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Chapter 1 

General Introduction & Review of 

Literature 
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1.1 Diabetes mellitus 

Diabetes mellitus is a progressive multifactorial metabolic disease defined by elevated 

blood glucose levels or hyperglycemia that in the long-term, results in injury to various 

organs such as kidneys, eyes, and heart and also damages the nerves and blood vessels. 

The International Diabetes Federation (IDF) estimates that 537 million people worldwide 

have diabetes, with 783 million people anticipated to have the disease by 2045 (Sun et 

al., 2022). Diabetes has emerged as one of the major global health issues having a 

significant negative impact on the socioeconomic progress of the nations and the lifespan 

of afflicted individuals. By 2030, diabetes is expected to be the sixth most common cause 

of death worldwide, according to the WHO (World Health Organization, 2010).  As of 

2017, the three major risk factors are high body mass index (BMI) accounting for 30.8% 

of mortality, dietary risk accounting for 24.7% of fatalities, and ambient particulate matter 

pollution responsible for 13.4% of mortality (X. Lin et al., 2020). India has emerged as 

one of the epicenters with a diabetic population of 74.2 million in 2021, second only to 

China having 140.9 million affected population which is projected to rise by 2045 to 

124.9 million and 174.4 million in India and China respectively (Webber, 2021). Diabetes 

is mainly categorized into three types: Type 1 diabetes, Type 2 diabetes, and Gestational 

diabetes. 

1.1.1 Type 1 Diabetes 

Also known as insulin-dependent diabetes mellitus (IDDM) is an autoimmune disorder 

which involves the T-cell mediated destruction of pancreatic beta cells, preventing them 

from producing insulin (Knip & Siljander, 2008). Insulin is a hormone mandatory for 

cellular glucose uptake and in the absence of insulin, cells fail to take up glucose resulting 

in hyperglycemia. It is commonly observed in children and therefore also known as 
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juvenile-onset diabetes. However, in some cases, type 1 diabetes may occur in adults as 

slowly progressing insulin dependent diabetes which can be distinguished from type 2 

diabetes by the presence of autoantibodies (Banday et al., 2020) . This condition is known 

as the Latent autoimmune diabetes in adults (LADA). The important immune markers of 

this adult-onset autoimmune diabetes are the glutamic acid decarboxylase autoantibodies 

(GADA) (Hawa et al., 2013). 

1.1.2 Type 2 Diabetes  

Also known as the non-insulin-dependent diabetes mellitus (NIDDM)  is the predominant 

form accounting for more than 90% of cases and is characterized by both impaired insulin 

secretion and insulin resistance (Muoio & Newgard, 2008). Insulin resistance is a 

condition in which cells fail to respond to insulin due to a defect in insulin receptor 

mediated signal thereby leading to diminished glucose uptake in peripheral tissues 

namely skeletal muscle, liver and adipose tissue (Savage et al., 2005). The main risk 

factors include obesity, sedentary lifestyle, lack of exercise, family history, age, diet, 

polycystic ovarian syndrome (Banday et al., 2020). 

1.1.3 Gestational Diabetes 

It is a condition which develops during pregnancy in women without a prior history of 

diabetes. During pregnancy the placenta supports the growth of the fetus by producing 

certain hormones. The hormones inhibit the action of mother’s insulin resulting in 

hyperglycemia (Gestational Diabetes Mellitus (GDM) | Johns Hopkins Medicine). The 

major risk factors are increased weight, decreased physical activity, an immediate family 

member with diabetes and polycystic ovarian syndrome (PCOS). Women with gestational 

diabetes are more prone to developing diabetes later in life (Rodriguez & Mahdy, 2022). 
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1.2 Pathophysiology of Diabetes mellitus 

 As already stated, diabetes is a heterogenous, metabolic condition characterized by 

sustained hyperglycemia which is a consequence of reduced insulin secretion or reduced 

insulin sensitivity (insulin resistance) or both. The complexity of diabetes is due to the 

involvement of multiple organs that showcase abnormal functioning during the disease 

condition. The main organs implicated in the pathophysiology of diabetes are the 

pancreas, skeletal muscle, liver and adipose tissue (Figure.1.1). Under normal conditions, 

these organs are involved in maintaining the glucose homeostasis. Under physiological 

conditions, after a meal, glucose is absorbed into the circulation via the gastrointestinal 

(GI) tract, resulting in a spike in blood glucose levels. To facilitate clearance of glucose 

from circulation and promote cellular uptake in the peripheral tissues, pancreas release 

the insulin hormone. The insulin then binds to the receptors on cell surface of skeletal 

muscles and adipose tissue enabling the insulin dependent glucose uptake via the glucose 

transporter 4 (GLUT4)  thereby lowering the circulating glucose levels (Röder et al., 

2016). Insulin also enhances protein synthesis and glucose utilization in skeletal muscles 

whereas in adipose tissues, it promotes glucose utilization, fat esterification while 

decreasing lipolysis (Luo & Liu, 2016; Washburn et al., 2021). In liver, insulin does not 

directly promote glucose uptake, this is because of the presence of insulin independent 

glucose transporters, GLUT1 & 2 on the hepatocyte membrane. Here, insulin functions 

to trigger signaling pathways such as glycolysis (glucose utilization), glycogenesis 

(synthesis of glycogen from glucose) and lipogenesis (fatty acid synthesis) while it 

decreases gluconeogenesis (glucose production from de novo sources) and 

glycogenolysis (breakdown of glycogen) (Ribeiro & Antunes, 2018). However, under 

diabetic condition, the tightly regulated glucose homeostasis is disturbed resulting in 

impaired insulin secretion from the pancreatic islets in type 1 diabetes and later stages of 
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type 2 diabetes due to beta cell loss. Impaired cellular glucose uptake in skeletal muscle 

cells, adipose tissue and decreased glycogenesis and glycolysis in liver as a consequence 

of insulin resistance are also observed (Washburn et al., 2021). 

 

Figure.1.1. Pathophysiology of diabetes mellitus (Washburn et al., 2021) 

1.3 Currently used drugs for treatment of Diabetes mellitus 

Proper glycemic control strategies are required for effective disease management. There 

are several classes of antidiabetic drugs available commercially. The primary goal of 

these medications is to ameliorate hyperglycemia and depending on the severity of the 

condition, these drugs are either administered alone or in combination. The drug targets, 
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their mode of action and side effects are shown in Table 1.1. (Chaudhury et al., 2017; 

Hansen et al., 2013). 

Table 1.1 Currently used antidiabetic drugs 

Class of Drug Example/Brand 

Name 

Mode of action Side-effects 

Insulin Injectable insulin 

a) Short acting 

insulin (Humulin, 

Novolin) 

b) Long-acting 

insulin 

(Detemir, Glargine) 

c)Rapid acting 

(Lispro) 

Increase in 

endogenous insulin 

levels and 

subsequent 

upregulation of 

insulin signaling in 

peripheral tissues 

Hypoglycemia 

Biguanides Metformin Reduction in 

hepatic glucose 

production 

Increase in glucose 

uptake in skeletal 

muscle and 

adipose tissue by 

AMPK activation 

Lactic acidosis, 

weight loss 

Thiazolidinediones Rosiglitazone, 

Pioglitazone 

Promote insulin 

sensitivity via 

activation of 

peroxisome 

proliferator-

activated receptor 

gamma (PPAR-

gamma) 

Cardiac failure, 

bladder cancer, 

weight gain 
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Sulfonylureas Glimepiride, 

Glyburide, 

Glibenclamide 

Promotes insulin 

secretion from 

pancreatic islets 

Weight gain, 

hypoglycemia, 

increased CVD 

risk 

Dipeptidyl 

peptidase IV 

(DPPIV) 

Sitagliptin, 

Saxagliptin 

Inhibition of 

Glucagon like 

peptide-1(GLP-1) 

degradation 

thereby promoting 

insulin release 

Pancreatitis 

GLP-1 agonists 

 

 

 

 

 

 

Liraglutide, 

Exenatide 

Stimulate insulin 

secretion from 

pancreas while 

suppressing 

glucagon release 

by activating the 

GLP-1 receptors in 

pancreas 

Weight loss, 

nausea, vomiting, 

pancreatitis 

Alpha glucosidase 

inhibitors 

Acarbose, Miglitol Inhibits starch 

breakdown, 

slowing the release 

of glucose in 

circulation 

Diarrhea, 

bloating, nausea 

Sodium glucose co-

transporter 

inhibitor (SGLT2) 

Canagliflozin, 

Dapagliflozin, 

Empagliflozin 

Promote glycosuria 

by reducing 

glucose 

reabsorption from 

proximal renal 

tubules thereby 

facilitating 

elimination of 

glucose from body 

Acute renal 

injury, increased 

risk of bone 

fractures, 

genitourinary 

infections, 

ketoacidosis(rare) 
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1.4 Why do we need novel targets for disease intervention 

Despite the availability of the antidiabetic drugs for management of diabetes, the disease 

prevalence as well as the economic burden imposed by the diabetes healthcare is 

increasing at an alarming rate. The annual cost globally in 2021 was  estimated to be 966 

billion US dollars which is a 316% increase from 232 billion dollars in 2007 and the 

global economic burden is projected to reach $2-2.5 trillion by 2030 (Bommer et al., 

2018; Sun et al., 2022). Due to a lack of adequate health insurance coverage for the 

general public and the prevalence of the ailment in both rich and poor people, emerging 

nations like India experience terrible economic conditions and prevalence. In 2017, the 

nationwide economic burden due to diabetes in India was observed to be 31 billion US 

dollars, placing the country at fourth position behind USA, China and Germany (Oberoi 

& Kansra, 2020). The diabetic population between the age 20 to 79 is expected to rise 

globally to 642 million (1 in 10 adults) in 2040 compared to 415 million (1 in 11 adults) 

in 2015 (Sun et al., 2022). The exponential growth in prevalence of diabetes can be a 

consequence of it being a life-long condition which despite the availability of medication 

worsens over time resulting in severe complications such as neuropathy, nephropathy, 

retinopathy and myopathy which further creates a dent in patient’s pockets. This may be 

because the treatment strategy focuses on reprimanding the cellular outcomes namely 

insulin resistance and impaired insulin secretion rather than targeting the underlying 

mechanisms. There is a need for developing better therapeutic strategies to control the 

growing diabetic population as well as to curb the cost. This should involve identification 

of novel targets for disease intervention and cheaper alternatives than the currently used 

drugs.  
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1.5 Endoplasmic reticulum stress: An emerging target for Diabetes mellitus 

The complex heterogenous etiology of diabetes warrants a multitargeted therapeutic 

approach that should focus on gaining a deeper insight into the causes underlying insulin 

resistance and impaired insulin secretion. Endoplasmic reticulum (ER) stress has emerged 

as one of the underlying causes for diabetes pathogenesis. ER consisting of an 

interconnected continuous membrane network is the largest organelle distributed in the 

cytoplasm of the eukaryotic cells. The first description of the ER as a reticular structure 

was made by Emilio Veratti in 1902 by using the light microscope but it took another 50 

years for researchers to rediscover it after the introduction of the electron microscope 

(Mazzarello et al., 2003).  

The ER is a highly complex and dynamic structure consisting of two main domains, the 

nuclear envelope and the peripheral ER comprising the flat cisternae and reticular tubules 

as depicted in Figure.1.2 (Westrate et al., 2015). The nuclear envelope consists of the 

inner nuclear membrane and outer nuclear membrane (INM & ONM) stacked together as 

a flat membrane bilayer enveloping the nucleus that are separated by an internuclear 

membrane space while coming in contact only at the nuclear pores facilitating the 

diffusion of membrane proteins and molecules between the nucleus and cytoplasm 

(English & Voeltz, 2013). The peripheral ER extends from the ONM as a network of 

cisternae sheets and dynamic tubules, the ratio of the flat cisternae and tubules varies from 

cell to cell (Shibata et al., 2006). The main difference between the sheets and tubules lies 

in the membrane curvature with the former having a low membrane curvature except at 

the edges whereas the latter having a high membrane curvature (Westrate et al., 2015).  
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Figure.1.2. Endoplasmic reticulum structure (Goyal & Blackstone, 2013) 

 

Electron microscopic studies have revealed the presence of ribosomes on the flat cisternae 

sheet rendering it a rough surface giving it the name rough ER (RER) while tubules have 

a smooth surface owing to the lack of ribosomes and therefore also known as the smooth 

ER (SER) (Voeltz et al., 2002). The SER is involved in lipid synthesis, steroid synthesis, 

calcium storage and homeostasis. It is well known that ribosomes are the site for protein 

synthesis or translation and the RER is involved in protein folding, translocation and post-

translational modifications which is the predominant function of the ER. After the 

translation, the nascent polypeptide enters the ER lumen where it undergoes folding, 

disulfide bond formation and post translational modifications such as N-linked 

glycosylation and amino acid hydroxylation or carbonylation to achieve the native 

conformation with the help of ER resident chaperones and oxidoreductases (Schwarz and 

Blower 2016). After maturation, the proteins are directed to the Golgi apparatus for 

further processing before being transported to their ultimate destination. Being a highly 
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complex process, protein folding is error-prone and can result in the formation of some 

unfolded or misfolded protein aggregates. These aggregates are then degraded by the 

ubiquitin-mediated proteasome, preventing them from leaving the ER (Guerriero & 

Brodsky, 2012).  

When the capacity for protein folding is exceeded by the demand for protein folding, a 

condition known as ER stress results, which causes an accumulation of misfolded proteins 

in the ER lumen. Any perturbations in the normal functioning of the ER leads to ER stress 

which then triggers a signaling cascade known as the unfolded protein response (UPR) 

whose primary goal is to restore the ER homeostasis by relieving the stress. The UPR is 

primarily an adaptive mechanism which aims to reduce the misfolded protein load and 

promote cell survival by attenuation of protein synthesis, degradation of unwanted 

misfolded protein aggregates by endoplasmic reticulum associated degradation (ERAD) 

and upregulation of protein folding machinery by transcriptional activation of chaperones 

and other folding assisting enzymes (Rajan et al., 2007). In cases of sustained or chronic 

ER stress, the UPR fails to restore homeostasis and becomes maladaptive or dysregulated 

leading to cellular apoptosis. Maladaptive UPR is associated with several pathological 

conditions including diabetes (J. H. Lin et al., 2007). The main stimuli for ER stress 

induction include high glucose, inflammatory cytokines, circulating free fatty acids, 

nutrient deprivation, hypoxia, reactive oxygen species (ROS) and calcium imbalance 

(Fonseca et al., 2011). Inositol-requiring kinase 1 alpha (IRE-1), protein kinase 

ribonucleic acid (RNA)-activated-like ER kinase (PERK), and activating transcription 

factor 6 (ATF6) are the three main arms of the UPR (Malhotra & Kaufman, 2007). These 

three ER stress sensors are sequestered by the BIP protein, also known as GRP78, under 

non-stressed conditions. These three sensors separate from BIP when ER stress is 

induced, activating downstream signaling pathways that, depending on how long the 
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stress lasts, may cause cell survival or apoptosis (Rutkowski & Kaufman, 2004) as shown 

in Figure.1.3.   

 

Figure.1.3.The activation of the three UPR sensors in response to ER stress (Mei et al., 2013) 

 

1.5.1 IRE-1 signaling 

It is the most conserved arm of the UPR comprising a serine/threonine kinase and an 

endoribonuclease domain and gets activated by dimerization and autophosphorylation 

following dissociation from the BIP protein (Hetz, 2012). It is a type I transmembrane 

protein and consists of two forms, IRE-1α and IRE-1β sharing 39% sequence homology, 

the former is universally expressed whereas the expression of the latter is limited to 

gastrointestinal tract and pulmonary mucosal epithelium (Almanza et al., 2019; Martino 

et al., 2013). Upon activation, the IRE-1α exerts its endoribonuclease activity by initiating 

the X box-binding protein 1 (XBP-1) mRNA splicing. Following this, the spliced XBP-1 

(XBP-1s) then translocates to the nucleus enabling the transcriptional activation of genes 

involved in enhancing the protein folding and ERAD that are required for restoring the 

ER homeostasis and promoting survival. Besides this function, RNase activity of IRE-1α 
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is also involved in selective targeting and degradation of mRNAs coding for proteins 

involved in protein folding through a process known as regulated IRE-1α dependent 

decay (RIDD) (Deldicque et al., 2013). The acute RIDD signaling aids in adaptive 

response whereas sustained activation leads to apoptosis. The kinase activity of the IRE-

1α gets triggered during the chronic ER stress, thereby activating the apoptosis signal-

regulating kinase1 (ASK1) and downstream Jun-N- terminal kinase (JNK) and p38 

mitogen activated protein kinase (p38 MAPK) which subsequently lead to cellular 

apoptosis (Ron & Hubbard, 2008).  

