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ABSTRACT 

 

 

Osteoarthritis (OA) is a degenerative disorder of the whole joint that affects 23 million 

older adults in the US. Obesity, one of the major risk factor for OA, is associated with 

increased circulating free fatty acids (FFAs). The overall objective of this project was to 

examine the effect of these FFAs in meniscus joint tissues. Our study demonstrated that 

saturated free fatty acid palmitate induces endoplasmic reticulum stress in primary 

porcine meniscus cells, and significantly decreased the protein level of ATG 5, a major 

autophagy related protein involved in autophagosome formation. Downregulation of 

ATG 5 protein levels was associated with decreased lipidation of LC3 and increased 

activation of Cleaved Caspase 3, which promoted meniscus cell apoptosis. Pretreatment 

of meniscus cells with 4-phenyl butyric acid (PBA), a small molecule chemical 

chaperone that alleviates ER stress or with MG-132, a proteasome inhibitor, restored 

normal levels of ATG 5. Taken together our data suggest that FFA palmitate induces ER 

stress in meniscus cells, decreases autophagy and promotes cell death. This is the first 

study to demonstrate that ER stress promotes cell death via downregulating autophagy.    
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CHAPTER 1 

INTRODUCTION 

 

 

1. Osteoarthritis  

Osteoarthritis (OA) is a complex multifactorial disease of joints that affects more 

than 37% of adults over the age of 60 in the United Sates (Sowers and Karvonen-

Gutierrez 2010; Poulet and Staines 2016).  Worldwide, OA is an emerging health issue, 

especially due to the aging population and increase in obesity. OA is characterized by the 

progressive loss of articular cartilage (Loeser 2006). Cartilage destruction occurs due to 

an imbalance in catabolic and anabolic functions of chondrocytes, which results in 

increased production of ROS, chemokines, cytokines and proteolytic enzymes that 

degrade cartilage (Loeser 2006). On the other hand, several studies have shown that 

during OA growth factors such as IGF-1, TGF and bone morphogenetic protein 7 

(BMP7) are ineffective (Glyn-Jones et al. 2015 and Loeser 2006). Inflammatory 

cytokines assert a multi-level impact on the joint as it decreases the synthesis of ECM 

key components such as proteoglycans, aggrecan and type 2 collagen, and causes 

increased release of proteolytic enzymes responsible for decomposition of articular 

cartilage (Wojdasiewicz et al. 2014).  
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1.1 Meniscus and Osteoarthritis  

 The progressive loss of articular cartilage in joints is seen as the structural 

hallmark of OA. However, studies have shown that OA is a whole-joint disorder as it 

affects neighboring tissues, meniscus, subchondral bone, ligaments, synovial membrane 

and muscles. The meniscus tissue in a knee joint are two crescent shaped fibro-cartilage 

structures situated in the middle of the femur and tibia joint surfaces, specifically in the 

medial and lateral knee joint compartments (Englund et al. 2003). The primary function 

of menisci is in the load bearing, transmission, shock absorption, joint stability, 

lubrication and stability. The main compositions of the typical human knee meniscal 

fibrocartilaginous tissue are: 72% water, 22% collagens and 0.8% glycoaminoglycans 

(Verdonk et al. 2005). The outer region of the meniscus consists of large vascularized 

structure, normally populated by large fibroblastic cells that mainly produce type 1 

collagen extracellular matrix (Fairbank 1948; Verdonk et al. 2005). The inner meniscal 

region has vascularized sections of primarily type 2 collagen, mostly fibrillary collagen. 

They are structurally and functionally similar to articular chondrocytes (Fuller et al. 

2012; Green et al. 1971; Kambic et al. 2005; Makris et al. 2011; Verdonk et al. 2005;). 

However, the inner two-thirds of the menisci do not contain any blood vessels and nerves 

(Englund et al. 2003).  
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Makris et al. 2011. 

 
Figure 1: Different regions of the meniscus tissue.  
The outer meniscus (red-red region) is fully vascularized and the cells are fibroblastic in nature, 

the middle region (white red-red region) and the inner region (white-white region) are in the 

avascular region and more chondrocytic in nature.   

 

 

Meniscal injury is a major risk factor for the development of OA (Howell et al. 

2014). There are many forms of meniscus tears, broadly classified into acute or 

degenerative tears (Howell et al. 2014). Acute tears are primarily cause due to sport or 

accidental injury, and degenerative tears are typically caused to performing heavy, 

strenuous work (Howell et al. 2014). Although these tears are fixed surgically studies 

have shown that eventually these injuries lead to development of OA (Matsubara et al. 

2015). In fact, Englund et al 2003 reported that 50% of patients treated with 

meniscectomy is due to menisci tears have radiographic OA within sixteen years. There 

are frequent interactions between cartilage and meniscus tissues as they share a similar 

environment and have overlapping gene expression (Fuller et al. 2012; Green et al. 1971; 

Kambic et al. 2005; Makris et al. 2011; Verdonk et al. 2005). Stone et al. 2013 reported 
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that one of the ways in which menisci can contribute to OA pathology is through the 

secretion of inflammatory factors and matrix degrading enzymes such as the release of 

MMPs, cytokines, and chemokines in response to pro-inflammatory factors. Moreover, 

meniscus tears are associated with the occurrence of increased cartilage degeneration in 

OA patients (Lange et al. 2007). In fact, meniscal function loss has been identified as one 

of most potent risk factors for knee OA and partial meniscectomy (Englund et al. 2003). 

It is worth noting that like meniscal damage leads to OA, similarly OA can result in 

meniscal damage (Englund et al. 2003). This partly explains why meniscal tears in knee 

pain can be asymptomatic (Englund et al. 2003). 

 

 

 

 

 

 

 

 

 

 

                              Makris et. al 2012.  

 

Figure 2: Diagrammatic representation of a typical knee joint.  
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                                              Lange et al. 2007  

 

Figure 3: The coronal view of medial meniscus tear (indicated by an arrow) in the meniscus 

tissue joint tissue.  
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1.2 Obesity and Osteoarthritis  

One of the most highly recognized risk factors of knee OA is obesity, however the 

cellular mechanistic relationship between obese patients and OA is not fully understood. 

Past studies have shown high levels of leptin, adiponectin and resistin levels in 

osteoarthritic patients’ synovial fluid and plasma (Sowers and Karvonen-Gutierrez 2010). 

