFD induced insulin 

resistance. Each lane represents an individual animal; the samples were the same as in 

figure 4.    

A) CtB expression in epididymal depot of C57BL/J6 mice on HFD for 14 weeks.   

B) Quantification levels of CtB expression in the epididymal depot of C57BL/J6 mice on 

HFD for 14 weeks.   

C) CtB expression in inguinal depot of C57BL/J6 mice on HFD for 14 weeks.   

D) Quantification levels of CtB expression in the inguinal depot of C57BL/J6 mice on 

HFD for 14 weeks. 
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Figure 7:  

 

 

Adipose tissue expression NPC2 in HFD induced obese mice. Immunoblotting for 

NPC2 in C57BL/J6 mice fed RCD or HFD for 14 weeks. After the HFD mice developed 

insulin resistance some were put on a TZD treatment (10mg/kg body weight/day) for 25 

days. Each lane represents an individual animal.  

A) NPC2 expression in epididymal depot of C57BL/J6 mice on HFD for 14 weeks.   

B) Quantification levels of NPC2 expression in the epididymal depot of C57BL/J6 mice 

on HFD for 14 weeks.   

C) NPC2 expression in inguinal depot of C57BL/J6 mice on HFD for 14 weeks.   

D) Quantification levels of NPC2 expression in the inguinal depot of C57BL/J6 mice on 

HFD for 14 weeks.    
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Figure 8:  

 

 

 

 

TNF-α regulation of 3T3-L1 adipocytes. Immunoblotting techniques were used to show 

time course and dose response of TNFα on CtL, CtB, and NPC2 in 3T3-L1 adipocytes.  

The techniques used to culture the 3T3-L1adipocytes and extract protein are outlined in 

the materials and methods section.   

A)  1ng/mL TNF-α was added to 3T3-L1 adipocytes, cells were collected at time points 

between 3 and 24 hours. CtL expression was analyzed. 

B) TNFα effect on CtL, CtB and NPC2 expression and secretion in 3T3-L1 adipocytes.  
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Figure 9:  

 

 

LPS regulation of Cathepsin L & B in macrophages. Expression and secretion of 

cathepsin B and L in macrophages.  (A) Treatment of 1µg/ml LPS for 24 h stimulates the 

expression and secretion of CtL in Raw macrophages  (B) LPS treatment causes 

decreased intracellular CtB, but increased secretion  of CtB into the culture medium in 

macrophages  
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Figure 10:  

 

TNF-α secretion in LPS treated Raw 264.7 macrophages. Cytokine expression was 

detected in a multiplex ELISA.  Experiments were conducted in three separate occasions, 

and duplicates of each sample were done to generate statistical significance. Cathepsin 

inhibitor modulation of LPS induced secretion of TNF-α. E64 and CtB inh were able to 

significantly reduce the secretion of TNF-α from 24 hour treatment of 1µg/mL LPS , 

while CtL inh did not significantly alter secretion of TNF-α as compared to LPS alone.  

This supports other findings that CtB is involved in the secretion of TNF-α .  

*  p<0.05 compared to LPS   ** p<0.01 compared to LPS  
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Figure 11:  

 

MCP-1 secretion in macrophages MCP-1 secretion is significantly decreased using 

cathepsin inhibitors, indicating the role CtB and CtL have in regulating MCP-1 secretion.  

* p > 0.005  -cathepsin inhibitors significantly lower than LPS alone   
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Figure 12:  

  

IL-1β secretion from LPS stimulated macrophages. LPS up-regulates IL-1β secretion, 

but the role that cathepsins play is not entirely clear. CtB has been shown to mediate IL-

1β release (Morishige et al., 2010) (Chu et al., 2009).  There is a trend toward decreased 

secretion with CtB inh alone, however E64 shows a significant increased secretion of IL-

1β as compared to LPS alone.  CtL appears to have no effect on  IL-1β secretion 

compared to LPS alone. 

*  p>0.01 from control     #  p >0.01 from LPS  
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Figure 13:  

NPC2

actin

NPC2

+ LPS               

Inhibitor ̶ E64 E64CLI CLICBI CBI

Lysate

Medium

̶

- LPS               

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

In
te

n
si

ty
 (

N
P

C
2

/a
ct

in
) Intracellular NPC2

0

0.5

1

1.5

2

2.5

In
te

n
si

ty
 (

N
P

C
2

)

NPC2 secretion

 

Regulation of NPC2 expression and secretion by cathepsins in macrophages. NPC2 

protein expression and secretion was measured in Raw 264.7 macrophages with 

immunoblotting. Cells were cultured as described in materials & methods. Experiments 

were conducted in high glucose DMEM with 1% FBS, so the medium could be analyzed 

for secreted proteins.     
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Fig 14A:  

 

 

Regulation of cholesterol metabolism by cathepsins and inflammation-SREBP2.  

mRNA expression levels of SREBP2 from Raw macrophages were measured through 

qPCR.  Total RNA was collected from cultured Raw 264.7 macrophages. The data was 

collected from three separate wells with identical treatment, and duplicates were made of 

each sample.   
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Figure 14B:  

 

Regulation of cholesterol metabolism by cathepsins and inflammation-LDL-R Ox.  

mRNA expression levels of LDL-R Ox from Raw macrophages were measured through 

qPCR.  The data was collected from three separate wells with identical treatment, and 

duplicates were made of each sample.  With LPS treatment, there is a trend toward 

decreased expression of LDL-R Ox.  The inhibitors do not appear to alter expression 

levels, therefore there does not appear to be a relationship between LDL-R Ox and CtL or 

CtB.   

* p> 0.05 compared to control ; # p> 0.05 compared to LPS 
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Figure 14C:  

 

 

Regulation of cholesterol metabolism by cathepsins and inflammation-LXRα. 

mRNA expression levels of LXRα from Raw macrophages were measured through 

qPCR.  The data was collected from three separate wells with identical treatment, and 

duplicates were made of each sample.  With LPS treatment, there is a trend toward 

decreased expression of LXRα.  The inhibitors do not appear to alter expression levels, 

therefore there does not appear to be a relationship between LXRα and CtL or CtB. 

* p> 0.05 compared to control ; # p> 0.05 compared to LPS 
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