 

1.5.2 PERK signaling 

It is an ER type I transmembrane protein which gets activated by dimerization and 

autophosphorylation following dissociation from BIP or GRP78 in response to ER stress. 

It also comprises a serine/threonine kinase domain (Bertolotti et al., 2000). The activated 

PERK then phosphorylates the eukaryotic translation initiation factor (eIF2α) which then 

attenuates the protein synthesis while also activating downstream UPR element activating 

transcription factor 4 (ATF4) (Harding et al., 2000). The ATF4 then translocates to the 

nucleus and promotes transcription of genes involved in amino acid metabolism, 

glutathione synthesis and reduction of oxidative stress favouring cell survival (Harding 

et al., 2003). Under prolonged stress conditions, PERK/ATF4 signaling becomes pro-

apoptotic by activating the pro-apoptotic factor growth arrest-and DNA damage-

inducible gene (GADD153) or C/EBP homologous protein (CHOP) which initiates 

cellular apoptosis (Sano & Reed, 2013). 
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1.5.3 ATF6 signaling 

It is an ER type II transmembrane protein comprising two subunits, ATF6α and ATF6β 

with ATF6α having better transcriptional activity (Thuerauf et al., 2007). During ER 

stress, ATF6α dissociates from the GRP78 and moves to the Golgi apparatus and then 

undergoes cleavage by site1 and site2 proteases (Shen et al., 2002). The cleaved cytosolic 

form then enters the nucleus and triggers transcriptional activation of XBP-1, ER 

chaperones and ERAD thereby facilitating cryoprotection (Taouji et al., 2013). However, 

under sustained ER stress, ATF6 activates CHOP triggering apoptotic pathways (H. Yang 

et al., 2020). 

 

1.5.4 CHOP/GADD153: indicator of maladaptive UPR  

The primary aim of the UPR is to restore ER homeostasis by alleviating ER stress and 

promoting cell survival. However, during chronic ER stress, the UPR fails to restore ER 

homeostasis resulting in cellular apoptosis. The key UPR element involved in the 

progression of apoptosis is the CHOP or GADD153, whose expression increases in 

response to maladaptive UPR activating pro-apoptotic factors (Alam et al., 2017). CHOP 

is a nuclear protein belonging to the CCAAT/enhancer-binding protein (C/EBP) family 

of transcription factors and comprises two domains, an N-terminal transcriptional 

activation domain and a C-terminal basic-leucine zipper domain (bZIP) with the latter 

domain involved in CHOP mediated apoptosis (H. Hu et al., 2019). In absence of stress 

conditions, CHOP is expressed at very low levels in the cytoplasm, however under 

chronic ER stress, CHOP expression is significantly upregulated following nuclear 

translocation and precedes the apoptosis induction. Under pathological conditions, CHOP 

is activated by all the three arms of the UPR as depicted in Figure.1.4. Apoptosis is 

induced by the PERK/ATF4/CHOP signaling, IRE-1/ASK-1/p-p38MAPK/CHOP 
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signaling and ATF6/CHOP signaling (De Bernard et al., 2019). CHOP triggers the 

intrinsic apoptosis by activating the genes encoding the pro-apoptotic BIM protein and 

suppressing the translational activation of the anti-apoptotic BCL-2 protein followed by 

release of cytochrome c and activation of caspases (McCullough et al., 2001; Puthalakath 

et al., 2007). Extrinsic apoptotic pathway is also induced by CHOP via the transcriptional 

activation of the TNF family member cell surface- DR-5 which activates Fas-associated 

death domain and caspase 8 (Y. Yang et al., 2017). CHOP can also mediate apoptosis via 

the activation of Tribbles homolog 3 (TRB3), an inhibitor of the Akt phosphorylation and 

also by the calcium mediated apoptosis through activation of ERO1α and subsequent 

activation of Ca2+/calmodulin-dependent protein kinase II (CaMKII) (K. Du et al., 2003; 

Y. Yang et al., 2017).  

 

Figure.1.4. Activation of CHOP by all three ER stress sensors leads to apoptosis (Turpin et 

al., 2021) 
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1.6 ER stress and Oxidative stress 

Oxidative stress is a condition that arises due to cellular redox imbalances caused by 

disruption of equilibrium between the cellular antioxidant defence and ROS products due 

to abnormal generation of latter which is known to be associated with  several 

pathological conditions (Henriksen et al., 2011). The primary function of the ER is 

folding, disulphide bond formation and maturation of protein into its native three-

dimensional conformation and to facilitate the same, the ER lumen has an oxidising 

environment which is maintained by the high oxidised glutathione to reduced glutathione 

(GSSG/GSH) levels (Bass et al., 2004). Under normal conditions, protein folding 

machinery owing to the formation of disulphide bonds, generates a basal amount of ROS 

as byproducts which is scavenged by the endogenous antioxidant system. The disulphide 

bond formation is mediated by the ER resident oxidoreductases namely the protein 

disulphide isomerase (PDI) family of proteins which are involved in reduction, 

isomerization and formation of disulphide bonds. The substrate peptides' cysteine 

residues donate two electrons to the cysteine residues in the PDI active site, resulting in 

reduction of PDI and oxidation of substrate, the PDI then transfer the electron to an 

acceptor protein which transfers the electron to molecular oxygen resulting in formation 

of hydrogen peroxide, a ROS product (Cao & Kaufman, 2014; Hagiwara & Nagata, 

2012). The oxidative protein folding in the ER is represented in the Figure.1.5. The 

electron acceptor for oxidative protein folding in mammalian cells include vitamin K 

epoxide reductase, quiescin sulfhydryl oxidase (QSOX), peroxiredoxin IV, whereas in 

yeast cells it is the ER oxidoreductase 1 (Ero1) (Hagiwara & Nagata, 2012).  
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    Figure.1.5. Oxidative protein folding in the ER (Espinosa-Diez et al., 2015) 

 

During chronic ER stress, the protein folding machinery is upregulated to reduce the 

misfolded protein load in the ER lumen. The PDI family of proteins are highly expressed 

leading to abnormally high levels of free radicals or ROS resulting in a hyperoxidized ER 

lumen which worsens ER stress by impairing proper PDI action and producing more 

misfolded proteins (Burgos-Morón et al., 2019). There is a vicious loop between ER stress 

and ROS generation in which the latter can both start and feed the former (Chong et al., 

2017). ROS are also known to activate the Mitogen activated protein kinase (MAP kinase) 

family of proteins that regulate a myriad of functions such as cell survival, proliferation 

and apoptosis (McCubrey et al., 2006). The MAP kinase family of proteins consist of 

serine/threonine kinase domains and are mainly classified into three types, the 

extracellular signal regulated kinase (ERK), p38 mitogen activated protein kinase 

(p38MAPK) and Jun N-terminal kinase (JNK). These are activated by sequential 

phosphorylation and all three proteins are involved in regulating cell fate decisions, both 

cell survival as well as dysfunction depending on the nature and duration of stress 

(Winter-Vann & Johnson, 2007). 

In skeletal muscles, exercise induced muscle contraction and long periods of muscle 

disuse are associated with ROS production (Davies et al., 1982; Kondo et al., 1991). At 
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physiological levels, ROS are involved in regulation of signaling pathways needed for 

skeletal muscle adaptation whereas chronic and aberrant ROS generation in muscle cells 

result in oxidative damage and loss of function (Jackson et al., 2019). In pancreatic islets, 

the major site for synthesis and secretion of insulin peptide, a close nexus exists between 

ER stress and oxidative stress where both are involved in the pathogenesis of diabetes by 

inducing beta cell dysfunction and impaired insulin synthesis and secretion (Hasnain et 

al., 2016). A schematic illustration of ER stress mediated oxidative stress is shown in 

Figure.1.6. 

 

Figure.1.6. ER stress induced ROS generation and subsequent oxidative stress (Burgos-

Morón et al., 2019) 

 

1.6.1 ER stress and Insulin resistance 

ER stress is one of the underlying mechanisms leading to insulin resistance, a major 

hallmark of type 2 diabetes. ER stress mediated insulin resistance is augmented in 

response to high fat diet and obesity indicating a close nexus between obesity and ER 

stress in diabetic condition (Eizirik et al., 2008). Under normal conditions, the binding of 

the insulin peptide to the insulin receptor, a member of the receptor tyrosine kinase 

family, initiates the insulin signaling, on the cell surface of skeletal muscle cells and 



19 
 

adipocytes followed by autophosphorylation and activation of the tyrosine residues (L. 

Chang et al., 2004). These residues are then identified by the phosphotyrosine binding 

domain (PTB) of the insulin receptor substrate (IRS) proteins that are then recruited and 

phosphorylated at the tyrosine residues by the insulin receptor (Lizcano & Alessi, 2002). 

The phosphorylated IRS proteins (IRS1 & IRS2) recruit the SH2 domain containing p85 

regulatory subunit of phosphoinositide 3-kinase (PI3K) which subsequently activates the 

serine/threonine kinase Akt or protein kinase B (PKB) which then mediates the 

downstream signaling facilitating the glucose uptake via the GLUT4 transporters (Pessin 

& Saltiel, 2000). 

According to a recent study, ER stress induces insulin resistance by prohibiting the 

maturation of insulin proreceptors by slowing their transport from the ER to the plasma 

membrane, which in turn inhibits Akt activation and subsequent downstream signaling 

(Brown et al., 2020). Earlier studies have elaborated the role of the ER stress sensors in 

induction of insulin resistance. The IRE-1 arm of the UPR induces IR by inducing TRAF2 

and ASK1 mediated activation of the NF-kB and JNK which then inhibits the insulin 

signaling by phosphorylating the serine residues on IRS1 (P. Hu et al., 2006; Urano et al., 

2000). Insulin resistance can also be induced by TRB3 following activation by 

PERK/ATF4 arm of the UPR (Flamment et al., 2012). Akt mediated nucleus to 

cytoplasmic translocation of forkhead transcription factor (FOXO) is an important event 

in insulin signaling (Accili & Arden, 2004). FOXO proteins are involved in metabolic 

regulation and regulate the expression of glucose 6 phosphatase and 

phosphophenolpyruvate carboxykinase (PEPCK) thereby promoting gluconeogenesis in 

the liver and under diabetic condition, FOXO mediates hyperglycaemia and glucose 

intolerance (K. Zhang et al., 2012). The PERK arm of the UPR induces insulin resistance 
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by mediating phosphorylation and nuclear localization of FOXO resulting in insulin 

resistance (W. Zhang et al., 2013).  

Obesity induced lipotoxicity brought on by circulating saturated fatty acids such as 

palmitate, leads to ER stress-mediated insulin resistance in skeletal muscles via decrease 

in GLUT4 encoded by Slc2a4 gene mediated by IRE-1α TRAF2 complex, it is also 

accompanied by myotube loss and suppression of myokine genes (FNDC5, CTRP15 and 

FGF21) (Ebersbach-Silva et al., 2018; M. Yang et al., 2013). Contradictions dismissing 

the role of ER stress in palmitate mediated skeletal muscle insulin resistance have been 

reported as well (Hage Hassan et al., 2012). ER stress induced muscle insulin resistance 

was shown to be dependent on TRB3 upregulation and its overexpression suppressed the 

insulin stimulated IRS1 Tyr612 phosphorylation and Akt (Koh et al., 2013). Skeletal 

muscle and kidney-enriched inositol polyphosphate 5-phosphatase (SKIP), a PIP3 

phosphatase abrogates PI3K signaling by hydrolysing PIP3 thereby acting as a negative 

regulator of insulin dependent signaling in skeletal muscles (Ijuin and Takenawa 2003). 

ER stress was reported to induce insulin resistance by enhancing the SKIP expression 

levels in ATF6 and XBP-1 dependent manner in skeletal muscles (Ijuin et al., 2016). 

 

1.6.2 ER stress and clearance of misfolded proteins 

Proteolytic mechanisms are initiated as one of the many responses of the ER stress 

induced UPR in order to relieve the stress condition by decreasing the load of misfolded 

proteins in the ER lumen. During ER stress, the cell employs two major quality control 

systems for the clearance of misfolded non-native proteins, the endoplasmic reticulum 

associated degradation (ERAD) via ubiquitin-proteasome system (UPS) and autophagy. 

The major difference between these two mechanisms depends on substrate size. ERAD 

degrades only those proteins that can pass through the narrow channel of the proteasome 
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such as single unfolded proteins or soluble misfolded proteins while autophagy can 

degrade insoluble, large protein aggregates and damaged organelles.  

 

1.6.2.1 ERAD 

ERAD can be classified as type I ERAD and type II ERAD where the former represents 

the UPS mediated degradation which will be discussed here while the latter represents 

autophagy-lysosome mediated degradation which will be discussed in Section 1.6.2.2 

(Fujita et al., 2007). ERAD (I) hereafter referred to as ERAD is a complex sequential 

process including the following steps, protein recognition, in which the misfolded 

proteins are recognized by the ER resident chaperones including calnexin, calreticulin 

and PDI; Protein targeting, here the ERAD substrates are targeted to the retro 

translocation machinery and/or E3 ligases and this is mediated by the EDEMs, 

HERP,OS9 and XTP3-B; Retro translocation initiation, here the substrates are retro 

translocated to the cytoplasm and this is partly initiated by the cdc48 complex, chaperones 

in addition to Derlins, HERP, Sec61, VIMP, SVIP, BAP31; Ubiquitylation and further 

retro translocation, here following exit from the retro translocon, substrates are 

polyubiquitylated by E3 ubiquitin ligases promoting retro translocation aided by 

cytoplasmic ubiquitin-binding protein complexes and this requires UFD, HRD1-SEL1 

complex, UBE1, RNF5, UBCs, TEB4, GP78, NEDD4-2; Proteasomal targeting and 

degradation, here the polyubiquitylated substrate is recognized by receptors in the 19S 

cap of 26S proteasome, de-ubiquitylating enzyme removes the polyubiquitin tag 

following which substrate is threaded into the 20S catalytic core of the proteasome  

undergoing fragmentation into peptides  and this step requires p97-UFD1-NPL4, RAD23, 

Peptide N-Glycanase, Ataxin-3, RPNs, RPT5 (Vembar & Brodsky, 2008). A schematic 

illustration of the multistep ERAD process is represented in Figure.1.7. The 
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transcriptional induction of ERAD components in mammalian cells is mediated by the 

ATF6α and XBP-1 pathways of UPR (Yamamoto et al., 2007). The ERAD genes are 

constitutively and ubiquitously expressed even in the absence of stress within the cell that 

not only ensures fidelity of protein production but also regulate the abundance of proteins 

(Bhattacharya & Qi, 2019). Therefore, any decrease in ERAD function worsens ER stress 

and jeopardises ER homeostasis leading to pathological consequences. Mutations or 

genetic deletions in ERAD components result in loss of function leading to accumulation 

of misfolded proteins and subsequent disease conditions such as neurological, skeletal 

disorders, intellectual disability, diabetes, cardio and immuno-related diseases (Badawi 

et al., 2023). Reports, however, also point to the overexpression of ERAD elements in 

pathological circumstances. In few skeletal muscle disorders such as muscle wasting or 

atrophy, muscular dystrophy and cachexia, enhanced UPS machinery is observed which 

can be treated to a certain extent by employing proteasome inhibitors owing to the 

multifactorial nature of the diseases (Kitajima et al., 2020). 
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Figure 1.7. Endoplasmic reticulum associated degradation (ERAD) steps (Vembar & Brodsky, 2008)
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1.6.2.2 Autophagy 

It is defined as a catabolic process involving the engulfment of cytoplasmic cargo 

comprising insoluble protein aggregates and damaged organelles by a double membrane 

vesicle known as the autophagosome followed by subsequent degradation of the cargo on 

fusion with lysosome (Beth Levine & Guido Kroemer, 2008). Autophagy, which is 

essential for cell proliferation, differentiation, innate and adaptive immunity, cell death 

and creation of new macromolecules by recycling metabolites generated by lysosomal 

breakdown, is maintained at a minimum basal level in healthy cells (Rashid et al., 2015). 

It is upregulated under stress conditions namely, nutrient starvation, low energy status, 

oxidative stress, ER stress, infection and hypoxia (Beth Levine & Guido Kroemer, 2008). 