These adipokines are considered to be associated with OA via local inflammatory 

processes (Sowers and Karvonen-Gutierrez 2010). In fact, studies have found 

chondrocytes of OA patients having high levels of IL-1b, MMP-9, and MMP13 (Sowers 

and Karvonen-Gutierrez 2010). Hence, mechanistically leptin can have a direct pro-

inflammatory and catabolic role to play in cartilage metabolism (Sowers and Karvonen-

Gutierrez 2010) Changes in cartilage structure may lead to systematic inflammatory 

responses throughout the joint tissues (Sowers and Karvonen-Gutierrez 2010). Currently, 

more studies are geared to analyze the inflammatory pathways that lead to OA, as 

inflammation is established as an essential hallmark for OA (Sowers and Karvonen-

Gutierrez 2010). 

Several studies have shown that mice on high fat-diet develop OA (Griffin 2012). 

However, the mechanism is not clearly understood (Griffin 2012). Obesity and a high-fat 

diet are associated with elevated levels of circulating FFAs (Opie and Walfish 1963), 

resulting in lipid accumulation in non-adipose tissues. Cartilage tissue accumulates in 

lipid droplets in and around chondrocytes (Ghadially 1965). Lippiello et al. 1991 

observed that total fatty acid levels elevate with increased severity of cartilage lesions, 

suggesting an association between lipid accumulation and cartilage degradation. 

Additionally, recent studies have shown accumulation of FFA in the synovial fluid 
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(Oliviero F et al. 2012). All of these studies suggest that joint tissues are exposed to lipid 

toxicity, which could have a major role in the development of OA. In our laboratory, we 

recently demonstrated that FFA palmitate, a major FFA in obesity and high fat diet 

induces ER stress in meniscal cells and promotes cell death (Haywood and Yammani 

2016) 

 

1.3 Endoplasmic Reticulum (ER) stress and OA 

The endoplasmic reticulum (ER) is a cellular organelle responsible for protein 

folding, processing and secretion (Hummasti and Hotamisligil 2010). These distinct 

functions of the ER are modulated by the unfolded protein response (UPR) (Hummasti 

and Hotamisligil 2010). The UPR (Unfolded Protein Response) is the term used to define 

the cells’ reaction to ER stress by trying to ameliorate and retain proper folding 

mechanism via the activation of the ER mediated stress signaling and adaptation 

pathways (Hummasti and Hotamisligil 2010 and Salvado et al. 2013). Regulation of 

apoptotic and anti-apoptotic pathways are also monitored by the UPR (Oslowski and 

Urano 2013). Three major branched pathways control the UPR (Hummasti and 

Hotamisligil 2010). These pathways are dependent on three specific ER transmembrane 

proteins: inositol-requiring enzyme (IRE)-1, protein kinase-like ER kinase (PERK), and 

activating transcription factor ATFα respectively (Hummasti and Hotamisligil 2010). The 

ER remarkably responses to cellular nutrient and energy state (Hummasti and 

Hotamisligil 2010). UPR pathways are activated, and sometimes overlap, in response to 

changes in ER protein folding status (Hummasti and Hotamisligil 2010), and is also 

known to play a critical role in many metabolic diseases, including obesity, insulin 
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resistance, and diabetes (Hummasti and Hotamisligil 2010). Altogether the three 

activated UPR arms initiate transcription of many ER chaperones, apoptotic and 

autophagy proteins, lipogenesis, and promote ERAD (ER-associated degradation) 

(Hummasti and Hotamisligil 2010). The functional importance of ERAD which is 

mediated by the Ubiquitin Proteasomal Pathway (UPP) is to get rid of misfolded 

glycoproteins retained in the ER once they are transported to the cytoplasm via the 

calnexin-calreticulin cycle (Dufey et al. 2014; Hetz and Mollereau 2014). For instance, 

the UPP downstream of ER stress response, degrades 80-90% of mostly short-lived 

proteins (Lilienbaum 2013). Autophagy plays a similar role to alleviate ER stress and 

restore ER homeostasis, but it does so by degrading cellular organelles as well along with 

mostly long-lived proteins and aggregated proteins (Lilienbaum 2013). Under 

pathological conditions there is abnormal levels of ER stress that can lead to several 

severe diseases such as diabetes, neurodegeneration, ischemia, cancer and etc. (Dufey et 

al. 2014). Conversely, under physiological conditions, the ER molecular chaperone, BiP 

or GRP 78 negatively regulates the UPR transducers (IRE)-1, PERK and ATF6 by 

binding to them (Liu and Kaufmam 2003). However, when the UPR pathways are 

activated BiP translocates from these binding sites (Liu and Kaufman 2003). The Perk 

pathway leads to the reduction of global transduction through the phosphorylation of elFα 

which activates the ATF4 transcription factor translation (Liu and Kaufmam 2003). In the 

IRE-1 pathway, activation due to ER stress results in the splicing of the XBP1 mRNA, 

and translation of the XBP1 protein in the mammalian cells (Zhang et al. 2014). Finally, 

the ER localized ATF6 protein is activated via the intramembrane proteolysis taking 

place in the Golgi to release an active transcription factor. UPR is activated to maintain 
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the ER homeostasis; however, prolonged and sustained ER stress shifts the UPR function 

from “rescue” to “execution” due to the activation of inflammatory and apoptotic 

pathways mediated by activation of NF-κB and expression of CHOP, a pro-apoptotic 

molecule (Marino et al. 2014; Oslowski and Urono 2011; Zhang et al. 2014). Zhang et al. 

2014).     
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                    Hetz and Mollereau 2014. 

Figure 4: The three arms of UPR: ATF6, PERK and IRE1, and their activation pathways. The 
splicing of the XBP1 protein from the cleaved or spliced form, XBP1s leads to the action of many 
ER chaperones, lipid synthesis ERAD and translation of many other ER proteins that work 
individually and in synergy to bring back the ER homeostasis. Also, notably both CHOP and c-
Jun N-terminal kinase (JNK) can activate autophagy and apoptosis. Increase of ERAD from ATF 
6 and IRE1 pathways activate the signaling pathways for the ubiquitin proteasome pathway. 

 

 

Previous studies in mice have shown that high-fat diet-induced obesity led to ER 

stress and consecutively activation of UPR signaling in adipose tissue (Marchetti et al. 