A schematic representation of autophagy steps is shown in Figure.1.8.  
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Figure.1.8. Schematic representation of stepwise autophagy process (N. C. Chang, 2020) 
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Under ER stress condition, autophagy is known to be triggered by all the three ER stress 

sensors with the primary goal of relieving the ER burden by degradation of the misfolded 

proteins. The IRE-1/XBP-1 pathway induces autophagy by inducing conversion of LC3-

I to LC3-II and upregulation of Beclin1 (Margariti et al., 2013). Autophagy can also be 

triggered by the IRE-1/TRAF-2/JNK pathway which mediates the autophagosome 

formation (Yan et al., 2015). PERK/eIF2α phosphorylation enhances ATG2 levels while 

expression of genes involved in autophagy namely Beclin1, ATG3, ATG12, MAP1LC3B 

and ATG16L1 requires downstream ATF4 activation and its interaction with DDIT3 

causes transcriptional activation of autophagy markers, SQSTM1/p62, BR1 and ATG7 

(B’Chir et al., 2013; Hotamisligil, 2010). CHOP is involved in the induction of ATG5, 

BH3 domain proteins while decreasing Bcl-2 levels which aids in disassociation of 

Beclin1 from Bcl-2 (Liu et al., 2014; Puthalakath et al., 2007; Rouschop et al., 2010). 

CHOP also enhances TRB3 levels which in turn suppress the phosphorylation of Akt and 

subsequently mTORC1 resulting in autophagy induction (Yan et al., 2015). ATF6 arm of 

UPR activates autophagy by induction of DAPK1 which drives autophagosome formation 

by phosphorylation of Beclin1(Gade et al., 2012; Zalckvar et al., 2009). ATF6 initiates 

autophagy by enhancing expression of HSPA5 followed by suppression of activity of  

PKB (Yung et al., 2011).  

 

1.6.3 ER stress and mitochondrial alterations 

Mitochondria are present in the cytosol as a dynamic network that undergoes fusion and 

fission facilitating exchange of information and catering to the energy demands of the 

cell. Studies over the past years have manifested the physical and functional interaction 

of the ER and the mitochondria. Both ER and mitochondria are dynamic in nature and 

undergo functional and physical modification in response to external stimuli (Malhotra & 
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Kaufman, 2011). Any perturbation in the ER functioning can have a negative impact on 

the mitochondrial function.  

The ER mitochondria communication is an important example of interorganellar 

connection. The region of physical contact between these organelles is termed as 

mitochondrial associated membranes (MAMs), term coined by Vance (Rusiñol et al., 

1994). MAMs are specialised regions which connect the ER surface to the outer 

mitochondrial membrane (OMM) and facilitate sharing of information between these two 

structures. The key proteins at MAMs junction that are involved in maintaining the 

tethering between the two organelles are the mitofusins (MFN), dynamin related protein 

1 (DRP1), mitochondrial fission protein (FIS1), inositol triphosphate receptor (IP3R), 

Voltage dependent anion channel (VDAC), vesicle-associated membrane protein-

associated protein B (VAPB), glucose regulatory protein 75 (GRP75), B-cell receptor-

associated protein 31 (BAP31), protein tyrosine phosphatase interacting protein 51 

(PTPIP51) (Lee & Min, 2018). The major proteins present at the MAMs junction are 

depicted in Figure.1.9.  

 

Figure.1.9. Major proteins present at the MAMs junction tethering the ER to the 

mitochondria (Wilson & Metzakopian, 2021) 
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The MAMs are involved in various functions such as lipid trafficking, calcium signaling, 

mitochondrial fusion and fission, apoptosis, cell survival, autophagy (Gordaliza‐Alaguero 

et al., 2019).  The MAMs play a major role in transport of calcium from the ER to 

mitochondria. The ER is the main site for storage of calcium and the inward and outward 

flow of calcium ions, an important second messenger, from the ER, regulates several 

signaling pathways. The high calcium ion levels in the ER are maintained by the sarco-

endoplasmic reticulum Ca2+ATPase (SERCA) pump on the ER surface which enables 

ATP hydrolysis coupled entry of calcium from cytosol to the ER (Gorlach et al., 2006). 

The calcium exit from the ER is mediated by the ryanodine receptors (RYR) and the IP3R. 

Upon ER stress, the PERK/ATF4 arm of the UPR upregulates the parkin protein which 

tightens the contact between the ER and mitochondria thereby enhancing the calcium 

transport from the ER to mitochondria through the IP3R channel (Bouman et al., 2011). 

Under prolonged ER stress, the increased mitochondrial calcium mediates pro-apoptotic 

signals including loss of mitochondrial membrane potential, increased membrane 

permeability, swelling of matrix and cytochrome c release (Deniaud et al., 2008). Calcium 

influx into the mitochondria during ER stress gives rise to increased mitochondrial ROS 

generation by enhancing the Krebs cycle and mitochondrial phosphorylation and electron 

transport chain (ETC) (Bhandary et al., 2013). Sustained ROS levels establish a vicious 

nexus with calcium release channels thereby augmenting calcium release from ER that 

can have negative implications. 

 

1.7 ER stress in skeletal muscles 

Skeletal muscle is an essential organ that serves multiple functions, predominantly, body 

movement, thermoregulation, utilization and storage of energy metabolism substrates 

such as glucose, lipids and amino acids (Evans, 2010; Gallot & Bohnert, 2021). Skeletal 
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muscle makes up 40% of total body mass and accounts for 80% of whole body glucose 

metabolism making it an important target for diabetes related studies (DeFronzo et al., 

1981; Zurlo et al., 1990). Moreover, the storage of 50–70% of the body's total protein 

occurs in skeletal muscle tissue, which is a key site for protein metabolism (Bohnert et 

al., 2018). Despite its limited secretory function, skeletal muscle is composed of an 

intricate network of specialised ER called the sarcoplasmic reticulum (SR), which serves 

as a calcium ion reservoir and, as a result, plays a crucial role in muscle contraction, ER 

stress-mediated UPR, and ultimately skeletal muscle function (Mensch & Zierz, 2020). 

Many factors, including a high calorie intake, exercise, lack of oxygen, disruption of 

redox homeostasis, and changes in calcium levels, can cause ER stress in skeletal muscle 

(Deldicque et al., 2013). Mild ER stress has an adaptive role in the skeletal muscles and 

is involved in myogenesis, calcium homeostasis, amino acid metabolism and exercise.  

Myogenesis implies the formation of skeletal muscle tissue during the embryonic 

development or postnatal life. In the embryonic stage, the multi-potential mesodermal 

cells develop into myoblasts which then differentiate and fuse together to form 

multinucleated myotubes that mature into myofibres (Bentzinger et al., 2012). The 

skeletal muscles also have the ability for regeneration owing to the presence of satellite 

cells or muscle stem cells which remain in the quiescent state in healthy tissue and only 

become activated in injured tissue where these undergo multiple cell divisions and 

subsequent myofiber regeneration (Afroze & Kumar, 2019). ER stress associated UPR is 

known to control the various phases of myogenesis. During the myotube formation, the 

incompetent myoblasts are eliminated by apoptosis and the surviving myoblasts 

differentiate into myotubes, this is facilitated by the upregulation of ATF6,  BIP and 

CHOP which in turn activate the caspases 12, 9 and 3 triggering apoptosis, eliminating 

the incompetent myoblasts (Nakanishi et al., 2005). The PERK/eIF2α arm is involved in 
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harbouring the satellite cells in quiescent state whereas during muscle injury, PERK is 

involved in the survival and differentiation of satellite cells into myogenic lineages 

(Xiong et al., 2017; Zismanov et al., 2016). IRE-1α/XBP-1 are activated in injured 

muscles and are involved in muscle regeneration by aiding proliferation of satellite cells 

in a cell non-autonomous manner (Roy et al., 2021). 

Exercise is a physical activity associated with various health benefits making it an 

essential aspect of fitness regimen. Exercise elicits an adaptive UPR response in skeletal 

muscles and aids in improving muscle mass and function. Since exercise involves muscle 

contraction which in turn requires calcium ions stored in the ER/SR, therefore, exercise 

induced alterations in ER/SR calcium levels lead to activation of ER stress mediated UPR 

in skeletal muscle cells. The two extremities of exercise continuum are aerobic and 

resistance exercises, where the former imposes modalities of high frequency (repetition) 

and low power output demand on muscle contraction while the latter imposes low 

frequency and high resistance demand on muscle contraction and both the types activate 

the UPR (Egan & Zierath, 2013). Kim et al. have demonstrated the upregulation of IRE-

1α, XBP-1s and ATF6 in muscles after ultra endurance exercise (Kim et al., 2011). The 

UPR proteins, BIP, ATF4, CHOP, ATF3, eIF2α, XBP-1s, GADD34, ERdj4 were 

observed to be upregulated after one bout of exhaustive treadmill running acute exercise 

(J. Wu et al., 2011). The UPR upregulation was found to be different in untrained and 

trained mice. The markers BIP and GRP94 were similarly expressed in both sets after a 

treadmill run however, CHOP and XBP-1s were found to be expressed in untrained mice 

whereas in trained mice these markers were not expressed indicating that moderate 

regular exercise protects against further stress (J. Wu et al., 2011). 

Amino acid biosynthesis is another consequence of adaptive ER stress in skeletal 

muscles. One of the early responses of ER stress is the PERK mediated translational 



31 
 

repression (protein synthesis attenuation) to reduce the protein load in the ER lumen. 

However, Gonen et al. recently showed via ribosome footprint profiling that, upon 

activation of ER stress, a fraction of secreted proteins were able to evade the repression 

and are instead induced in a PERK dependent way (Gonen et al., 2019). This is an 

adaptive mechanism where increased protein synthesis demand is associated with 

increased amino acid biosynthesis and corresponding tRNA synthetases to meet the UPR 

induced protein demand (Gonen et al., 2019). During stress conditions, supply of amino 

acids for protein synthesis and glutathione biosynthesis is initiated in an eIF2α/ATF4 

dependent manner downstream of PERK to meet the protein demand and protect against 

oxidative stress (Harding et al., 2003). Chronic ER stress in skeletal muscles leads to 

several pathological scenarios including muscle wasting or atrophy, insulin resistance and  

myopathies (Afroze & Kumar, 2019). A schematic illustration of consequences of 

adaptive UPR and maladaptive UPR in skeletal muscles are depicted in Figure.1.10 

 

Figure.1.10. ER stress mediated implications in skeletal muscles (Afroze & Kumar, 2019) 
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1.7.1 Skeletal muscle Atrophy 

Skeletal muscle atrophy or muscle wasting is a decrease in muscle mass which occurs 

when protein degradation exceeds protein synthesis and it is characterised by a reduction 

in cross-sectional area of myofibers along with depletion of contractile proteins and 

muscle strength (Fanzani et al., 2012). Accumulating evidence suggest ER stress as one 

of the triggers for skeletal muscle atrophy in addition to aging, prolonged disuse, 

inflammation, starvation, diabetes and denervation (Gallot & Bohnert, 2021). Disruption 

of mitochondrial network and associated oxidative stress are reported to contribute to 

muscle atrophy (Romanello & Sandri, 2016). Skeletal muscle diseases such myositis, 

insulin resistance, DMD, and myasthenia gravis are associated with muscle wasting, a 

major cause of morbidity and mortality. The main treatment modalities currently used are 

exercise, nutrient supplementation, and medication; however, for many people with 

severe symptoms, exercise may not be a practical choice (Yin et al., 2021). The drugs are 

therefore the focus, but these are constrained by the side effects (Carstens & Schmidt, 

2014; Oddis, 2016; Sartori et al., 2021). 

 Muscle protein degradation, a key attribute of atrophy, is mediated mainly by the two 

major protein degradation systems, namely, the UPS and autophagy, which were 

observed to be upregulated in atrophied skeletal muscles (J. Du et al., 2004; A. Singh et 

al., 2021). A nexus between insulin resistance and muscle atrophy exists where deficiency 

of insulin exacerbated muscle protein degradation by suppressing the PI3K and Akt 

activity and increasing serine phosphorylation of IRS-1 in db/db mice model of insulin 

resistance resulting in activation of caspase-3 and ubiquitin proteasome proteolytic 

pathway (X. Wang et al., 2006). Targeting ER stress pathways can help in the 

development of improved strategies for diabetes by improving the overall muscle health 
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by reducing insulin resistance and skeletal muscle atrophy. The crosstalk between insulin 

resistance and skeletal muscle atrophy has been depicted in Figure.1.11 

 

Figure.1.11. The crosstalk between insulin resistance and skeletal muscle atrophy (Rudrappa 

et al., 2016) 

 

1.8 ER stress in pancreatic beta cells 

In response to fluctuations in blood glucose levels, the principal function of pancreatic 

beta cells is to produce insulin, which accounts for half of all protein synthesis and is 

produced at a rate of about one million proteins per minute (Scheuner & Kaufman, 2008). 

Pancreatic beta cells which are secretory in nature have a well-developed ER and 

therefore, susceptible to perturbations in ER function. Sustained hyperglycaemia 

(diabetic condition) can overwhelm the ER and disturb the equilibrium between insulin 

demand and ER folding capacity (Figure.1.12). Pancreatic beta cells respond to both 

transient (1-3 hours) and chronic ER stress (≥24 hours), the former enhances proinsulin 
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biosynthesis promoting adaptive UPR while the latter induces dysregulated UPR resulting 

in attenuation of insulin biosynthesis and loss of function(Fonseca et al., 2011). All the 

three UPR sensors act as binary switches depending on the nature of ER stress. Mild ER 

stress causes acute activation of IRE-1α, PERK and ATF6 promoting cell survival 

whereas chronic ER stress results in maladaptive UPR culminating in cellular apoptosis. 

Acute IRE-1α activation enhances insulin biosynthesis whereas its prolonged activation 

promotes maladaptive UPR by overexpression of spliced XBP-1, activation of JNK and 

caspase 12 (Lipson et al., 2006; Yoneda et al., 2001). Transient PERK activation 

promotes beta cell survival by attenuating protein production and activating anti-

apoptotic effector, apoptosis antagonizing transcription factor (AATF) whereas chronic 

upregulation leads to apoptosis mediated by ATF4/CHOP axis (Fonseca et al., 2011). 

Acute activation of ATF6 improves beta cell survival by enhancing the ER folding 

capacity whereas chronic activation leads to insulin gene suppression and beta cell 

dysfunction (Seo et al., 2008). Besides hyperglycaemia, other stimuli for induction of ER 

stress include, circulating free fatty acids, inflammatory cytokines, oxidative stress, 

hypoxia, accumulation of islet amyloid precursor protein (IAPP) and mutations in insulin 

(Fonseca et al., 2011; Hasnain et al., 2016). Beta cell dysfunction is a main hallmark of 

both types of diabetes, absolute insulin insufficiency is a complication of type 1 diabetes, 

which is brought on by autoimmune cell destruction, type 2 diabetes is a condition in 

which there is a relative lack of insulin as a result of beta cell malfunction and loss. Due 

to the indispensable role of ER stress induced UPR in the regulation of insulin 

biosynthesis and pancreatic beta cell function, it has emerged as a putative target for 

therapeutic intervention of diabetes. 
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Figure.1.12. Sustained hyperglycaemia induces ER stress disturbing the equilibrium 

between ER folding capacity and insulin demand (Honzawa & Fujimoto, 2021) 

 

1.9 Pharmacological intervention of ER stress pathways  

Sustained ER stress and associated complications are involved in the genesis and 

progression of several pathological conditions including neurodegenerative diseases, 

diabetes, cancer, viral infections, inflammatory diseases, atherosclerosis and 

cardiovascular diseases (Oakes & Papa, 2015). Recent research on pre-clinical and 

clinical models has focussed on targeting the UPR pathways as strategies for better 

disease management. The role of ER stress in the complex pathophysiology of metabolic 

syndrome like diabetes is well established. We have already discussed the involvement 

of ER stress associated pathways in the progression of insulin resistance and insulin 

secretion impairment, the two manifestations of diabetes. Identifying compounds that 

modulate the individual arms of the UPR have immense therapeutic potential. These 

include chemical chaperones that prevent protein aggregation and misfolding by 

stabilising the folding intermediates. The ones with hydrophobic moiety prevent protein 
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aggregation by binding to the exposed hydrophobic sites of the misfolded proteins 

(Kitakaze et al., 2019) . The examples include salubrinal, tauro-ursodeoxycholic acid 

(TUDCA) and 4-phenylbutyric acid (4-PBA). Pretreatment with PBA was reported to 

partially prevent lipid induced insulin resistance and restore pancreatic beta cell function 

in overweight or obese nondiabetic human subjects (Xiao et al., 2011). Taurine-

conjugated ursodeoxycholic acid (TUDCA), a taurine conjugated bile acid derivative and 

PBA were found to suppress tunicamycin (pharmacological ER stress inducer) induced 

XBP-1 splicing, PERK mediated eIF2α phosphorylation and JNK activation in rat 

hepatoma cells (Ozcan et al., 2006). In ob/ob mice TUDCA treatment significantly 

improved insulin sensitivity, glucose tolerance while suppressing PERK, IRE-1α 

phosphorylation, JNK activation and serine phosphorylation of IRS-1 protein (Ozcan et 

al., 2006). TUDCA was also shown to reduce the incidence of diabetes and improve beta 

cell function through an ATF6 dependent mechanism (Engin et al., 2013). Salubrinal, a 

selective inhibitor of eIF2α phosphorylation was however, reported to augment the 

lipotoxicity induced by free fatty acids in pancreatic beta cells by upregulation of ATF4 

and CHOP resulting in dysfunction and apoptosis (Cnop et al., 2007). 

Modulators of UPR elements are potential therapeutics for targeting the ER stress. In the 

Akita mice, a model of mutant insulin gene-induced diabetes of youth (MIDY), 

amelioration of diabetic parameters such as beta cell dysfunction, ER stress related 

inflammation, oxidative stress in islets, decreased serum insulin levels and glucose 

intolerance were reprimanded on administering STF and 4µ8c (IRE-1α RNase inhibitors) 

(Herlea-Pana et al., 2021). In pancreatic islets isolated from arsenic treated mice, ER 

stress mediated autophagy and impaired glucose stimulated insulin secretion were 

suppressed on treating with PERK inhibitor (W. Wu et al., 2018). As ER is the major 

reserve of calcium ions and ER stress causes calcium homeostasis disruption, hence, 
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regulators of ER calcium homeostasis can also be used as therapeutic strategy for 

intervention of ER stress pathways. Under ER stress, depletion of calcium from ER results 

in loss of resident proteins via a process known as exodosis which contributes to several 

pathologies such as neuronal, metabolic, muscular and cardiovascular disorders (Trychta 

et al., 2018). Bromocriptine, a clinically used drug showed protective effects in skeletal 

muscle model for calcium dysregulation, Wolfram syndrome, oxygen-glucose, 

deprivation, type 2 diabetes and stroke by improving the ER proteostasis by exerting anti-

exodosis activity (Henderson et al., 2021). Since high ER calcium levels are required for 

normal functioning of the ER, hence, molecules activating the SERCA pump are capable 

of attenuating ER stress related perturbations. CDN1163, a novel allosteric activator of 

SERCA was reported to improve glucose tolerance, mitochondrial biogenesis while 

ameliorating ER stress mediated apoptosis in ob/ob mice, a genetic model of insulin 

resistance and type 2 diabetes (Kang et al., 2015). Our knowledge regarding the ER and 

associated pathways has grown profoundly in the past years which has contributed to our 

understanding of several pathological conditions. Several compounds with ER stress 

modulating potential have been identified in preclinical and clinical studies, however 

these require detailed characterization to elucidate the mechanism of action in order to 

recognize the off-target effects if any. Also, clarity regarding the dose optimisation and 

adverse effects of these therapeutics on prolonged use needs to be ascertained for the 

effective translation of these therapeutics from bench to bedside.  

 

1.9.1 Natural products targeting ER stress pathways 

There is a growing interest in identifying natural products that can target ER stress 

associated pathways owing to their bioactivity, economic feasibility, abundance and 

fewer adverse effects compared to synthetic analogues. Plant derived compounds have 
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been explored for their bioactive potential against ER stress markers in several 

pathologies as described in Figure.1.13. As already discussed in Section 1.4, there is a 

need for developing alternative therapies for management of diabetes and 

pharmacological targeting by natural compounds represents a compelling area of 

research. Studies on morin, quercetin and resveratrol have demonstrated their potential in 

abrogating diabetic parameters by modulation of ER stress in both in vitro and in vivo 

models (Prasad M et al., 2022).  

 

 Figure.1.13. Natural compounds targeting ER stress pathways (Ma et al., 2020)  

 

Flavonoids are polyphenolic compounds abundantly present in fruits and vegetables, that 

have gained potential in the past years due to their broad range of bioactivity including 

antidiabetic and nutraceutical potential (Al-Ishaq et al., 2019). However, there are limited 

reports regarding their therapeutic potential against ER stress mediated diabetes. The C6-

C3-C6 skeleton of flavonoids is made up of two aromatic rings, A and B, connected by a 
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three-carbon chain, typically an oxygenated heterocyclic C ring as seen in Figure.1.14a 

(Beecher, 2003). Based on the structural differences, flavonoids can be classified into 

seven subclasses namely, flavones, flavonols, isoflavones, flavanones, flavanols, 

chalcones and anthocyanidins. Of importance, in this study, are the flavone subclass of 

flavonoids. Flavones comprising hydroxyl and carbonyl functional groups are 

characterised by double bond between C2 and C3 with no substitution at C3, but are 

oxidized at C4 (Figure.1.14b) (Martens & Mithöfer, 2005). Major sources of flavones 

include celery, parsley, red peppers, chamomile, mint, citrus fruit peels and Ginkgo biloba 

(Panche et al., 2016). There is a growing interest in flavones due to their significant 

therapeutic potential such as anti-inflammatory, antioxidant, antimicrobial, antidiabetic 

and antitumor activities (M. Singh et al., 2014). The three most widely studied flavones 

having considerable bioactivities include the apigenin, luteolin and tangeretin as shown 

in Figure.1.15a, b, c. 

 

Figure.1.14. a) Basic flavonoid structure. b) Basic flavone structure 

 

1.9.1.1 Apigenin 

Also known as 4’,5,7-trihydroxyflavone, apigenin is abundantly present as a secondary 

metabolite in parsley, celery, onions, oranges, chamomile, maize, rice, tea, wheat sprouts, 

grapefruit, thyme, oregano (Shukla & Gupta, 2010). Dried parsley and dried flowers of 

chamomile are reported to have highest quantity of apigenin, 45035µg/g and 3000-

5000µg/g, respectively (Sung et al., 2016). Apigenin exists in plant sources as 7-O- 
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glucosides, 6-C-glucosides, 8-C-glucosides. Following ingestion, the glucosides are 

enzymatically metabolised into the aglycone form (free apigenin) and subsequently 

absorbed (Hostetler, Ralston, and Schwartz, 2017). The oral bioavailability of apigenin 

was observed to be 30%, it also has high molecular lipophilicity and plasma binding 

capability ensuring optimal tissue distribution (DeRango-Adem & Blay, 2021). The 

hydroxyl groups at A/B ring impart antioxidant potential to apigenin (M. Singh et al., 

2014). Apigenin possesses a vast range of therapeutic potential including anti-

inflammatory, anti-depressant, anti-mutagenic, anti-viral, anti-bacterial, anti-thrombotic, 

cardioprotective, hepatoprotective, immunostimulatory, anti-diabetic, anti-proliferative 

activity with regard to pancreatic, colorectal, liver, blood, lung, cervical, prostate, breast, 

thyroid, skin, head and throat cancers(Arya et al., 2018; Kashyap et al., 2018). Apigenin 

showed ER stress modulatory effects in gastric, endometrial cancer cell based systems 

and hyperlipidaemia animal model  (Kim & Lee, 2021; Liang et al., 2022; L. Wu et al., 

2021). 

 

1.9.1.2 Luteolin 

Also known as 3’,4’,5,6-tetrahydroxyflavone and abundantly present in carrot, cabbage, 

artichoke, tea, celery, broccoli, parsley, oregano, chrysanthemum flowers and apples 

(Pandurangan & Esa, 2014). Celery and oregano both contain significant amounts of 

luteolin (34.87mg/100g and 1028.75 mg/100g, respectively) (Saleem et al., 2021). 

Luteolin exists in plant sources as aglycone or conjugated as O or C-glycosides (Hostetler, 

Ralston, and Schwartz, 2017). When given orally to Sprague-Dawley rats at a dose of 100 

mg/kg, luteolin showed a 26±6% oral bioavailability (L. C. Lin et al., 2015). Luteolin 

possesses anti-inflammatory, antioxidant, neuroprotective, analgesic, antioxidant, 

anticancer, cardioprotective, antidiabetic and antimicrobial activities (Lopez-Lazaro, 
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2009). Luteolin demonstrated ER stress modulatory effects in hepatic injury and certain 

cancer model systems (Jegal et al., 2020; Mohi-Ud-din et al., 2022). 

 

1.9.1.3 Tangeretin 

Also known as 4',5,6,7,8-pentamethoxyflavone, which is widely distributed in citrus fruit 

peels and juices. It is present as O-methylated aglycones and differs from apigenin and 

luteolin in the presence of methoxy groups (Al-Karmalawy et al., 2021). It is present at 

concentrations of 60µM in 2mg/ml tangerine peel extract (Söhretoglu & Arroo, 2018). 

When Tangeretin was administered orally to Sprague-Dawley rats at a dosage of 50 

mg/kg, it had an absolute oral bioavailability of 27.11% (Hung et al., 2018). Its oral 

administration upto 3000mg/kg induced no toxicity in mice after 14 days following intake 

(Ting et al., 2015). Tangeretin demonstrated potential against ovarian, breast and gastric 

cancers and showed renoprotective, neuroprotective, hepatoprotective, antidiabetic, 

antioxidant and immunomodulatory activities (Ashrafizadeh et al., 2020). The therapeutic 

potential of tangeretin can be credited to the presence of the methoxy groups which 

enhances hydrophobicity and improves cellular uptake (Hung et al., 2018). Tangeretin 

demonstrated protective effect against ER stress induced neurotoxicity and cardiac failure 

(Takano et al., 2007; J. Wang et al., 2020). 

  

These three flavones stated above are known for their broad-spectrum therapeutic 

potential. However, their efficacy and mode of action against ER stress mediated diabetic 

progression is not well known. Hence, the goal of the current investigation is to perform 

a detailed investigation to study the efficacy of the three selected flavones, apigenin, 

luteolin and tangeretin in ameliorating the ER stress induced diabetes related cellular 

complications such as UPR, oxidative stress, insulin resistance, mitochondrial 
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dysfunction, protein degradation and impaired insulin expression and to elucidate the 

mechanism of action of the most active flavone. We chose the mouse insulinoma 

pancreatic Beta-TC-6 cell line and the rat skeletal muscle L6 cell line for our investigation 

because these cells play a major role in the pathogenesis of diabetes and are the primary 

targets for therapeutic intervention. 

 

 

Figure.1.15. Structure and natural source of selected flavones. a) Apigenin, b) Luteolin,           

c) Tangeretin 
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1.10 Objectives of Study 

The key objectives of the study include the following: 

• Establishing an in vitro model for ER stress in rat skeletal muscle L6 cells using 

tunicamycin (pharmacological ER stress inducer) and screening the selected 

flavones based on their ability to improve the cellular redox status under ER stress. 

• Evaluating the potential of most active flavone against ER stress induced UPR, 

insulin resistance, mitochondrial dysfunction, autophagy and ERAD signaling 

pathways in rat skeletal muscle L6 cells. 

• Investigating the efficacy of most active flavone in alleviation of ER stress 

induced cellular perturbations in pancreatic Beta-TC-6 cells. 
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Chapter 2 

Effect of the selected flavones 

(Apigenin, Luteolin & Tangeretin) on 

ER stress induced redox imbalances 

in L6 cells 
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2.1 Introduction 

 

The development and progression of a number of skeletal muscle pathologies, including 

myositis, atrophy or muscle wasting, and diabetes, are influenced by ER stress and 

associated oxidative stress in skeletal muscle cells (Burgos-Morón et al., 2019; 

Rayavarapu et al., 2012). Skeletal muscles are the major protein reservoirs in the body 

accounting for 50% of total protein and hence susceptible to ER stress related 

perturbations (Yin et al., 2021). PDI-mediated disulfide bond formation is the major 

source of cellular ROS and it gets augmented in response to sustained ER stress. ER stress 

and ROS production are mutually reinforcing processes that can both start and intensify 

one another in a vicious cycle as depicted in Figure.2.1 (Ong & Logue, 2023). High ROS 

production impairs redox equilibrium and decreases antioxidant defense in cells, which 

is a precursor to several pathological conditions. Sustained ER stress triggers the 

maladaptive unfolded protein response (UPR) which leads to cellular dysfunction.  

 

Figure.2.1. Vicious cycle between ER stress and ROS generation (Ong & Logue, 2023)  
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One of the major outcomes of chronic ER stress and oxidative stress in skeletal muscles 

is the loss of muscle mass (atrophy) due to the enhanced rate of protein degradation 

(Afroze & Kumar, 2019; Powers et al., 2012). Previous studies also suggest the 

involvement of insulin resistance in the muscle wasting or atrophy by suppressing the 

PI3K/Akt signaling which in turn enhances the degradation of muscle proteins (Wang et 

al., 2006). Studies have also reported the association of poor muscle quality, a 

consequence of imbalance between rate of protein synthesis and protein degradation with 

diabetic condition that may affect the daily activities, quality of living and increase  risk 

of fatality (Ostler et al., 2014; Perry et al., 2016). Skeletal muscle mass loss is a serious 

pathological abnormality with no specific therapeutic strategy. The current treatment 

options include exercise, nutrient supplement and administration of androgen receptor 

modulators, ghrelins and anti-inflammatory drugs (Cheng et al., 2016). However, people 

who are bedridden or have severe symptoms may find it impossible to engage in exercise 

(Yin et al., 2021). Hence,  treatment with medication is a crucial therapeutic strategy but 

a main drawback of this approach is the related side effects (Carstens & Schmidt, 2014; 

Oddis, 2016; Sartori et al., 2021). 

Pharmacological treatment of ER stress and accompanying oxidative damage can help 

restore the health of the weakened skeletal muscles. This can be a better approach than 

the current treatment strategies of diabetes which only focus on improving the cellular 

outcomes of insulin resistance and insulin secretion impairment rather than focusing on 

improving the overall health of the targeted tissue. In the present study, the three selected 

flavones, apigenin, luteolin and tangeretin were analysed for their potential against ER 

stress mediated oxidative stress including ROS generation, antioxidant potential, protein 

expression of ER resident oxidoreductases, GADD153/CHOP and MAP kinases in 
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skeletal muscle L6 cells. For ER stress induction, tunicamycin, a chemical ER stress 

inducer was used (Oslowski & Urano, 2013).  

2.2 Materials & Methods 

2.2.1 Chemicals 

Dulbecco’s modified Eagle’s medium (4.5g/L glucose and 1.5g/L sodium bicarbonate) 

(DMEM), antimycotic antibiotic mix, fetal bovine serum, glycine, dimethyl sulfoxide 

(DMSO), sodium dodecyl sulphate, triton X, horse serum, skimmed milk, tris base, were 

purchased from Himedia (Mumbai, India). HPLC grade methanol, tangeritin, 4-phenyl 

butyric acid (PBA), tunicamycin, protease inhibitor cocktail tablets were bought from 

Sigma Aldrich Chemical (St. Louis Missouri, USA). Dichlorodihyrofluorescein diacetate 

(DCFH-DA), glutathione reductase (GR) assay kit, dihydroethidium (DHE) assay kit, 

superoxide dismutase (SOD) assay kit, annexin V FITC assay kit, thioredoxin reductase 

(TrxR) assay kit was purchased from Cayman Chemicals (Michigan, USA). 

Radioimmunoprecipitation assay (RIPA) buffer, 2-NBDG (2-(N-(7-Nitrobenz-2-oxa-1,3-

diazol-4-yl) Amino)-2-Deoxyglucose), bicinchoninic acid assay kit (BCA kit) was 

purchased from Thermo Fisher Scientific (Waltham, Massachusetts, USA). The 

antibodies PDI, IRE-1α, beta actin, GADD153, p38MAPK, HRP conjugated secondary 

antibodies were purchased from Cell Signaling Technologies (Danvers, Massachusetts, 

USA). Antibodies ATF6, GRP78, p-p38MAPK, p-JNK, JNK, ERK1/2 were purchased 

from Santa Cruz Biotechnology (Dallas, Texas, USA). ERp72 was purchased from 

Gbiosciences (St. Louis MO, USA). Rat skeletal muscle cell line, L6 myoblasts were 

procured from National Centre for Cell Sciences, Pune, India. 

2.2.2 Cell Culture 

L6 myoblasts were cultured in DMEM containing 10% fetal bovine serum and 1% 

antibiotic antimycotic mix and kept in incubator at 37ºC (5% carbon dioxide). When 
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myoblasts reached 80% confluency, the culture medium was removed and differentiation 

medium consisting of 2% horse serum was added to induce differentiation. The 

differentiation was induced for 4 days by giving alternative media change. All the 

experiments were performed in differentiated myotubes after the cell viability assays.  

2.2.3 Experimental Groups 

• CON- untreated or control cells 

• TM- tunicamycin (0.25µg/ml) treated cells 

• TM+API- tunicamycin (0.25µg/ml) & apigenin (20µM) co-treated cells 

• TM+LUT- tunicamycin (0.25µg/ml) & luteolin (10µM) co-treated cells 

• TM+TAN- tunicamycin (0.25µg/ml) & tangeretin (50µM) co-treated cells 

• TM+PBA- tunicamycin (0.25µg/ml) & PBA (1mM) co-treated cells (Positive 

control) 

2.2.4 Experimental design 

The work flow of this chapter is depicted in Figure.2.2. 