2007; Ozcan et al. 2004; Salvado et al. 2013). The molecular mechanisms of how obesity 

induces ER stress in adipocytes is not clearly understood, however we know that ER 

stress is activated by free fatty acid (FFA) mediated reactive oxygen species (ROS) that is 

responsible for the upregulation of many proinflammatory and pro-apoptotic cell 

signaling pathways (Griffin 2012; Kawasaki et al 2012). Hence, studying ER stress is 

critical as it may play an important role in the pathophysiology of obesity-induced OA.   
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1.4 Endoplasmic Reticulum stress and Autophagy 

Cellular autophagy (Macroautophagy) is one of the highly conserved catabolic 

cytoprotective processes performed by the cells to recycle degraded long-lived proteins 

and damaged organelles (Tekirdag et al. 2013). This process is occurring in basal levels 

under normal conditions, and is stimulated when nutrients are scarce, cells are under any 

form of stress or when intracellular bacteria and damaged organelles need to be degraded 

(Lindqvistt et al. 2015). When cells are stressed they try to restore ER homeostasis by 

activating autophagy and ERAD, it is believed that when the stress level and or intensity 

is beyond the cell’s coping ability the cell prefers taking the apoptosis route instead of 

autophagy (Marino et al. 2014; Oslowski and Urono 2011). Some examples of the 

different kinds of stresses include, but not limited to, nutrient/hormone deprivation, 

hypoxia, and accumulation of misfolded proteins or bacterial invasion (Tekirdag et al. 

2013). Past studies have shown that ER stress can elicit autophagy (Cai et al, 2014). The 

mammalian autophagy consists of six main steps: initiation, nucleation, elongation, 

closure, maturation and degradation (Kang et al. 2011). There are many intermediate 

steps and proteins involved in autophagy, but the initiation of autophagy occurs via the 

formation of the autophagosome (a multimembrane vesicle) in the cytosol, where the 

Microtubule associated protein 1 light chain 3 A (LC3 A or LC3 I protein form) is 

converted to its lipid-conjugated form, LC3 B or LC3 II (Eisenberg-Lerner et al. 2009). 

Therefore, LC3 A is the soluble cytoplasmic form, whereas the LC3 B is the membrane 

bound, autophagosome associated form (Eisenberg-Lerner et al. 2009). LC3 is cleaved by 

Autophagy related gene 4 (ATG 4) to produce its active form: LC3 A (18 kDa) (Ferraro 

and Cecconi 2007). Activation of LC3 A to LC3 B occurs with the assistance of ATG 7 
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and ATG 3 (Ferraro and Cecconi 2007). The membrane bounded lapidated form, LC3 B 

then interacts with PE (phosphatidylethanolamine) (Ferraro and Cecconi 2007). The LC3 

B has now undergone a conformational change and is ready to bind to the membranes of 

preautophagosomes, autophagosomes and autophagic bodies (Ferraro and Cecconi 2007). 

Here ATG 5 plays a key role in ensuring that LC3 B targets the autophagosomal 

membranes (Ferraro and Cecconi 2007).    

In concert with the autophagosome formation, there are other protein complexes 

that play pivotal roles in ensuring that the autophagosome is formed in the right time, and 

that the vesicles are eventually fused with lysosomes (autolysosomes) for degradation 

using lytic enzymes (Tekirdag et al. 2013). There are approximately twenty autophagy 

related genes (ATG) needed for autophagy, but the only a handful of ones play active 

roles in occurrence of autophagy (Klionsky 2007). The major essential autophagy genes 

are: Beclin-1, ATG 3, ATG 7, ATG 5, ATG 12 and LC3A/B. Beclin-1 is an essential 

autophagy gene that aids in the localization of autophagy proteins to a pre-autosomal 

structure (PAS) (Kang et al. 2011). It does so by binding with Vps34-Vps15 and forming 

the P13KC3 complex (Kang et al. 2011). Also, Beclin-1 has been reported to play a 

regulatory role in keeping a fine balance between autophagy and membrane trafficking 

involving of many physiological and pathological conditions (Kang et al. 2011). ATG 7 

plays a key role in the conjugation of ATG 12 to ATG 5 (Kroemer et al. 2010). Also, 

ATG 7 along with ATG 3 it assists in the conjugation of phosphatidylethanolamine (PE) 

to a glycine (Gly) residue of yeast ATG8/mammalian LC3 (Kroemer et al. 2010).  
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Two important ubiquitin-like conjugation systems that play pivotal roles in 

autophagy are protein conjugation systems: ATG 12-ATG 5-ATG 16L and ATG 8 (or 

MAP1LC3, abbreviated as LC3) (Li et al. 2016; Tekirdag et al. 2013). 

 

 

 

 

 

 

 

                                   

 

 

 

 

 

 

        Eisenberg-Lerner et al. 2009. 

 

Figure 5: The active roles of the two conjugation systems: ATG12-ATG5-ATG16L and ATG8 

(or MAP1LC3, abbreviated as LC3) in inducing the autophagosome flux formation. ATG 7 

plays the dual role of assisting in the formation of the ATG 12-ATG 5-ATG 16L and in the 

conjugation of phosphatidylethanolamine (PE) to a glycine (Gly) residue of yeast 

ATG8/mammalian LC3. 

 

 

The ATG 5 and ATG 12 first bind to each other sharing a covalent bond between 

them. ATG 12 specifically binds to ATG 5 at a lysine ε-amino group (Ferrano and 

Cecconi 2007). Their binding is facilitated by the E1 and E2-like proteins ATG 7 and 

ATG 10 (Ferrano and Cecconi 2007). Following this, the ATG 5-ATG 12 dimer binds to 
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ATG 16L to initiate the autophagosome formation (Eisenberg-Lerner et al. 2009). 

Specifically, the ATG12-ATG5-ATG16L complex determines the tethering site to the 

autophagosome initiation membrane (Eisenberg-Lerner et al. 2009). A very interesting 

phenomenon was shown in the past studies where autophagy was blocked or decreased 

via the depletion of Beclin-1, ATG 5, ATG 10, ATG 12 or VPS34 (Cai et al. 2014). It is 

important to note that the ATG 12-ATG 5 conjugation system is a constitutive process 

and that the ATG 5 and ATG 12 are hardly available in the cytosol in their unbound 

states (Ferrano and Cecconi 2007). 

 

1.5 ATG 5 in Autophagy and Apoptosis 

In many ways ATG 5 forms a molecular link between autophagy and apoptosis. 