 

Figure. 2.2. Schematic representation of experimental design 
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2.2.5 Dose Optimization of tunicamycin 

 2.2.5.1 Cytotoxicity studies 

Tunicamycin's cytotoxicity was assessed using the MTT assay (Mosmann 1983). 

Myoblasts were seeded at a density of 5×103 cells per well in a 96-well plate. After 

becoming confluent, myoblasts were given different doses of tunicamycin (0.25µg/ml to 

4µg/ml) for 24 hours. Cells were rinsed with HBSS following treatment, and incubated 

with MTT solution (0.5 mg/ml) dissolved in serum-free DMEM for 4 hours. After 

incubation, MTT solution was discarded and 100µL DMSO was added to each well. To 

ensure that the formazan crystals were completely dissolved, the plate was incubated on 

the shaker for 20 minutes and the absorbance was estimated at 570nm in multimode plate 

reader (Tecan infinite 200 PRO, Austria). 

2.2.5.2 Western blot analysis for ER stress induction 

Myotubes were rinsed with HBSS following a 24-hour treatment with the appropriate 

doses of tunicamycin, and then proteins were extracted using RIPA lysis buffer. The BCA 

assay kit was used to quantitate and normalise the protein samples using bovine serum 

albumin (BSA) as the standard. Protein samples were separated on 10% sodium dodecyl 

sulphate polyacrylamide gels. Proteins were then transferred onto PVDF membranes 

(Millipore, Merck, USA) and blocking in skimmed milk (5%) was carried out for 1 hour. 

Membranes were given TBST wash thrice followed by incubation with the appropriate 

primary antibodies (dilution 1:1000) for ER stress markers such as GRP78, ATF6, and 

IRE-1α at 4°C with overnight agitation. The loading control used was beta actin (dilution 

1:1000). After that, membranes were incubated with the proper dilution (1:1000 to 

1:2000) of HRP-conjugated secondary antibodies for 2 to 3 hours at room temperature. 

The blot images were obtained by adding the ECL substrate (Thermo Fisher Scientific, 
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Massachusetts, USA) to the membranes in Chemidoc MP Imaging systems (Bio-Rad, 

USA). The resultant bands were quantified by densitometric analysis using the Image lab 

software version 6.1 (Bio-Rad, USA). 

2.2.5.3 Flow cytometry analysis for insulin resistance 

The ER stress induced insulin resistance was determined by treating the cells with the 

appropriate doses of tunicamycin for 24 hours followed by stimulation with 100 nmol 

insulin for 30 minutes. The cells were then incubated with 2-NBDG, a fluorescent glucose 

analog for 30 minutes followed by estimation of the percentage of 2-NBDG uptake by 

flow cytometry analysis using BD FACS Aria II (BD Biosciences).  

2.2.6 Dose optimization of Flavones 

2.2.6.1 Cytotoxicity studies 

Myoblasts were seeded in 96 well plate at a density of 5×103 cells per well. After 

becoming confluent, cells were given different concentrations (10µM to 100µM) of 

selected flavones, apigenin, luteolin and tangeretin for 24 hours and MTT assay was 

performed (please refer to Section 2.2.5.1). The doses of the flavones, apigenin, luteolin 

and tangeretin for co-treatment with tunicamycin was also determined. For this, the cells 

were treated with the different doses (10µM to 100µM) of the flavones, apigenin, luteolin 

and tangeretin in the presence of the optimised dose of tunicamycin for 24 hours followed 

by MTT assay. The absorbance was estimated by reading the plate at 570nm in multimode 

plate reader (Tecan infinite 200 PRO, Austria). 

2.2.6.2 Annexin V FITC Staining 

After a 24-hour treatment with the experimental groups, myotubes were collected by 

centrifugation and stained with Annexin V FITC/Propidium iodide staining solution for 
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10 minutes according to the manufacturer’s protocol. This was followed by the addition 

of 150µl 1X binding buffer to the cells and immediate analysis by flow cytometry. 

2.2.7 Detection of intracellular ROS generation by DHE assay and DCFH-DA assay 

L6 myoblasts were seeded at a density of 5×103 in 96 black well plate. After 

differentiation, myotubes were subjected to treatment with the experimental groups for 

24 hours. The positive control used for all experiments was PBA (1mM), a chemical 

chaperone approved by the FDA. After the treatment, cells were evaluated in accordance 

with the manufacturer's instructions (Cayman chemicals, USA). DHE staining solution 

was added to myotubes for 1.5 hours at 37°C in dark conditions. After this, the DHE 

solution was replaced with 100µl cell-based assay buffer in each well. Fluorescence 

intensity was estimated using a multimode plate reader (Tecan infinite 200 PRO, Austria) 

at an excitation and emission wavelength of 480-520nm and 570-600nm, respectively. 

Alternatively, myotubes were treated with a 10µM DCFH-DA staining solution for 20 

minutes following a 24-hour co-treatment. After that, cells were rinsed with HBSS and 

covered with 100µl plain DMEM. Fluorescence images were then acquired in 

fluorescence microscope and the cell sense software (Olympus Life Science, Japan) was 

used to measure the fluorescence intensity. 

2.2.8 Antioxidant enzyme activity during ER stress 

2.2.8.1 SOD activity 

Cellular SOD levels were measured in accordance with the manufacturer’s protocol 

(Cayman chemicals, USA). After 24 hours treatment with the experimental groups, 

myotubes were centrifuged at 1000×g for 5 minutes at 4ºC. The cell pellets were then 

homogenised in 20mM cold HEPES buffer (pH 7.2). The samples were then centrifuged 

at 1,500×g for 5 minutes at 4ºC and the supernatant was collected. To 10µl supernatant 
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sample, 200µl radical detector was added. To start the reaction, 20µl xanthine oxidase 

was added to each well. The absorbance was determined at 440 nm in a multimode plate 

reader (Tecan infinite 200 PRO, Austria) following a 30-minute incubation period at 

room temperature. 

2.2.8.2 GR activity 

GR activity was determined according to the manufacturer’s instructions (Cayman 

chemicals, USA). GR mediated rate of oxidation of NADPH to NADP+ was measured 

and this was indicated by a decrease in absorbance. After a 24-hour treatment period, 

myotubes were homogenised in ice cold 50mM potassium phosphate buffer containing 

1mM EDTA (pH 7.5) and centrifuged at 10000×g for 15 minutes at 4ºC. Sample 

supernatants belonging to the different experimental groups were collected and analysed. 

The reaction was triggered by adding NADPH (50µl) to assay mix in wells containing 

sample supernatant (20µl), assay buffer (100µl) and GSSG (20µl). Absorbance was 

kinetically read at 340nm (Tecan infinite 200 PRO, Austria) at an interval of 1 minute for 

5 timepoints. 

2.2.8.3 TrxR activity 

TrxR activity was determined in accordance with the manufacturer’s protocol (Cayman 

chemicals, USA). Myotubes were obtained by centrifugation at 1000×g for 5 minutes 

after a 24-hour co-treatment, and homogenisation of cell pellets was carried out in cold 

buffer (50mM potassium phosphate buffer, pH 7.4, containing 1mM EDTA). 

Centrifugation at 10000×g for 15 minutes at 4ºC was then performed. By adding NADPH 

and 5,5'-dithio-bis (2-dinitro benzoic acid) (DTNB) to an assay mixture comprising 

diluted assay buffer (140µl) and sample supernatants (20µl), the TrxR activity of the 

supernatants was measured. To acquire 5 timepoints, kinetic readings of the absorbance 
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at 405 nm were made at intervals of 1 minute in multimode plate reader (Tecan infinite 

200 PRO, Austria). 

2.2.9 Molecular Docking Studies 

To determine the antioxidant potential of the selected flavones, molecular docking was 

performed using the autodock 1.5.6 software to study the binding interaction of the 

flavones with different antioxidant enzymes, namely, catalase, glutathione peroxidase, 

superoxide dismutase1 (SOD1) and superoxide dismutase 2 (SOD2). Initially, the three-

dimensional structures of Catalase (PDB ID: 1DGB), Glutathione peroxidase (PDB ID: 

2F8A), SOD1 (PDB ID: 1CB4), SOD2 (PDB ID: 1AP5) were retrieved from Protein 

Data Bank and structures of apigenin (CID: 5280443), luteolin (CID: 5280445) and 

tangeretin (CID: 68077) were obtained from PubChem database. The protein ligand 

interaction was optimised using the pyMol software. 

2.2.10 Western Blot 

To investigate the expression of proteins connected to ER stress and oxidative damage, 

western blotting was used. Myotubes, after a 24-hour treatment with the experimental 

groups were lysed for protein extraction. The sample proteins were then taken for western 

blot analysis as described in Section 2.2.5.2. The proteins studied included PDI, ERp72, 

GADD153, p38MAP kinase, p-p38MAP kinase, ERK1/2, p-JNK, JNK and beta actin. 

2.2.11 Statistical analysis 

Three independent triplicate runs of each experiment were performed. In SPSS software, 

all data were statistically analysed using one-way ANOVA and the Duncan post hoc test. 

Every result is shown as a mean±SEM. A p value ≤ 0.05 was considered statistically 

significant in each experiment. 
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2.3 Results 

2.3.1 Optimization of tunicamycin dose 

2.3.1.1 Cytotoxicity studies 

Cells were cultured with several doses (0.25µg/ml to 4µg/ml) of tunicamycin for a total 

of 24 hours in order to determine the optimal dose for our investigation. Viable 

concentrations were those that produced less than 20% toxicity. Less than 20% 

cytotoxicity was reported to be induced by tunicamycin up to 1µg/ml as shown in Figure. 

2.3. 

 

Figure.2.3. Cytotoxicity studies of tunicamycin. L6 cells were treated with different 

concentrations of tunicamycin (0.25µg/ml to 4µg/ml) for 24 hours. Values are expressed as 

mean±SEM where n=3. 

 

2.3.1.2 Western blot analysis for upregulation of ER stress markers  

Chronic tunicamycin exposure increases the expression of the ER stress markers GRP78, 

IRE-1α and ATF6; these levels were considerably higher when treated with both doses 

of tunicamycin (highest viable dose of 1µg/ml and lowest dose of 0.25µg/ml) compared 
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to control cells as shown in Figure.2.4a, b. Tunicamycin treatment increased the GRP78 

expression to 359.9% and 314.8%, at concentrations of 0.25µg/ml and 1.0µg/ml 

respectively (Figure.2.4a, b). Exposure to both doses of tunicamycin upregulated the IRE-

1α expression (176.9% with 0.25µg/ml and 173.1% with 1.0µg/ml) (Figure.2.4a, b). After 

treatment with both doses of tunicamycin, the active cleaved form of ATF6 was also 

expressed, reaching 125.4% and 131.9% for 0.25µg/ml and 1µg/ml, respectively 

(Figure.2.4a, b).  

   

       Figure.2.4. Optimization of tunicamycin dose for ER stress induction. a) After treating L6 

myotubes with 0.25µg/ml and 1.0µg/ml tunicamycin respectively for 24 hours. ER stress markers, 

GRP78, IRE-1α and cleaved ATF6 were analysed using western blot. The loading control was 

beta actin. b) Densitometric analysis of the proteins normalised to beta actin. Values are expressed 

as mean±SEM where n=3. *p≤0.05 significantly different from control cells. 

 

2.3.1.3 Determination of ER stress induced insulin resistance 

The ER stress induced insulin resistance was determined by the 2-NBDG uptake flow 

cytometry analysis. In untreated cells, the uptake was recorded as 37.6% as seen in 

Figure.2.5. On treatment with the lower dose of tunicamycin (0.25µg/ml), the uptake 

diminished to 21% and on treatment with the highest viable dose of tunicamycin, the 

uptake was recorded as 24.3% (Figure.2.5). From the results, it was observed that the 
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lower dose of tunicamycin, 0.25µg/ml was sufficient for induction of ER stress as well as 

insulin resistance for a period of 24 hours without inducing significant cytotoxicity in L6 

cells, therefore, this concentration was chosen for all subsequent experiments. 

 

        Figure.2.5. Dose optimization of tunicamycin for induction of insulin resistance. L6 

myotubes were treated with 0.25µg/ml and 1µg/ml tunicamycin respectively for 24 hours 

followed by 100nmol insulin stimulation for 30 min. Cells were then incubated with 2-NBDG for 

30min and then taken for flow cytometry analysis. CON-untreated cells, 0.25µg/ml-0.25µg/ml 

tunicamycin, 1µg/ml-1µg/ml tunicamycin. Values are expressed as mean±SEM where n=3. 

*p≤0.05 significantly different from control cells. 

 

  2.3.2 Optimization of dose of flavones 

 2.3.2.1 Cytotoxicity studies 

       Cytotoxicity of the selected flavones, apigenin, luteolin and tangeretin was determined 

by the MTT assay by treating cells with different concentrations (10µM to 100µM) for 

24 hours. Concentrations that induced less than 20% cytotoxicity were considered viable 

doses and hence, cells were found to be viable upto 50µM apigenin, 10µM luteolin and 

100µM tangeretin (Figure.2.6a, b, c). Cytotoxicity of the flavones in the presence of 

tunicamycin was evaluated by treating cells with different concentrations (10µM to 

100µM) of apigenin, luteolin and tangeretin respectively along with 0.25µg/ml 
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tunicamycin for 24 hours. Cells were found to be viable upto 20µM apigenin, 10µM 

luteolin and 50µM tangeretin upon co-treatment with optimized dose of tunicamycin.  

Based on the results of MTT assay, 20µM apigenin, 10µm luteolin and 50µM tangeretin 

were selected for co-treatment studies as shown in Figure.2.6d, e, f. 

 

 

 

Figure.2.6. Cytotoxicity studies of selected flavones. L6 cells treated with different 

concentrations of a) apigenin (10µM to 100µM), b) luteolin (10µM to 100µM), c) tangeretin 

(10µM to 100µM) followed by MTT assay. L6 cells treated in the presence of 0.25µg/ml 

tunicamycin with different concentrations of d) apigenin (10µM to 100µM), e) luteolin (10µM 

to 50µM), f) tangeretin (10µM to 100µM) and subjected to MTT assay. Values are expressed 

as mean±SEM where n=3. 
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2.3.2.2 Annexin V FITC assay 

To further confirm the low cytotoxicity of the co-treatment doses, Annexin V FITC/ PI 

staining assay was performed. Based on variations in plasma membrane integrity and 

permeability, the annexin V FITC/PI labelling analyses cellular viability, apoptosis, and 

necrosis (Rieger et al., 2011). The representative graphs consist of four quadrants namely, 

Q1, Q2, Q3 and Q4 where Q1 indicates percentage of necrotic cells, Q2 indicates late 

apoptosis, Q3 indicates the percentage of live/viable cells, Q4 indicates early apoptosis. 

Here, most of the cells were seen in Q3 quadrant indicating cellular viability. In untreated 

cells, percentage of live cells was 99.9% while in cells treated with tunicamycin, it was 

86.1%; in apigenin co-treated cells, it was 88.5%; in luteolin co-treated cells, it was 

91.4%; in tangeretin co-treated cells it was 93%; in PBA co-treated cells, it was 90.2% 

(Figure.2.7). In all experimental groups, the percentage toxicity was below 20% 

indicating the low cytotoxicity of the co-treatment doses. 

 

Figure.2.7. Annexin V FITC assay. L6 myotubes treated with selected flavones in presence of 

0.25µg/ml tunicamycin and taken for flow cytometry analysis after staining with annexin V/PI. 

Representative flow cytometry images show four quadrants, Q1 indicating necrotic cells, Q2 

indicating late apoptosis, Q3 indicating live cells, Q4 indicating early apoptosis. CON-untreated 

cells, TM-0.25µg/ml tunicamycin treated cells, TM+API- 0.25µg/ml tunicamycin apigenin 

(20µM) co-treated, TM+LUT-0.25µg/ml tunicamycin luteolin (10µM) co-treated, TM+TAN-

0.25µg/ml tangeretin (50µM) co-treated, TM+PBA-0.25µg/ml tunicamycin PBA (1mM) co-

treated cells. 
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2.3.3 Effect of flavones on tunicamycin induced intracellular ROS generation 

Reactive oxygen species are produced as a result of oxidative damage caused by ER 

stress. Tunicamycin induced ROS production was determined by the DCFH-DA and 

DHE assays. In tunicamycin treated cells, there was a significant increase in ROS 

generation to 14413.02 a.u. (arbitrary units) compared to the untreated cells (5989.79 a.u.) 

on incubation with DCFH-DA dye as evident from the fluorescence images in Figure.2.8a 

and fluorescence intensity histogram in Figure.2.8b. Apigenin decreased the ROS levels 

to 11008.78 a.u. but it was not significant. Co-treatment with luteolin remarkably reduced 

the ROS levels to 6375.03a.u. compared to tunicamycin treated cells. Co-treatment with 

tangeretin significantly lowered the ROS levels to 8284.019a.u. whereas PBA suppressed 

the ROS levels to 9501.8014a.u. compared to tunicamycin treated cells (Figure.2.8b). The 

cellular ROS generation under ER stress was also determined by the DHE assay where 

DHE served as a fluorescent probe for estimation of cellular ROS levels. Cells treated 

with tunicamycin showed an increase in intracellular ROS generation (1203.67 a.u.) 

compared to the control cells (737.33 a.u.) as shown in fluorescence intensity graph in 

Figure.2.8c. Co-treatment with apigenin did not significantly suppress the ROS levels 

(1070.33 a.u.). Luteolin and tangeretin significantly suppressed the ROS levels to 876.66 

a.u. and 785 a.u. respectively while PBA co-treatment brought down the ROS levels to 

840 a.u. compared to the tunicamycin treated cells as seen in Figure.2.8c. 
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Figure.2.8. Effect of flavones on tunicamycin induced intracellular ROS generation. L6 myotubes were treated with selected flavones in presence of 

tunicamycin. This was followed by DCFH-DA staining. a) Fluorescence images indicative of ROS generated. Magnification 20X. Scale corresponds to 50µm. 

b) Intensity histogram of fluorescence. c) DHE assay indicative of ROS levels. CON-untreated cells, TM-0.25µg/ml tunicamycin treated cells, TM+API- 

0.25µg/ml tunicamycin apigenin (20µM) co-treated, TM+LUT-0.25µg/ml tunicamycin luteolin (10µM) co-treated, TM+TAN-0.25µg/ml tangeretin (50µM) 

co-treated, TM+PBA-0.25µg/ml tunicamycin PBA (1mM) co-treated cells. Values are expressed as mean±SEM where n=3. *p≤0.05 significantly different 

from control cells, #p≤0.05 significantly different from tunicamycin treated cells.
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2.3.4 Antioxidant potential of flavones under ER stress 

Oxidative stress is accompanied by concomitant decrease in innate antioxidant status 

resulting in disruption of redox homeostasis. Here, the effect of ER stress on antioxidants, 

SOD, GR and TrxR was studied. In tunicamycin treated cells SOD activity significantly 

decreased to 37.2% compared to the control (Figure.2.9a). Treatment with apigenin 

improved the SOD activity to 84.4%, luteolin improved the activity to 56.22%, tangeretin 

improved the SOD activity to 69.3% while PBA improved the activity to 

68.4%significantly compared to tunicamycin treated cells (Figure.2.9a). Treatment with 

tunicamycin, reduced the GR activity by 29.3 % (5.66nmol/min/ml) compared to the  

control cells (8.01nmol/min/ml) whereas treatment with apigenin increased the activity 

by 45.82% (9.327nmol/min/ml), luteolin increased the GR levels by 21.06% 

(7.344nmol/min/ml), tangeretin remarkably improved the same by 62 % 

(10.623nmol/min/ml) and PBA improved the GR activity by 22.6 % (7.473nmol/min/ml) 

compared to the tunicamycin treated cells as depicted in Figure.2.9b. In cells treated with 

tunicamycin, TrxR activity was significantly increased to 211.62% as compared to the 

control group. Apigenin reduced the enzyme levels to 98.01%, luteolin decreased the 

levels to 128.9%. TrxR levels were decreased to 90.5% on treatment with tangeretin while 

on treatment with PBA it decreased to 175.7% as compared to tunicamycin treated cells 

(Figure.2.9c). 
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 Figure.2.9. Antioxidant potential of flavones under ER stress. Effect of apigenin, luteolin and tangeretin on a) SOD activity, b) GR activity, c) TrxR activity 

during ER stress was analysed. CON-untreated cells, TM-0.25µg/ml tunicamycin treated cells, TM+API- 0.25µg/ml tunicamycin apigenin (20µM) co-treated, 

TM+LUT-0.25µg/ml tunicamycin luteolin (10µM) co-treated, TM+TAN-0.25µg/ml tangeretin (50µM) co-treated, TM+PBA-0.25µg/ml tunicamycin PBA 

(1mM) co-treated cells. Values are expressed as mean±SEM where n=3. *p≤0.05 significantly different from control cells, #p≤0.05 significantly different from 

tunicamycin treated cells. 
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2.3.4.1 Structural interaction of flavones with antioxidant enzymes 

To confirm the antioxidant potential of the selected flavones, docking studies of flavones 

with antioxidant enzymes such as catalase, glutathione peroxidase, SOD1 and SOD2 was 

performed to determine the binding interactions. The binding energies indicate the strong 

interaction of the flavones with the antioxidant enzymes (Table 2.1). The best 

conformation of the ligand (flavone) protein (antioxidant) interaction is represented in 

Figure.2.10a, b, c.   

Table 2.1: The binding energies of the docked structures 

Protein Ligand Binding energy in Kcal/mol 

Catalase  

(PDB ID: 1DGB) 

 

 

Glutathione peroxidase 

(PDB ID: 2F8A) 

 

 

Superoxide Dismutase 1 

(PDB ID:1CB4) 

 

 

Superoxide Dismutase 2 

(PDB ID: 1AP5) 

Apigenin 

Luteolin 

Tangeretin 

 

Apigenin 

Luteolin 

Tangeretin 

 

Apigenin 

Luteolin 

Tangeretin 

 

Apigenin 

Luteolin 

Tangeretin 

-7.28 

-5.95 

-5.68 

 

-5.29 

-4.79 

-6.1 

 

-6.29 

-6.16 

-5.42 

 

-5.69 

-5.39 

-5.04 
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Figure.2.10. Molecular docking. a)  Docked structures of apigenin with catalase, glutathione 

peroxidase, SOD1 and SOD2. b) Docked structures of luteolin with catalase, glutathione 

peroxidase, SOD1 and SOD2, c) Docked structures of tangeretin with catalase, glutathione 

peroxidase, SOD1 and SOD2. 

 

2.3.5 Selected flavones decrease ER resident oxidoreductases, PDI and ERp72 under 

ER stress 

Under ER stress condition, the ER resident oxidoreductases are upregulated to enhance 

the reduction of misfolded proteins which in turn generates excess ROS as byproducts. 

The protein expression studies for the flavones were carried out independently and in 

different experimental sets. In the first set of experiment, the tunicamycin treatment 

significantly upregulated the PDI and ERp72 levels to 119.1% and 126.11% respectively 

compared to the control cells as observed in Figure.2.11a. Apigenin downregulated the 

PDI levels and ERp72 levels to 108.6% and 114.1% while PBA decreased the PDI levels 

to 91.3% and ERp72 levels to 110.24% respectively compared to tunicamycin treated 

cells (Figure.2.11a). In the second set as shown in Figure.2.11b, on treatment with 

tunicamycin, PDI and ERp72 levels were increased to 141.5% and 199.5% respectively 

compared to the control cells. Luteolin significantly reduced the PDI and ERp72 levels  
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to 93.75% and 135.9% while PBA downregulated the PDI levels to 84.6% and ERp72 

levels to 98.4% respectively compared to tunicamycin treated cells (Figure.2.11b). In the 

third set, tunicamycin upregulated the PDI and ERp72 levels to 126% and 145.7% 

respectively compared to control cells. Tangeretin remarkably downregulated the PDI 

and ERp72 levels to 99.8% and 129.9% respectively while PBA reduced the levels of 

PDI to 92.5% and ERp72 levels to 109.7% compared to tunicamycin treated cells as 

shown in Figure.2.11c. 
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Figure.2.11. Protein expression studies of ER resident oxidoreductases, PDI & ERp72. Western blot and densitometric analysis of proteins on treatment 

with a) apigenin, b) luteolin, c) tangeretin under ER stress condition with beta actin as loading control. CON-untreated cells, TM-0.25µg/ml tunicamycin treated 

cells, TM+API- 0.25µg/ml tunicamycin apigenin (20µM) co-treated, TM+LUT-0.25µg/ml tunicamycin luteolin (10µM) co-treated, TM+TAN-0.25µg/ml 

tangeretin (50µM) co-treated, TM+PBA-0.25µg/ml tunicamycin PBA (1mM) co-treated cells. Values are expressed as mean±SEM where n=3. *p≤0.05 

significantly different from control treated cells, #p≤0.05 significantly different from tunicamycin treated cells. 
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2.3.6 Modulation of GADD153/CHOP protein by selected flavones under ER stress 

GADD153 or CHOP is an indicator of maladaptive UPR and subsequent cellular 

dysfunction. The protein expression study was carried out independently for the flavones 

(Figure.2.12a, b, c). In the first set, tunicamycin significantly increased the GADD153 

expression to 131.5% compared to the control cells. In apigenin treated cells, GADD153 

expression was 135.4% while in PBA treated cells, the protein expression decreased to 

99.7% compared to tunicamycin treated cells (Figure.2.12a). In the second set, 

tunicamycin upregulated the GADD153 expression to 156.7% compared to the control 

cells. Luteolin remarkably decreased the GADD153 levels to 116.6% whereas PBA 

treatment reduced the levels to 105.7% compared to tunicamycin treated cells 

(Figure2.12b). In the third set, GADD153 expression increased to 264.9% in tunicamycin 

treated cells compared to the control cells. Tangeretin treatment remarkably suppressed 

the levels to 91.2% while PBA treatment decreased the levels to 168.6% compared to the 

tunicamycin treated cells (Figure.2.12c). 
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Figure.2.12. Protein expression of GADD153/CHOP. Western blot and densitometric analysis of GADD153 on treatment with a) apigenin, b) luteolin, c) 

tangeretin under ER stress condition with beta actin as loading control. CON-untreated cells, TM-0.25µg/ml tunicamycin treated cells, TM+API- 0.25µg/ml 

tunicamycin apigenin (20µM) co-treated, TM+LUT-0.25µg/ml tunicamycin luteolin (10µM) co-treated, TM+TAN-0.25µg/ml tangeretin (50µM) co-treated, 

TM+PBA-0.25µg/ml tunicamycin PBA (1mM) co-treated cells. Values are expressed as mean±SEM where n=3. *p≤0.05 significantly different from control 

cells, #p≤0.05 significantly different from tunicamycin treated cells. 
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2.3.7 Modulation of major proteins of MAP kinase signaling cascade by selected 

flavones under ER stress 

The MAP kinase proteins are activated in response to pathological insults such as 

oxidative stress and ER stress and mediate cellular dysfunction. The expression of major 

MAP kinase proteins namely, ERK1/2, p-p38 MAP kinase and p-JNK was studied and it 

was carried out independently for the selected flavones (Figure.2.13a, b, c). In the first 

experiment, tunicamycin significantly upregulated the ERK1/2 to 177.9%, p-p38MAP 

kinase to 126.9% and p-JNK to 122.4% compared to control cells. In apigenin treated 

cells, ERK1/2 expression was 194.3%, p-p38 MAP kinase was 225.7%, p-JNK was 

136.2% while in PBA treated cells, the expression of ERK1/2 was 116.3%, p-p38 MAP 

Kinase was 140.7% and p-JNK was 166.3% compared to tunicamycin treated cells as 

shown in Figure.2.13a. In the second set, tunicamycin remarkably increased the 

expression of ERK1/2 to 161.8%, p-p38MAP kinase to 212.1% and p-JNK to 136.2% 

compared to control.  In luteolin treated cells, the expression of ERK1/2 was 72.9%, p-

p38MAP kinase was 323.84% and p-JNK was 136.1% compared to tunicamycin treated 

cells (Figure.2.13b). PBA co-treatment altered the expression of ERK1/2 to 39.83%, p-

p38 MAP kinase to 140.73%, p-JNK to 110.4% respectively compared to tunicamycin 

treated cells. In the third set, tunicamycin treatment elevated the ERK1/2 levels to 

128.8%, p-p38 MAP kinase to 139.47%, p-JNK to 185.3% compared to control. 

Tangeretin treatment altered the expression of ERK1/2 to 90.8%, p-p38 MAP kinase to 

112.4% and p-JNK to 156.6% while treatment with PBA altered the ERK1/2 levels to 

102.6%, p-p38MAP kinase to 105.7% and p-JNK to 229.7% respectively compared to 

tunicamycin treated cells (Figure.2.13c). 
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Figure.2.13. Protein expression of ERK1/2, p-p38 MAP kinase, p-JNK. Western blot and densitometric analysis of ERK1/2, p-p38 MAP kinase and p-JNK 

on treatment with a) apigenin, b) luteolin, c) tangeretin under ER stress condition with beta actin as loading control for ERK1/2, p38 MAP kinase as loading 

control for p-p38 MAP kinase and JNK as loading control for p-JNK. CON-untreated cells, TM-0.25µg/ml tunicamycin treated cells, TM+API- 0.25µg/ml 

tunicamycin apigenin (20µM) co-treated, TM+LUT-0.25µg/ml tunicamycin luteolin (10µM) co-treated, TM+TAN-0.25µg/ml tangeretin (50µM) co-treated, 

TM+PBA-0.25µg/ml tunicamycin PBA (1mM) co-treated cells. Values are expressed as mean±SEM where n=3. *p≤0.05 significantly different from control 

cells, #p≤0.05 significantly different from tunicamycin treated cells. 
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2.4 Discussion  

In this study, prolonged treatment of myotubes with tunicamycin at the recommended 

dose (0.25 g/ml) increased the expression of ER stress indicators, as shown by the 

elevation of UPR-related proteins such as GRP78, IRE-1α and ATF6. This is in 

agreement with previous studies where upregulation of GRP78, the ER stress master 

regulator protein was reported in muscle biopsies with inclusion body myositis (Cullinan 

& Diehl, 2006; Vattemi et al., 2004). In a Lewis lung cancer mouse model, Bohnert et al. 

showed that the IRE-1 and downstream XBP-1 signaling is a mediator of muscle atrophy 

(Bohnert, McMillan, and Kumar 2018). Our results demonstrated upregulation of ATF6 

protein. ATF6 disassociates from the BIP protein under ER stress and moves to the Golgi 

apparatus where it undergoes cleavage by site 1 and site 2 proteases. The cleaved form  

moves to the nucleus and triggers a series of signaling cascades (Taouji, Wolf, and Chevet 

2013).The cleaved form then enters the nucleus and triggers downstream signaling 

pathways (Taouji et al., 2013).  

We also optimized the dose of tunicamycin for induction of insulin resistance. In the 

present study, the optimised dose of 0.25µg/ml tunicamycin was sufficient for induction 

of insulin resistance. This is in concordance with studies that report ER stress as a major 

underlying cause of insulin resistance (Brown et al., 2020; Kim et al., 2015). In this study, 

the concentration of tunicamycin was optimised based on its ability to induce ER stress 

and insulin resistance without causing significant cell death. The doses of selected 

flavones were also optimized. Here, the doses of flavones for co-treatment with 

tunicamycin were optimised by MTT assay and Annexin V FITC staining to determine 

the low cytotoxicity of the experimental groups in L6 myotubes. 
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The oxidative stress, which is characterised by abnormal ROS formation and disrupts 

redox homeostasis, is one of the effects as well as the cause of ER stress.  Low quantities 

of ROS are produced in skeletal muscles during exercise induced muscular contraction 

(Davies et al. 1982). The low level of ROS helps in improving muscle health (Scicchitano 

et al., 2018). Increased ROS generation, though, may cause skeletal muscle damage by 

activating signalling pathways and aggravating inflammatory mediators and 

mitochondrial dysfunction (Marzetti et al. 2013). Here, we evaluated the potential of the 

flavones in suppressing the ER stress mediated ROS generation using DCFH-DA and 

DHE assays. Luteolin and tangeretin were effective in suppressing the tunicamycin 

induced ROS levels whereas apigenin could not significantly reduce the ROS levels. This 

is in agreement with Wu et al. who have reported the inefficacy of apigenin in attenuating 

the 4-hydroxy-2-Nonenal mediated ROS generation in PC12 cells (Wu et al., 2015).  

Increased ROS levels also disrupt the redox homeostasis by weakening the antioxidant 

defense and from the results it was observed that tunicamycin lowered the activity of 

antioxidants SOD and GR which were improved on treatment with apigenin, luteolin and 

tangeretin. TrxR activity, however, was upregulated on treatment with tunicamycin while 

flavones brought down the levels. This is because the TrxR is involved in reducing the 

non-native disulphide bonds which would be higher during the ER stress. This accounts 

for the aberrant upregulation of the enzyme activity in tunicamycin treated cells. SOD 

decreases the amounts of ROS in cells by converting superoxide to oxygen and hydrogen 

peroxide, respectively while GR is connected with the reduction of oxidised glutathione 

(GSSG) to reduced glutathione (Couto, Wood, and Barber 2016; Y. Wang et al. 2018). 