ATG 5 can switch autophagy to apoptosis via the formation of a calpain (calcium 

dependent protease) mediated truncated ATG 5 form (tATG 5). This tATG 5 fragment 

(24 kD) translocates to the mitochondria and induces the intrinsic apoptotic pathway 

(Lepine et al. 2011). tATG 5 is not known to induce autophagy (Yousefi et al. 2006). 

Essentially, there are two kinds of cleavage mediated calcium dependent cleavages: type 

1 and 2. The cleavage mediated calcium dependent type 1 and 2 occurs at the positions 

Thr 193 and Lys 130 respectively with the ATG 5 conjugated to ATG 12, since ATG 5 

and ATG 12 are rarely found in their free forms in the cytoplasm (Condogno and Meijer 

2006).  
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             Condogno and Meijer, 2006.  

Figure 6: The cleavage mediated calcium dependent type 1 and type 2 at the positions Thr 193 

and Lys 130.  

 

 

ATG 5 binds to anti-apoptotic Bcl-XL and activates the intrinsic apoptotic pathway, like 

previously stated autophagy genes plays key roles in both autophagy and apoptosis. 

Upon action the tATG 5 translocates from the cytosol into the mitochondrial membrane 

(mitochondrial permeabilization), binds with the anti-apoptotic molecule Bcl-XL causing 

the Bcl-XL to lose its anti-apoptotic functionality. This elicits cytochrome c release from 

the mitochondria and caspase activation (Yousefi et al. 2006). However, it is not very 

clear how the ATG 5 cleavage is regulated (Condogno and Meijer 2006). It is crucial to 

note that the tATG 5 does not assist in autophagy (Ferrano and Cecconi 2007). 
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                                           Ferrano and Cecconi 2007. 

 

Figure 7: tATG 5 in mitochondrial permeabilization and caspase activation. Cytochrome c is 

released to the cytosol upon Bcl-XL inactivation. Cytosolic cytochrome c binds with Apaf1 and 

forms the apoptosome which initiates caspase activation.  

 

 

Regulation of autophagy and apoptosis is primarily carried out by the cooperation 

of Ca2+ ions, ATG 5, Bcl-2 and Bcl-XL (Zhou et al. 2010). The Bcl-2 protein family is 

characterized as having four conserved alpha-helical motifs known as Bcl-2 homology 

(BH) domains (Zhou et al. 2010). These domains are divided into three groups anti-

apoptotic (Bcl-2, Bcl-XL, Bcl-w, Mcl-1, Bcl-B and A), proapoptotic multidomain 

containing three BH domains (Bax, Bak and Bok) and multidomain containing BH3-only 

proteins (Bad, Bid, Bim, Bmf, Bik, Hrk, Noxa and Puma) (Zhou et al. 2010). 
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                    Zhou et al 2010. 

 
Figure 8: The Bcl-2 family members regulating cellular apoptosis and autophagy in 
conjunction with the ER and mitochondria. Beclin-1 is the prime autophagy gene to initiate the 

beginning of the cytosolic autophagy steps. There are a number of proteins that share both anti-

apoptotic and anti-autophagic characteristics.  
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                      Eisenberg-Lerner et al. 2009; Wu at al. 2009. 

                          

 
Figure 9: Dual Role of ATG 5 in cellular autophagy and apoptosis. ATG 5 forms the conjugate 

with ATG 12 and ATG 16L to initiate the autophagosome flux formation, and also binds with the 

anti-apoptotic Bcl-XL to initiate the mitochondrial outer membrane permeabilization (MOMP). 

Since JNK activation can give rise to autophagy the integrity of several autophagy genes is 

required for the stress protective function of the JNK pathway. 

 

 

1.6 Apoptosis and its relationship with Autophagy  

Apoptosis program cell death characterized by many morphological changes and 

formation of apoptotic bodies (Marino et al. 2014). The hallmark of the intrinsic 

apoptosis process is the mitochondrial outer membrane permeabilization (Marino et al. 

2014). Caspases are a group of proteins that have active roles in driving the apoptosis 

process forward (Marino et a. 2014). Caspases have recently seen to be involved in 

regulating the cross talk between autophagy and apoptosis (Marino et al. 2014). Since 

autophagy and apoptosis share interlinked pathways, some pro-autophagic proteins can 

transform into proapoptotic proteins (Marino et al. 2014). Hence, it is not surprising to 
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rationalize how autophagy and apoptosis can induce each other. The dominant effector 

and initiator of apoptosis is caspase 3 which is activated in its cleaved form (Marino et al. 

2014).  

 

1.7 Inhibitory Crosstalk  

Autophagy and apoptosis crosstalk with each other usually in an inhibitory 

fashion (Marino et al. 2014). When the stress intensity and duration reaches threshold 

adaptive mechanisms such as autophagy are overwhelmed leading to the activation of 

apoptosis (Marino et al. 2014). On the other hand, caspases can degrade many critical 

autophagy proteins and lead to the inactivation of autophagic programme (Marino et al. 

2014). This can be explained due to the fact that a cell’s normal tendency to self-killing is 

to abort its cyto-protective function and accelerate cellular demise (Marino et al. 2014).  

Furthermore, it is interesting to note that many autophagy proteins, apart from 

ATG 5 also participate in apoptosis. For instance, Beclin-1 can be cleaved by the 

caspases: 3,6 or 9 and produce a carboxyl-terminal fragment downstream of the BH3 

domain (Marino et al. 2014).  

This carboxyl-terminal fragment, like the tATG 5 localizes into the mitochondria causes 

the permeabilization of mitochondria and releases cytochrome c (Marino et al. 2014). 

Similarly, there is a bipolar characteristic of caspase 10. Caspase 10 exhibits 

cytoprotective properties by causing the uninhibited growth in the number of autophagic 

flux which eventually leads to cell death (Marino et al. 2014).  
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1.8 The Ubiquitin- Proteasome system (UPS) and its association with Autophagy 

Cellular protein degradation is carried out by two interlinked yet distinct major 

processes: autophagy and the UPS (Lilienbaum, A 2013). The major distinction between 

these processes is that UPS is responsible for proteasomal degradation, the selective 

degradation of ubiquitinated proteins usually short lived proteins, whereas autophagy is a 

non-selective degradation system that mostly degrades long-lived or aggregated proteins 

along with cellular organelles (Lilienbaum, A 2013; Mizushima 2007). Like autophagy, 

the UPS follows a series of steps. The process begins with a ubiquitin (Ub) molecule’s 

carboxyl terminal group interacting with an E1-activating enzyme (E1) via a high energy 

bond on a cysteine residue (Lilienbaum, A 2013). This process is activated by ATP. The 

activated form of ubiquitin then translocates to the E2 conjugating enzyme (E2) 

(Lilienbaum, A 2013). Following this, two enzymes, E3 HECT and E3 RING catalyze 

the transfer of ubiquitin directly from E2 to the substrate (Lilienbaum, A, 2013). The next 

step is the monoubiquitination process which may be repeated multiple times, with the 

final step leading to polyubiquitination (Lilienbaum, A, 2013). It is imperative to note 

that proteins that are targeted to be broken down into its basic blocks of amino acids may 

be rescued by deubiquitinating enzymes (DUB) (Lilienbaum, A, 2013).  
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                                        Lilienbaum, A, 2013.  
 