The molecular docking of the selected flavones with antioxidant enzymes, catalase, 

glutathione peroxidase, SOD1 and SOD2 further confirmed the antioxidant potential of 



95 
 

the flavones as evident from the comparable binding energies which reveals the 

interaction of the flavones with the antioxidant enzymes.  

The disulphide bond reduction, synthesis, and isomerization that occurs during protein 

folding is normally mediated by the ER-resident oxidoreductase PDI under normal 

conditions (Malhotra and Kaufman 2007).  In response to ER stress, the PDI expression 

is increased which promotes the protein folding machinery and also reprimands the non-

native disulphide linkages (Franca et al. 2019; Khan and Mutus 2014). As a result, the 

PDI itself experiences an abnormal cycle of oxidation-reduction that results in an excess 

of ROS being produced as byproducts and a hyperoxidized ER lumen, which worsens ER 

stress by impairing appropriate PDI activity and causing additional misfolded proteins 

(Burgos-Morón et al. 2019). An increase in cellular ROS production is associated with 

escalated PDI levels (Khan & Mutus, 2014). In our study, we observed that PDI and 

ERp72, a member of the PDI family with comparable activities to PDI, were considerably 

increased in expression when treated with tunicamycin (Zhou et al. 2017). Here, 

significant downregulation in PDI and ERp72 levels was observed on co-treatment with 

apigenin, luteolin and tangeretin respectively. The findings support the research of Pan et 

al., who found that bioactives from Scutellariae radix and Rhei rhizoma were effective in 

suppressing oxidative damage through downregulation of the dimethylnitrosamine-

induced PDI expression in an in vivo model (Pan et al. 2015). 

The maladaptive nature of the UPR is indicated by the expression of the 

CHOP/GADD153 protein, an important ER stress marker that indicates the cellular 

dysfunction (Oyadomari & Mori, 2004). Here in the present study, tunicamycin treated 

cells showed significant upregulation of GADD153 levels. Apigenin did not exert any 

lowering effect on the upregulated GADD153 levels whereas luteolin and tangeretin 

significantly suppressed the GADD153 levels indicating alleviation of maladaptive UPR. 
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The MAP kinase signaling is also triggered by changes in redox homeostasis. ERK1/2, 

p38MAP Kinase, and JNK are the three main MAP kinase proteins. Previous study 

reports sustained upregulation of ERK1/2 in hydrogen peroxide treated rat neuronal cells 

resulting in cell death (Zakharova et al., 2015). Increased mitochondrial ROS and 

downstream activation of several pathways, including inflammatory response, insulin 

resistance, and mitochondrial dysfunction, are driven by p38MAPK (Ashraf et al. 2014; 

A. E. Brown et al. 2014; Yu et al. 2017). It is known that both ROS production and the 

IRE-1α arm of the UPR activate p38MAPK (Jia et al. 2007). JNK is activated in response 

to ROS and sustained activation is linked to mitochondrial malfunction, elevation of pro-

apoptotic transcription factors, and ultimately apoptosis while simultaneously promoting 

the production of more ROS (Chambers and LoGrasso 2011). JNK is also activated by 

the IRE-1α arm of the UPR through the TRAF2 ASK1 complex formation and sustained 

activation of JNK after 12 hours or more of ER stress supports pro-apoptotic induction 

(Brown et al., 2016). ERK1/2, p38 MAPK and JNK are also associated with skeletal 

muscle atrophy and inhibition of MAP kinase proteins may be an effective treatment 

option (Belova et al., 2020; Mulder et al., 2020; Ryu et al., 2019).   

In the present study, it was observed that tunicamycin induced significant upregulation in 

ERK1/2, p38MAPK and JNK expression and the selected flavones differently modulated 

the MAP kinase expression. Apigenin could not suppress the expression of the major 

MAP kinase proteins which is in concordance with its inefficacy in significantly lowering 

the ROS levels and GADD153 upregulation. Luteolin was only effective in 

downregulating the ERK1/2 levels while having no lowering effect on the p38MAP 

kinase and JNK expression. Tangeretin was effective in lowering ERK1/2, p38MAP 

kinase, and JNK levels. This is consistent with its potential to reduce the redox imbalances 

caused by ER stress by decreasing ROS levels and GADD153 expression.  
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2.5 Summary 

ER stress and associated oxidative stress are mediators of skeletal muscle atrophy, a 

comorbidity associated with diabetes Targeting these pathways may provide an avenue 

for the development of better therapeutic approaches aimed at enhancing the overall 

function of the skeletal muscle, which will aid in better management of diabetes. In our 

study, three flavones were analyzed for their potential against ER stress mediated redox 

perturbations and were observed to exhibit varying efficacy against tunicamycin induced 

ER stress and associated redox disturbances in skeletal muscle L6 cells. Based on the 

results, tangeretin was observed to have a better potential than apigenin and luteolin in 

mitigating the ER stress induced redox imbalances in L6 cells. A schematic summary of 

the results is depicted in Figure.2.14.  

 

Figure.2.14. Effect of flavones on tunicamycin induced cellular redox imbalances. 

Tunicamycin treatment in L6 myotubes induced ER stress mediated redox imbalances by 

increasing the CHOP/GADD153 levels, indicator of maladaptive UPR. Exposure to tunicamycin 

resulted in upregulation of ER resident oxidoreductases and MAP kinase proteins, increased ROS 

generation and decreased antioxidant activity. Flavones exhibited varying efficacy against ER 

stress mediated redox disturbances. Tangeretin was observed to be most effective in mitigating 

the ER stress induced oxidative stress in L6 myotubes. 
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Chapter 3 

Investigation & elucidation of the 

mechanism of action of most active 

flavone, tangeretin, in mitigation of ER 

stress induced insulin resistance in L6 

cells 
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3.1 Introduction 

 

Type 2 diabetes is the predominant form of diabetes, and insulin resistance is a significant 

attribute of this condition with most treatment strategies focusing on targeting insulin 

resistance for disease amelioration. Insulin resistance is an important manifestation of 

type 2 diabetes and a primary target for antidiabetic drugs. The complex pathophysiology 

of this disease makes monotherapy inadequate and warrants the identification of 

alternative targets and therapies for disease intervention. ER stress has emerged as a 

negative regulator of insulin signaling as evident from the earlier studies (Brown et al., 

2020; Flamment et al., 2012; Urano et al., 2000). Skeletal muscle is the primary tissue 

involved in insulin-stimulated glucose metabolism making it a relevant target for insulin 

resistance studies (Gallot & Bohnert, 2021). Moreover, it possesses a complex ER that 

regulates the activity of skeletal muscles as well as acts as a store for calcium ions 

necessary for muscular contraction (Rayavarapu et al., 2012). Hence, therapeutic 

intervention of the ER stress-related pathways for alleviation of insulin resistance in 

skeletal muscles can contribute to new targets for disease management. 

The glucose uptake in skeletal muscles can occur by the insulin-stimulated pathway 

mediated by PI3K and/or even independent of the insulin signaling pathway mediated by 

AMPK activation as depicted in Figure.3.1 (Deshmukh, 2016). The insulin-stimulated 

pathway is the canonical signaling pathway for cellular glucose uptake which is triggered 

by the binding of insulin to the cell surface receptor followed by tyrosine phosphorylation 

of IRS proteins and subsequent activation of PI3K and downstream Akt which facilitates 

the translocation of glucose transporter GLUT4 to the plasma membrane of muscle cells 

(Pessin & Saltiel, 2000). It is negatively regulated by phosphatase and tensin homolog 

(PTEN), which is known to suppress insulin-stimulated signaling by dephosphorylating 
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phosphatidylinositol 3,4,5-triphosphate (PIP3) to phosphatidylinositol 4,5-bisphosphate 

(PIP2) in the PI3K pathway (Nakashima et al., 2000).  

 

Figure.3.1. Insulin-dependent and independent signaling pathways for glucose uptake in 

skeletal muscle cells (Deshmukh, 2016) 

 

Alternatively, glucose uptake can occur independent of the PI3K activation via the 

AMPK signaling cascade. AMPK is a heterotrimer comprising α catalytic subunit and βγ 

regulatory subunits and it can be independently activated by two upstream kinases, LKB1 

and calcium/calmodulin dependent protein kinases (CaMKK) by phosphorylation on 

T172 loop on α subunit with the former being the main AMPK activator in skeletal 

muscles (Dyck et al., 1996; Sakamoto et al., 2005; Woods et al., 2005). Low energy status 

such as in exercise is a trigger for AMPK activation that suppresses the ATP consuming 

pathways such as fatty acid synthesis and upregulates the ATP producing pathways, 

namely, glucose uptake and metabolism and fatty acid oxidation (O’neill, 2013). In 

skeletal muscles, AMPK facilitates GLUT4 translocation by phosphorylation and 
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activation of downstream AS160, a Rab GTPase activating protein also known as 

TBC1D4, however, AS160 is also known to be stimulated by insulin dependent signaling 

component, Akt (Deshmukh, 2016). Thus, making it an important link between insulin 

dependent and independent signaling mediated glucose uptake (Thong et al., 2007; 

Treebak et al., 2006). ER stress is shown to impair glucose uptake by suppressing insulin 

stimulated signaling components via upregulation of IRE-1α/ASK1/MAP3K5/JNK 

and/or TRB3 as well as insulin independent AMPK expression (Flamment et al., 2012; 

Hwang et al., 2013; Urano et al., 2000). In the present study, the potential of apigenin, 

luteolin and tangeretin in mitigating tunicamycin induced insulin resistance in L6 

myotubes was evaluated. The study focused on identifying the most active flavone against 

tunicamycin induced insulin resistance and elucidation of its mechanism of action in 

alleviating the same by investigating the effect of the flavone on the expression of proteins 

involved in the insulin dependent as well as independent signaling pathways for glucose 

uptake during ER stress. 

3.2 Materials & Methods 

3.2.1 Chemicals 

DMEM containing 4.5g/L glucose and 1.5g/L sodium bicarbonate, fetal bovine serum, 

horse serum, antimycotic antibiotic mix, DMSO, triton X, glycine, tris base, skimmed 

milk, sodium dodecyl sulphate, HBSS were purchased from Himedia (Mumbai, India). 

Tangeretin, luteolin, tunicamycin, PBA, HPLC grade methanol, protease inhibitor 

cocktail tablets, dorsomorphin, bovine insulin were purchased from Sigma Aldrich 

Chemical (St. Louis Missouri, USA). Apigenin was purchased from Cayman Chemicals 

(Michigan, USA). RIPA lysis buffer, BCA kit, 2-NBDG were purchased from Thermo 

Fisher Scientific (Waltham, Massachusetts, USA). The antibodies IRE-1α, beta actin, 

ATF4, p-IRS-1(Tyr), IRS-1, p-AMPK, AMPK, GLUT4, PI3K, AS160, p-LKB1, 
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antirabbit and antimouse HRP conjugated antibodies were purchased from Cell Signaling 

Technologies (Danvers, Massachusetts, USA). Antibodies ATF6, GRP78, PTEN were 

purchased from Santa Cruz Biotechnology (Dallas, Texas, USA). p-PERK, XBP-1, 

MAP3K5 were purchased from Gbiosciences (St. Louis MO, USA). Rat skeletal muscle 

cell line, L6 myoblasts were purchased from National Centre for Cell Sciences, Pune, 

India. 

3.2.2 Cell Culture 

L6 myoblasts were maintained in DMEM containing 10% fetal bovine serum and 1% 

antibiotic antimycotic mix at 37ºC (5% carbon dioxide). When myoblasts reached 80% 

confluency, growth medium was replaced with DMEM containing 2% horse serum to 

induce differentiation into myotubes. Alternative medium change was given for 4 days. 

All the experiments were carried out in differentiated myotubes. 

3.2.3 Experimental Groups 

• CON- untreated or control cells 

• TM- tunicamycin (0.25µg/ml) treated cells 

• TM+API- tunicamycin (0.25µg/ml) & apigenin (20µM) co-treated cells 

• TM+LUT- tunicamycin (0.25µg/ml) & luteolin (10µM) co-treated cells 

• TM+TAN- tunicamycin (0.25µg/ml) & tangeretin (50µM) co-treated cells 

• TM+PBA- tunicamycin (0.25µg/ml) & PBA (1mM) co-treated cells (Positive 

control) 

3.2.4 Experimental design 

The workflow of this chapter is described in Figure.3.2. 
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Figure.3.2. Schematic representation of the experimental design 

 

3.2.5 2-NBDG uptake analysis 

L6 myoblasts were seeded in 6 well plates at 1×105 density, the cells were then 

differentiated for four days and analysed for myotube formation. The myotubes were then 

treated with the experimental groups for 24 hours followed by stimulation with 100 nmol 

insulin for 30 minutes. The cells were then incubated with the fluorescent glucose analog, 

2-NBDG for 30 minutes following which cells were washed with HBSS, trypsinized, 

centrifuged and resuspended in HBSS and taken for flow cytometry analysis using BD 

FACS Aria II (BD Biosciences).  

3.2.6 Western blot analysis for ER stress induction 

L6 myoblasts were seeded in T25 flasks and grown to 80% confluency. The cells were 

then differentiated for 4 days followed by co-treatment studies with most active flavone 
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and positive control (PBA). Myotubes were then rinsed with HBSS and proteins were 

extracted using RIPA lysis buffer. Protein samples were quantitated and normalised with 

the BCA assay kit using BSA as the standard. Protein samples were separated on 10% 

sodium dodecyl sulphate polyacrylamide gels. Proteins were then transferred onto PVDF 

membranes (Millipore, Merck, USA) and blocked for 1 hour in 5% skimmed milk. 

Membranes were then washed thrice with TBST and incubated with the appropriate 

primary antibodies (dilution 1:1000)) against ER stress markers such as GRP78, ATF6, 

IRE-1α, p-PERK, XBP-1, ATF4 with beta actin as the loading control at 4ºC with 

overnight agitation. Membranes were then incubated with appropriate HRP conjugated 

secondary antibodies (dilution 1:1000 to 1:2000) for 2 to 3 hours at room temperature. 

The blot images were obtained by adding the ECL substrate (Thermo Fisher Scientific, 

Massachusetts, USA) to the membranes in Chemidoc MP Imaging systems (Bio-Rad, 

USA). The resultant bands were quantified by densitometric analysis using the Image lab 

software version 6.1 (Bio-Rad, USA). 

3.2.7 Protein expression studies for insulin resistance induction 

After 24-hour co-treatment studies with most active flavone and positive control (PBA), 

proteins from myotubes were extracted by RIPA lysis buffer. The protein samples were 

quantified using the BCA kit with BSA as the standard. Protein samples were subjected 

to western blotting as elaborated in Section 3.2.6. The proteins studied were p-IRS-

1(Tyr), IRS-1, PI3K, GLUT4, p-AMPK, AMPK, AS160, p-LKB1, PTEN, MAP3K5 and 

beta actin. 

3.2.8 AMPK inhibitor studies  

L6 myotubes, following differentiation, were starved in serum free medium for 1.5 hours 

followed by incubation with AMPK inhibitor, dorsomorphin (20µM) for 0.5 hours. The 
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cells were then treated with tunicamycin, positive control and most active flavone with 

or without AMPK inhibitor for 24 hours. The cells were then stimulated with 100 nmol 

insulin for 30 minutes followed by incubation with 2-NBDG for 30 minutes and subjected 

to flow cytometry analysis as described in Section 3.2.5. 

3.2.9 Statistical analysis 

Three independent triplicate runs of each experiment were performed. In SPSS software, 

all data were statistically analysed using one-way ANOVA and the Duncan post hoc test. 

Every result is shown as a mean±SEM. A value of p ≤0.05 was considered statistically 

significant in each experiment. 

3.3 Results 

3.3.1 Tangeretin improves 2-NBDG uptake by mitigating tunicamycin induced 

insulin resistance 

The ER stress is reported to be involved in skeletal muscle insulin resistance. In the 

present study, ER stress induced insulin resistance was determined by the 2-NBDG flow 

cytometry uptake analysis as seen in Figure.3.3. In untreated cells, the 2-NBDG uptake 

was recorded as 62.5%. On treatment with 0.25µg/ml tunicamycin only, the 2-NBDG 

uptake decreased to 40.8% which mimics insulin resistance condition. Apigenin co-

treated cells showed 2-NBDG uptake of 42.4%. Luteolin co-treated cells showed 2-

NBDG uptake of 40.5%. Co-treatment with tangeretin showed an improved uptake of 

60.8%. PBA treated cells showed an uptake of 48.1%. Of the three selected flavones, only 

tangeretin showed an increased glucose uptake under ER stress condition. Also based on 

results from the previous chapter, tangeretin was shown to have considerable potential 

against tunicamycin induced oxidative stress condition in L6 myotubes, hence, tangeretin 

was selected for future studies. 
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Figure.3.3. Effect of flavones on tunicamycin induced insulin resistance. L6 myotubes were 

treated with respective experimental groups for 24 hours followed by stimulation with 100nmol 

insulin for 30 minutes. Cells were incubated with 2-NBDG for 30 minutes and subjected to flow 

cytometry analysis. CON-untreated cells, TM-0.25µg/ml tunicamycin treatment, TM+API- 

0.25µg/ml tunicamycin apigenin (20µM) co-treatment, TM+LUT-0.25µg/ml tunicamycin 

luteolin (10µM) co-treatment, TM+TAN-0.25µg/ml tangeretin (50µM) co-treatment, TM+PBA-

0.25µg/ml tunicamycin PBA (1mM) co-treatment. 