Figure 10: The five main steps of UPS. 

Initiation of the UPS begins with ubiquitin activation via ATP hydrolysis and ends with the final 

degradation of the proteins into ‘saved proteins’ and amino acids. The ubiquitin is recycled at the 

terminal end of the process for reuse.  

  

 

There are three major types of ubiquitination: monoubiquitination, multiple 

monoubiquitination and polyubiquitination (Lilienbaum, A 2013). When the protein is 

modified by a single ubiquitin or by many single ubiquitin proteins the process is termed 

as monoubiquitination and multiple monoubiquitination respectively (Lilienbaum, A 

2013). Polyubiquitination occurs due to successive additions of multiple ubiquitins on 

one of the seven lysine residues (Lilienbaum, A 2013). All three types of the processes 

involve isopeptide bonds anchoring ubiquitin to either the � –NH2 group of a lysine in 
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the designated substrate or to the €–NH2 group of its amino acid terminal residue 

(Lilienbaum, A 2013).   

 

 

 

            

 

 

 

 

 

 

 

 

 

 

 

 

 

                                     Lilienbaum, A 2013. 

 
 Figure 11: The three major types of Ubiquitination. 

 

 

1.9 Project Objective 

 

Earlier studies from our laboratory demonstrated that FFA palmitate induced ER 

stress in primary porcine meniscus cells and promoted apoptosis.  It is well established 

that chronic and severe ER stress promotes apoptosis; however, the mechanisms involved 

is not clearly understood. Studies have shown that ER stress also promotes autophagy, a 

physiological process to maintain cellular homeostasis early on during the UPR 

activation. It is well documented that during OA autophagy is very limited. Hence, the 

main objective of this project was to examine the effect of FFA palmitate-induced ER 

stress on the autophagy in meniscus cells. The study was based on our preliminary data 
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which showed that treatment of meniscus cells with palmitate reduced the protein levels 

of ATG 5, a major autophagy protein involved in critical formation of autophagosomes. 

Therefore, the aims of this project are: a) to establish if ER stress is involved in the ATG 

5-ATG 12 conjugate downregulation, b) to investigate if the calpain mediated pathway 

leads to the cleaved ATG 5 formation in our cell type, and c) to examine if ER associated 

protein degradation/ or ubiquitination-proteasome system (UPS) is responsible for the 

ATG 5-ATG 12 downregulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Downregulation observed in the ATG 5 proteins levels may act as a positive 

modulator for ER stress- induced apoptosis.   

Role of ATG 5 downregulation may provide helpful insights on the regulation of 

autophagy and apoptosis that eventually lead to an ER stress-induced apoptosis in 

palmitate treated meniscus cells.
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CHAPTER 2 

 

MATERIALS AND METHODS: 

 

 

Materials and methods 

 

Collagenase-P was purchased from Roche Applied Science. Pronase was 

purchased from Calbiochem. Dulbecco's modified Eagle's medium (DMEM)/Ham's F-12 

(1:1), antibiotics, fetal bovine serum and BCA reagent were obtained from Thermo Fisher 

(Rockford, IL). Nitrocellulose membranes and ECL chemiluminescence detection kits 

were purchased from GE Life Sciences (Pittsburgh, PA). 4-phenylbutyric acid (PBA), 

fatty acid-free bovine serum albumin (BSA), FFA (palmitate & oleate), and Thapsigargin 

were purchased from Sigma Aldrich (St. Louis, MO). Antibodies CHOP, XBP1s, GRP 

78, cleaved caspase-3, LC3 A/B, ATG 5, ATG 3, ATG 7 and GAPDH were purchased 

from Cell Signaling Technology (Danvers, MA). Ire1a inhibitor, 4m8c was purchased 

from Axon Medchem (Reston, VA), and carbobenzoxy-leu-leu-leucinal (MG 132 ≥

90% HPLC), commonly known as MG 132 was purchased from Sigma Life Science (St. 

Louis MO) pre-made dissolved in DMSO.  
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Methods 

 

2.0 Meniscus cell isolation and culture conditions: 

Meniscus tissue was harvested from the knee joints of 3-monthold pigs, donated by the 

Departments of Cardiovascular Surgery and Plastic and Reconstructive Surgery at Wake 

Forest School of Medicine. Meniscus cells were isolated under aseptic conditions by 

sequential enzymatic digestion at 37 ºC using pronase 2 mg/ml in serum-free DMEM/F-

12/antibiotics for 1 hour, followed by overnight digestion with collagenase-P at 0.25 

mg/ml in DMEM/F- 12 (5% fetal bovine serum). Viability of isolated cells was 

determined using trypan blue and cells were counted using a hemocytometer. Monolayer 

cultures were established by plating cells in six-well plates at 2 x 106 cells/ml in 

DMEM/F-12 medium supplemented with 10% fetal bovine serum. Cells were maintained 

for approximately 3 to 5 days with feedings every 2 days until they reached 100% 

confluency prior to experimental use.  

 

2.1 BSA-free fatty acid conjugates:  

FFA (palmitate and oleate) were conjugated to low-endotoxin, fatty acid-free 

bovine serum albumin as described previously. For experiments, BSA-FFA conjugate 

was diluted in culture media. 
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2.2 Meniscus cell stimulation and immunoblotting:  

Confluent monolayers of porcine meniscus cells were made serum-free overnight 

before treating with FFA (500 mM) or 2 mM of Thapsigargin overnight. In some 

experiments, cells were pretreated with 1 mM of PBA or 60 nM of Ire1a inhibitor (4m8c) 

or 5µM of the proteasome inhibitor Carbobenzoxy-Leu-Leu-leucinal (MG 132) for one 

hour followed by treatment with palmitate or oleate. 

After incubation, cells were washed with PBS and lysed with lysis buffer that 

contained 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton 

X-100, 2.5 mM tetrapyrophosphate, 1 mM glycerol phosphate, 1 mM Na3VO4, 1 ml/ ml 

leupeptin, and 1 mM phenyl methyl sulfonyl fluoride. Lysates were centrifuged to 

remove insoluble material, and the soluble protein concentration was determined with 

BCA reagent. Samples containing equal amounts of total protein were separated by 

SDSPAGE, transferred to nitrocellulose, and probed for signaling proteins. 

Immunoreactive bands were detected using the ECL system. 

All immunoblotting experiments were repeated at least three times with similar results. 

The intensity of each band was quantified using Image J (NIH). 

 

2.3 Quantitative real-time polymerase chain reaction (qRT-PCR): 

 Total RNA was isolated from cultured porcine meniscus cells using the TRIzol 

method (Schmittgen and Livak 2008).  To synthesize complementary DNA (cDNA): the 

isolated total RNA (1 µg) was combined with 0.5 µg of random primers (Invitrogen) in 

14 µl of RNase-free water, incubated at 70°C for 5 minutes, and then cooled immediately 

on ice. M-MLT reverse transcriptase (Promega) (200 units) and dNTP Mix (2.5 mM) 
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were added into the RNA solution to get the total volume of 25 µl of 1× reaction buffer. 

The solution was incubated at 37°C for one hour. Equivalent amounts of cDNA were 

used for real-time PCR in a 20-µl reaction mixture containing 10 µl of iTaq universal 

SYBR green supermix (Bio-Rad) and 1 µl of primer pairs specific for ATG 5 (Qiagen). A 

7500 Fast Real-Time PCR System (Applied Biosystems) was used to perform the qRT-

PCR, and analyzed using 7500 Software v2.0.5 (Applied Biosystems) by the comparative 

CT method (Schmittgen and Livak 2008). Expression level of ATG 5 was normalized to 

the expression level of TBP measured in parallel samples. 

 

2.4 Statistical Analysis: 

Data are represented as mean ± standard error of the mean (SEM). One way 

ANOVA-Ordinary was used to compare the normalized values of the FFA treatment 

bands with that of the BSA treatment. Dunnett’s multiple comparison test was used to 

calculate the SEM values for BSA versus oleate, and BSA versus palmitic acid. All the 

statistical analysis tests were performed using GraphPadPRISM 7.0b (La Jolla, CA). 

 

2.5 Immunofluorescence and Confocal Imaging: 

The cells were plated into a four-chamber slide, and the cells were treated on the 

4th day after plating, and the DMEM/F-12 medium supplemented with 10% fetal bovine 

serum was changed to serum free media six hours prior to the addition of the treatment. 

The cells were treated overnight. The next morning the solution and regents needed for 

processing the cells were prepared and stored in 4 °C if not used immediately.  
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Preparation of the Solutions and Reagents: 

a) PBS Buffered solution for incubation and rinses: 

To prepare 1L 1X PBS, 100ml 10X PBS was added to 950 mL of DI water and 

the pH was adjusted to 8.0 using the pH meter. Methanol was kept in the -20 °C 

as the cells had to be fixed with -20°C methanol. 

b) Blocking Buffer (5% milk):  

To prepare the 5 % blocking buffer, 12.5 mL of 0.625g milk was prepared and 

37.5µL of triton X-100 was added into the 12.5 mL of prepared milk.  

c) Antibody Dilution Buffer: 

The antibody dilution buffer was prepared by adding 1% milk into a mixture of 

1X PBS buffer previously made and 0.3% triton X-100. This antibody buffer was 

used for the LC3 A/B primary and the fluorochrome-conjugated secondary 

antibody. 

 

Fixing of the cells:  

After 21-24 hours, the DMEM/F-12 medium was aspirated and 500 µL of -20 °C 

methanol was pipetted into each chamber slide. The cells were allowed to be fixed for 15 

minutes in the -20°C methanol. The fixative was aspirated and thee specimen was rinsed 

5 minutes for three cycles in 1X PBS  

 

Immunostaining:  

The specimen was blocked in Blocking Buffer for an hour. After blocking, the 

blocking solution was aspirated, and the diluted LC3A/B primary antibody (1:1000) was 
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added for overnight incubation at 4°C. The next morning the primary antibody solution 

was aspirated and specimen was rinsed three times for 5 minutes each in 1X PBS. 

Following this the specimen was incubated in Rhodamine RedTM-X-conjugated 

AffiniPure F (ab’) 2 Fragment Donkey Anti-Rabbit IgG (H+L) (Jackson ImmunoResearch 

LABORATORIES. INC) fluorochrome-conjugated secondary antibody diluted in 

antibody dilution buffer (1:100) for one hour at room temperature in the dark. The 

specimen was rinsed for 5 minutes in 1X PBS three times. Vectasheild Mounting media 

with DAPI H-1500 (Lot no. ZC0302) was applied on the slide. The chamber slide was 

wrapped in a foil paper to protect it from light, and used in the imaging room with 

appropriate excitation wavelength.  
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CHAPTER 3 

RESULTS 

 

 

3.0 Free Fatty Acid Palmitate induces ER stress in meniscus cells: 

Meniscus cells responded to palmitate, but not to oleate treatment. Treatment of meniscus 

cells with palmitate increased the expression of CHOP, the spliced or activated form of 

XBP1 (XPB1s) and slightly increased GRP 78 activation (Figure. 13). Thapsigargin is a 

known ER stress inducer we have used as a side positive control (apart from palmitate) in 

our experiments (data not shown). Pretreatment of cells with the small molecule chemical 

chaperone that alleviates ER stress, PBA (ER stress inhibitor) reduced the palmitate-

induced expression of CHOP and XBP1 (Figure 13C). These data suggest that palmitate 

induced ER stress in meniscus cells. 
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Figure. 13: The free fatty acid palmitate induces ER stress.  Porcine primary meniscus 

cells were stimulated with 500 mM BSA-conjugated FFA (palmitate and oleate) overnight and 

probed for A) CHOP and B) GRP 78. C) In other experiments, cells were pretreated with or 

without 1 mM PBA for one hour followed by treatment with palmitate or oleate overnight. After 

incubation, cell lysates were immunoblotted with antibodies for CHOP and XBP1. Blots were 

stripped and reprobed with GAPDH as a loading control.

A. B. C. 
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3.1 Palmitate decreased ATG 5 protein levels in meniscus cells but not ATG 12, ATG 3 

and ATG 7 levels: 

Some early studies have shown that ER stress induces autophagy. Hence, we wanted to 

examine if palmitate induces autophagy. Treatment of meniscus cells with palmitate 

reduced the protein levels of ATG5 in a time depended manner (Figures 14A and 14B) 

without affecting the protein levels of other ATG proteins (Figure 14A). Interestingly, 

palmitate treatment of meniscus cells increased the mRNA expression of ATG 5 

suggesting that palmitate modulate ATG 5 protein levels posttranslational (Figure 14C). 
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14A.I. 

ATG 5 Expression 

14B.I. 

ATG 5 Expression 

 

Figure 14: Palmitate regulates ATG 5 protein levels post-translationally. A. Meniscus 

cells were treated with palmitate for 2-24 hours. Cell lysates were immunoblotted for 

various ATG proteins (A & B). Blots were stripped and reprobed for GAPDH. C. In other 

experiment, RNA was isolated, cDNA was synthesized and q-PCR was performed using 

primers specific for ATG 5 and ATG 12.A.I. and B.I. The data are analyzed using one 

way ANOVA-Ordinary, and represented as mean ± standard error of the mean (SEM). 

B.I. Six hours of treatment showed a significant decrease in ATG 5 levels in palmitate 

induced cells as well. C: There was no downregulation observed in the mRNA levels of 

ATG 5.  

 

14B. 

14A. 

mRNA Levels of ATG 5 and ATG 

14C. 
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3. 2 ER stress inhibitor and proteasome inhibitor rescued ATG5 levels:   

Since our above data suggested that palmitate induced ER stress and reduced 

ATG 5 protein levels, we wanted to examine if alleviating ER stress or inhibiting ERAD 

will rescue ATG 5 protein levels. Pretreatment of meniscus cells with either PBA or 

proteasome inhibitor MG-132 followed by palmitate stimulation rescued ATG 5 protein 

levels suggesting that ER stress has a key role to play in the ATG 5 protein 

downregulation, and that the decrease was due to the ERAD. MG 132 had no effect in 

ATG 3, ATG 7 and ATG 12 levels (Figure 15B and 15C).  
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Figure 15: Inhibition of ER stress or ER-associated protein degradation (ERAD) restored ATG 

5 levels but no effect was seen in the B. ATG 12, C. ATG 3 and ATG 7 samples. 
Meniscus cells were pretreated with PBA (A) or MG 132 (B & C) for an hour followed by 

stimulation with FFAs. Cell lysates were then probed for ATG proteins and blots were stripped 

and reprobed for GAPDH. One hour pretreatment of A. PBA and C. MG 132 were able to restore 

ATG 5 levels. 
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3.3 Palmitate promotes apoptosis by blocking autophagy: 

Our study demonstrated that palmitate promotes degradation of ATG 5. To investigate the effect 

of the degraded ATG 5 and palmitate on autophagy and apoptosis we probed the lysates with 

autophagy maker LC3 A/B and apoptosis marker Cleaved Caspase 3 (Figure 16A). Treatment of 

palmitate induced expression of Cleaved Caspase 3. Pretreatment of 1mM PBA for an hour 

knocked off Cleaved Caspase 3 activation suggesting that the cells experienced ER stress-induced 

apoptosis. The one hour PBA pretreated lysates also showed a higher level of LC3 A lipidation to 

LC3 B. All together these results confirmed past observations that in relatively lower stress levels 

autophagy is activated instead of apoptosis. For further validation that our lysates without PBA 

are not inducing autophagy, we performed a LC3 A/B immunofluorescence straining on 

overnight treated cells with FFA and used TG as a positive control for autophagosome flux 

formation (Figure 16B). Treatment of meniscus cells with palmitate did not promote lipidation of 

LC3, the important step in conversion of LC3 A to LC3 B and phagosome formation as 

evidenced by immunofluorescence staining (Figure 16B).  
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Figure 16: Palmitate inhibited autophagy but promoted apoptosis. Meniscus cells were treated 

overnight with palmitate. A. Cell lysates were made and immunoblotted for LC3 A/B and Cleaved 

Caspase 3. B. In other experiments, autophagosome flux formation was visualized in fluorescence 

microscopy (Confocal imaging) by using LC3A/B primary antibody conjugated with 

fluorochrome-conjugated secondary antibody Rhodamine Red.

A. 

B. 

Autophagosome flux formation  

 

A

A. 
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CHAPTER 4 

 

 

DISCUSSION 

 

 

Loss of cellular homeostasis in the joint tissue is due to an imbalance in anabolic 

and catabolic activity that results in joint destruction and development of OA. Autophagy 

is a cellular process that is activated to restore cellular homeostasis by removing the 

dysfunctional cellular organelles (Cai et al. 2014). Studies have shown that during OA, 

autophagy activation is not adequate to restore the homeostasis, resulting in cellular death 

and tissue destruction. In this study, I demonstrated that FFA palmitate induced ER stress 

in meniscus tissue, which results in decreased autophagosome induction and increased 

apoptosis. We have seen that treatment of meniscus cells with palmitate results in 

increased expression of CHOP, GRP 78 and XBP1s, a spliced form of XBP1 (Figure 13) 

that is formed due to activation of IRE1a arm of the UPR signaling. These molecular 

events are associated with decreased protein levels of ATG 5, and increased expression of 

Cleaved Caspase 3. Pretreatment of meniscus cells with PBA (ER stress alleviator) or 

MG 132 (proteasome inhibitor) prevented palmitate-induced loss of ATG 5, and PBA 

successfully knocked off Cleaved Caspase 3 expression. Taken together, our data suggest 

that ER stress mediated by palmitate promotes ERAD degradation of ATG 5, thereby 

inhibiting autophagy and eliciting apoptosis. To the best of our knowledge, this is the first 

study to demonstrate that palmitate-induced ER stress decreases ATG 5 protein levels, 

autophagy activation and promotes cell death in primary meniscus cells. 

ER stress plays an important role in several human pathologies, but its role in OA 

is not clearly understood (Griffin 2012). Two downstream effects of severe ER stress are 
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inflammation and apoptosis (Haywood and Yammani 2016). ER stress-associated 

apoptosis is mediated by the pro-apoptotic molecule CHOP that is activated during severe 

ER stress by all three wings of the UPR signaling pathway. Dufey et al. 2014 reported 

that one of the notable ways in which CHOP elicits apoptosis is by suppressing anti-

apoptotic Bcl-2 and upregulating apoptotic protein Bim’s transcriptional activity. Our 

data show that palmitate induced CHOP, XBP1 and GRP 78 levels in meniscus cells. 

Palmitate-induced CHOP was inhibited with PBA pretreatment. Increased expression of 

CHOP also enhances catabolic activity of IL-1β in chondrocytes (Husa et al. 2013). In 

addition, Uehara et al. 2014 demonstrated that mice lacking CHOP showed less cartilage 

degeneration and less severe OA Taken together, there is a good evidence that CHOP 

plays an important role in OA pathogenesis.  

ER-associated degradation (ERAD) of misfolded or unfolded protein is designed 

to remove the protein load in the ER and to ease ER stress (Dufey et al. 2014; Hetz and 

Mollereau 2014). Usually this process is mediated by ubiquitin-proteasome-dependent 

pathways (Dufey et al. 2014; Hetz and Mollereau 2014). In our study, we found that 

treatment of meniscus cells with palmitate decreased ATG 5 protein levels, but not 

mRNA expression, and inhibition of proteasomal degradation rescued the ATG 5 levels 

suggesting the ATG5 is target to ERAD, which suggest that palmitate may promote 

misfolding of ATG 5. In our current study, we have not examined if ATG 5 is misfolded 

or unfolded via ubiquitination for it to be targeted by ERAD. Loss of ATG 5 has been 

shown to diminish autophagosome formation, a critical step in autophagy (Gozuacik et al. 

2008). ATG 5 is activated by ATG 7 and forms a complex with ATG 12 and ATG 16L1. 

This complex is necessary for LC3-1 conjugation to PE to form LC3-II (Eisenberg-
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Lerner et al. 2009). In our study, we could not demonstrate the conversion of LC3 A to 

LC3 B, which confirms the role of ATG5 in autophagy. Yousefi et al. 2006 reported that 

knocking down ATG 5 mRNA decreased autophagy activity and possibly activate 

apoptosis (Ge et al. 2014; Lin et al 2014). Lin et al. 2014 reported that in the knockout 

model of ATG 5 mice Cleaved Caspase 3 activation was delayed. Hence, ATG 5 may 

activate apoptosis as well. ATG 5 can assist in apoptosis by forming the calpain mediated 

truncated ATG 5 in Hela and Jurkat cells that overexpresses ATG 5 (Codogno and Meijer 

2006; Shi et la. 2013; Yousefi et al. 2006). However, in our current study, we were 

unable to detect the truncated ATG 5 protein. Interestingly, it has been shown that cells 

that are deficient in autophagy are vulnerable to ER stress (Gozuacik et al. 2008). 

Notably, Gozuacik et al. 2008 have established that autophagy is essential for ER stress-

induced cell death, and it was seen that ATG 5 knocked out and Beclin-1 depleted cells 

were unable to induce autophagy is response to amino acid starvation. Yang li et al. 2010 

have shown hepatic cells that are deficient in ATG 7 gene are more prone to ER stress 

and insulin resistance. Over expression of ATG 7 improved the autophagy and insulin 

sensitivity (Yang li et al. 2010).  

Previous studies have reported that an excessive intensity and duration of stress 

switches cells to take the apoptotic pathway bypassing autophagy (Ding et al. 2007; 

Marino et al. 2014; Vellai T 2009). Even though many signals trigger both autophagy and 

apoptosis, when autophagy induction is exacerbated apoptosis is suppressed and vice 

versa (Marino et al. 2014). When the cell is not able to adapt to the stress, it triggers 

programmed cell death pathways (Marino et al. 2014). Autophagy has a cytoprotective 

role in the suppression of unwanted cell death, and it can do so by selectively reducing 
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the abundance of pro-apoptotic proteins in the cytosol (Marino et al. 2014). For instance, 

autophagy mediates the selective removal of active caspase 8 (Marino et al. 2014). 

Similarly, autophagy can activate apoptosis by depleting endogenous inhibitors of the cell 

death pathways (Marino et al. 2014). On the contrary, when all the cells’ adaptive 

mechanisms are exhausted, the cells are overwhelmed and suicidal cell death programs 

are activated (Marino et al. 2014; Zhao et al. 2014). One of the ways in which the cells do 

this is by activating caspases to digest several essential autophagy proteins leading to 

autophagy inactivation (Marino et al. 2014). In our study, we found decreased protein 

levels of ATG 5, which was associated with increased Cleaved Caspase 3 activity. 

Previously studies from our laboratory have shown that treatment of meniscus cells with 

palmitate induced phosphorylation of JNK, a MAP kinase that promote apoptotic 

pathway via increasing the expression of Cleaved Caspase 3 (Haywood and Yammani 

2016). Knocking down the activity of Ire1a inhibited palmitate induced phosphorylation 

of JNK and expression of Cleaved Caspase 3 (Haywood and Yammani 2016). Taken 

together, these studies demonstrated that activation of the Ire1a arm of UPR signaling 

induced apoptosis in the meniscus cells. Ire1a is an arm of UPR signaling that is activated 

during ER stress. Activated Ire1a interacts with an adaptor molecule tumor necrosis 

factor receptor (TNFR)-associated factor 2 (TRAF2) and then recruits apoptosis signal-

regulating kinase (ASK1) a mitogen activated protein kinase kinase kinase (MAPKKK) 

that activates JNK (Haywood and Yammani 2016). Activation of JNK promotes 

apoptosis via the caspase system (Dhanasekaran and Redd 2008 and Haywood and 

Yammani 2016.) 
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ATG 5 plays an important role in autophagy and apoptosis, hence it is imperative 

to understand its biological role in joint tissue under cellular stress conditions (ER stress 

and oxidative stress) and OA. Autophagy has a more profound and imperative 

cytoprotective role in cells that have less regenerative capacity such as the meniscus and 

the chondrocytes. Stress-induced apoptosis in such cells is a novel target for many 

pharmaceutical agents. Future work can elucidate on the molecular mechanics of 

signaling targets for autophagy and apoptosis regulators that are affected in obesity- 

induced OA. Furthermore, our study demonstrated that fatty acid palmitate-induced ER 

stress decreases autophagy by targeting ATG 5 to proteasomal degradation. Further 

studies are warranted to understand the mechanism of ER associated protein degradation 

in regulating ATG 5 protein levels in autophagy.  
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