 

3.3.2 Tangeretin suppresses the expression of tunicamycin induced ER stress 

markers 

Prolonged treatment with tunicamycin causes maladaptive UPR which was evident from 

the significant upregulation of the major ER stress markers (Figure.3.4a, b). On prolonged 

exposure to tunicamycin GRP78 was remarkably upregulated to 638% compared to 

control cells. Tangeretin co-treatment significantly downregulated the levels to 547.6% 

while PBA co-treatment brought down the levels to 466.17%, respectively, compared to 

the tunicamycin treated cells (Figure.3.4a, b). Tunicamycin treatment increased the IRE-

1α levels to 180.5% compared to the control. Tangeretin co-treatment suppressed the 

levels to 108.3% remarkably while PBA reduced the expression greatly to 65.5%, 
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respectively, compared to tunicamycin treated cells as shown in Figure.3.4a, b. p-PERK 

levels were enhanced to 187.2% on treatment with tunicamycin alone. Co-treatment with 

tangeretin significantly brought down the levels to 142.8% while co-treatment with PBA 

remarkably reduced the levels to 121.3% compared to tunicamycin treated cells 

(Figure.3.4a, b). Upon induction of ER stress by tunicamycin, IRE-1α induces splicing of 

XBP-1. Here, in cells treated with tunicamycin, there was an increase in the expression 

of spliced (138.2%) and unspliced (123.2%) variants of XBP-1 respectively. Co-

treatment with tangeretin remarkably reduced the expression of both unspliced and 

spliced forms of XBP-1 to 87.24% and 106.57%, respectively, compared to tunicamycin 

treated cells (Fig.3.4a, b). PBA co-treatment downregulated the expression levels to 

98.89% and 57.09% respectively compared to tunicamycin treated cells. Another ER 

stress sensor, ATF6 was notably upregulated to 152.3% in tunicamycin treated cells 

compared to the control. Tangeretin co-treatment remarkably decreased the expression 

levels to 136.4% while PBA treatment supressed the expression to 143.95%, respectively, 

compared to the tunicamycin treated cells. Tunicamycin treated myotubes augmented the 

ATF4 expression to 145.09% compared to the control cells. In cells co-treated with 

tangeretin, the expression levels were downregulated to 97.7% and with PBA, it was 

reduced to 120.7%, respectively, compared to the tunicamycin treated cells as shown in 

Figure.3.4a, b. 
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Figure 3.4. Effect of tangeretin on expression of tunicamycin induced major ER stress 

markers. a) Western blot analysis of ER stress markers, GRP78, IRE-1α, ATF6, p-PERK, ATF4, 

unspliced and spliced XBP-1 was performed with beta actin as the loading control. b) 

Densitometric analysis of all proteins relative to beta actin. CON-untreated cells, TM-0.25µg/ml 

tunicamycin treatment, TM+TAN-0.25µg/ml tunicamycin tangeretin (50µM) co-treatment, 

TM+PBA-0.25µg/ml tunicamycin PBA (1mM) co-treatment. Values are expressed as 

mean±SEM where n=3. *p≤0.05 significantly different from control cells, #p≤0.05 significantly 

different from tunicamycin treated cells.  
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3.3.3 Tangeretin mitigates ER stress mediated insulin resistance via upregulation 

 of AMPK 

Chronic treatment of differentiated L6 myotubes with tunicamycin resulted in insulin 

resistance as evident from decreased 2-NBDG uptake. This was further confirmed by 

expression studies of proteins involved in insulin dependent (PI3K) and independent 

(AMPK) signaling pathway for glucose uptake. Under ER stress condition, the expression 

of p-IRS-1(Tyr), PI3K, p-AMPK, GLUT4 were significantly decreased to 87.93%, 

79.23%, 69.57% and 85.04% respectively as compared to the untreated cells (Figure.3.5a, 

b). Tangeretin could not improve the levels of p-IRS-1(Tyr) (82.49%) and PI3K (71.26%) 

that are components of the insulin dependent signaling for cellular glucose uptake 

(Figure.3.5a, b). PBA co-treatment did not improve the p-IRS-1(Tyr) (76.23%) and PI3K 

(79.64%) levels. Co-treatment with tangeretin, however, could significantly improve the 

p-AMPK and GLUT4 levels to 90.75% and 92.35% respectively compared to 

tunicamycin treated group. PBA however did not induce any significant improvement in 

the expression of p-AMPK (64.2%) and GLUT4 (87.9%) levels compared to tunicamycin 

group under ER stress as depicted in Figure.3.5a, b. The above findings, indicate the role 

of tangeretin in mitigating ER stress mediated IR via AMPK mediated GLUT4 

translocation while failing to upregulate the insulin dependent signaling.  
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Figure.3.5. Effect of tangeretin on tunicamycin induced insulin resistance. a) Western blot 

analysis of proteins involved in insulin dependent and independent signaling, namely, p-IRS(Tyr), 

p-AMPK, GLUT4, PI3K was performed. Beta actin was the loading control for all non-

phosphorylated proteins. For the phosphorylated proteins, the loading control was their non-

phosphorylated forms. b) Densitometric analysis of proteins relative to the respective loading 

controls. CON-untreated cells, TM-0.25µg/ml tunicamycin treatment, TM+TAN-0.25µg/ml 

tunicamycin tangeretin (50µM) co-treatment, TM+PBA-0.25µg/ml tunicamycin PBA (1mM) co-

treatment. Values are expressed as mean±SEM where n=3. *p≤0.05 significantly different from 

control cells, #p≤0.05 significantly different from tunicamycin treated cells. 

 

The role of AMPK was confirmed by expression studies of proteins involved in AMPK 

signaling (Figure.3.6a, b). The expression of p-LKB1 and AS160 involved in AMPK 

signaling were significantly downregulated to 72.39% and 52.52% respectively compared 

to untreated cells on exposure to tunicamycin. Tangeretin significantly improved the 

levels of p-LKB1 to 138.57% and AS160 to 67.57% while PBA could not significantly 
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enhance the suppressed p-LKB1 (49.08%) and AS160 (58.72%) levels compared to 

tunicamycin treated group as seen in Figure.3.6a, b. The MAP3K5 or ASK1 which is 

downstream of IRE-1α (mediator of the ER stress induced insulin resistance) was 

upregulated to 180.27% on treatment with tunicamycin compared to untreated cells. 

Tangeretin and PBA significantly suppressed the levels to 98.98% and 116.83% 

respectively compared to tunicamycin treated group. PTEN, a negative regulator of 

insulin dependent signaling was significantly increased to 114.46% in tunicamycin 

treated cells compared to untreated cells. Tangeretin augmented the PTEN levels to 

140.33% while PBA also increased the expression to 134.86% compared to tunicamycin 

treated group as shown in Figure.3.6a, b. 

 

Figure.3.6. Effect of tangeretin on tunicamycin induced insulin resistance. a) Western blot 

analysis of MAP3K5, p-LKB1, AS160, PTEN was performed with beta actin as the loading 

control. b) Densitometric analysis of proteins relative to beta actin. CON-untreated cells, TM-

0.25µg/ml tunicamycin treatment, TM+TAN-0.25µg/ml tunicamycin tangeretin (50µM) co-

treatment, TM+PBA-0.25µg/ml tunicamycin PBA (1mM) co-treatment. Values are expressed as 

mean±SEM where n=3. *p≤0.05 significantly different from control cells, #p≤0.05 significantly 

different from tunicamycin treated cells. 
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3.3.4 AMPK inhibitor attenuates tangeretin mediated glucose uptake under  

ER stress mediated insulin resistance 

From the protein expression studies, it is evident that tangeretin alleviates tunicamycin 

induced insulin resistance and improves glucose uptake by activating the AMPK 

pathway. To validate the findings, tangeretin mediated 2-NBDG (glucose analog) uptake 

during tunicamycin induced insulin resistance was evaluated in the presence and absence 

of AMPK inhibitor, dorsomorphin. In the absence of inhibitor, in untreated cells, the 

uptake was 46.1% while in tunicamycin treated cells, uptake was reduced to 21.5% and 

in tangeretin co-treated cells, the uptake was 41.2% while in PBA co-treated group, the 

uptake was 24.5% respectively as depicted in Figure.3.7. Metformin, an AMPK activator 

was used as the standard for comparison and the uptake in this group was recorded as 

51% in the absence of inhibitor. In the presence of dorsomorphin, the uptake in control 

cells was observed to be 19.2% and tunicamycin treated group was 24.6%. The uptake in 

tangeretin co-treated group reduced to 13.7% while in PBA co-treated cells, the uptake 

was 30% and in metformin treated cells the uptake was 23.4% in presence of inhibitor 

(Figure.3.7). The decreased uptake in presence of AMPK inhibitor, dorsomorphin in 

tangeretin co-treated cells confirm the role of AMPK in tangeretin mediated glucose 

uptake under ER stress. 
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Figure.3.7. AMPK inhibitor studies. The 2-NBDG uptake in the presence and absence of AMPK inhibitor was evaluated to determine the role of AMPK signaling 

in tangeretin mediated uptake during tunicamycin induced insulin resistance. L6 myotubes were pre-treated with/without dorsomorphin followed by co-incubation 

with TM (0.25µg/ml), TM+TAN (TM-0.25µg/ml, TAN-50µM), TM+PBA (TM-0.25µg/ml, PBA-1mM) and metformin (100µM). All the groups were insulin 

stimulated. Values are expressed as mean±SEM where n=3. *p≤0.05 significantly different from control cells, #p≤0.05 significantly different from tunicamycin 

treated cells. 
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3.4 Discussion 

In the present study, the protective effects of selected flavones, apigenin, luteolin and 

tangeretin in mitigating tunicamycin induced insulin resistance in skeletal muscle L6 

myotubes were analyzed. The findings demonstrated the role of tangeretin in improving 

tunicamycin induced impaired glucose uptake. Initially, selected flavones were screened 

for their ability to improve ER stress induced impaired glucose uptake. From the results, 

it was evident that only tangeretin could significantly improve the 2-NBDG uptake under 

ER stress condition and therefore, only tangeretin was taken for future studies.  

In this study, prolonged exposure to tunicamycin at a dose of 0.25µg/ml was found to 

upregulate the expression of the ER stress markers, GRP78, IRE-1α, p-PERK, ATF6, 

ATF4 and splicing of XBP-1. This was in concordance with previous reports that have 

demonstrated the induction of ER stress in skeletal muscle cells on prolonged exposure 

to tunicamycin (Eo & Valentine, 2021; Thoma et al., 2020). During ER stress, the three 

ER stress sensors (IRE-1α, PERK and ATF6) dissociate from GRP78 and subsequently 

activate downstream elements. IRE-1α exerts its endoribonuclease activity by increasing 

splicing of XBP-1 and also its kinase activity by upregulation of downstream 

MAP3K5/ASK1 that is followed by JNK activation which subsequently suppresses the 

insulin stimulated signaling inducing insulin resistance (Urano et al., 2000). The results 

from the present study demonstrated the upregulation of XBP-1 and MAP3K5 on 

prolonged treatment of L6 cells with tunicamycin. The PERK arm of the UPR triggers 

insulin resistance under ER stress via ATF4/TRB3 signaling (Flamment et al., 2012). 

Here, the results showed an upregulation of p-PERK and ATF4 on chronic treatment with 

tunicamycin. Co-treatment with tangeretin significantly abrogated the levels of GRP78, 

IRE-1α, p-PERK, ATF6, ATF4 and splicing of XBP-1 which confirms the ER protective 

effects of tangeretin in skeletal muscle cells. This is in agreement with Takano et al. who 
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have demonstrated the ER protective potential of tangeretin in F9 Herp null cells, 

insulinoma MIN-6 cells and PC-12 cells exposed to tunicamycin (Takano et al., 2007). 

From the findings here, it was observed that the MAP3K5/ASK1 levels were 

downregulated on co-treatment with tangeretin. ASK1 forms a nexus between ER stress 

and insulin resistance via upregulation of IRE-1α and downstream JNK activity and its 

suppression indicates alleviation of ER stress mediated insulin resistance.  

Impaired glucose uptake is a consequence of insulin resistance and it is regulated by 

signaling pathways that either require insulin stimulation and/or can function independent 

of insulin. Here, the expression of proteins involved in cellular glucose uptake under ER 

stress condition was studied. Chronic exposure to tunicamycin significantly 

downregulated the levels of phospho-IRS-1(Tyr), PI3K, p-AMPK and GLUT4. Tyrosine 

phosphorylation of IRS-1 aids in insulin stimulated glucose uptake by enabling its binding 

to PI3K while phosphorylation at its serine residue correlates with insulin resistance 

(Hançer et al., 2014). The downregulation of p-IRS-1(Tyr) and PI3K by tunicamycin in 

this study indicates downregulation of insulin stimulated response and subsequent 

induction of insulin resistance. Quan et al. have reported a similar decrease in IRS-1 

tyrosine phosphorylation in C2C12 myotubes on treatment with 0.5µg/ml tunicamycin 

for 16 hours (Quan et al., 2015). In this study, tangeretin could not improve the expression 

levels of phospho-IRS-1(Tyr) and PI3K under ER stress. These findings indicate the 

inability of tangeretin in modulating the insulin stimulated signaling cascade under ER 

stress condition. The downregulated GLUT4 levels, however were improved on co-

treatment with tangeretin indicating improvement in impaired glucose uptake. To confirm 

the inability of tangeretin in modulating the insulin dependent glucose uptake, the PTEN 

levels under ER stress was measured. Prolonged incubation with tunicamycin resulted in 

increased PTEN levels which is a negative regulator of insulin signaling. It was observed 
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here that tangeretin exacerbated the PTEN levels in response to ER stress indicating its 

inability in improving the insulin stimulated signaling. Since, tangeretin improved the 

glucose uptake, despite failing to improve insulin stimulated signaling, the effect of 

tangeretin on expression of components involved in insulin independent glucose uptake 

during ER stress was determined. Tunicamycin suppressed the AMPK activation, an 

important mediator of insulin independent signaling. Tangeretin significantly improved 

the p-AMPK levels as evident from the results. This is consistent with the findings of 

Kim et al., who found that tangeretin treatment enhanced glucose uptake in C2C12 

myotubes via the activation of AMPK (Kim et al., 2012). The proteins upstream and 

downstream of AMPK activation were studied. LKB1, a major kinase upstream of AMPK 

activation in skeletal muscles was downregulated under ER stress and its activity was 

significantly enhanced on treatment with tangeretin. AS160, downstream of AMPK and 

mediator of GLUT4 translocation in skeletal muscle cells was suppressed on exposure to 

tunicamycin. AS160 is also reported to be downstream of Akt, a component of insulin 

stimulated signal. Thus, AS160 serves a dual role in insulin dependent and insulin 

independent glucose uptake (Thong et al., 2007). In this study, tangeretin successfully 

upregulated the compromised AS160 levels but it was not comparable to the control 

levels. This could be due to the dual role of AS160 in insulin dependent and insulin 

independent glucose uptake and inability of tangeretin to improve the former. The protein 

expression studies manifest the role of tangeretin in alleviation of ER stress induced 

insulin resistance via AMPK activation.  

To validate the findings, 2-NBDG flow cytometry analysis was performed in the absence 

and presence of AMPK inhibitor, dorsomorphin. In the absence of inhibitor, tangeretin 

ameliorated the ER stress mediated insulin resistance and showed an enhanced uptake, 

however, in the presence of inhibitor, the uptake was reduced indicating the inability of 
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tangeretin to improve the glucose uptake when AMPK is attenuated completely. This 

further provides evidence for the involvement of AMPK activation in tangeretin mediated 

alleviation of insulin resistance during ER stress. 

3.5 Summary 

ER stress has been identified as a key mechanism driving insulin resistance, and its 

modulation may provide novel targets for the management of diabetes. In the present 

study, the efficacy of the selected flavones in mitigating tunicamycin mediated insulin 

resistance in skeletal muscle L6 myotubes was studied. Tangeretin remarkably 

suppressed the tunicamycin induced UPR induction as evident from the decreased 

expression of the ER stress marker proteins. Tangeretin also improved the cellular 

glucose uptake via the activation of the AMPK signaling cascade while having no 

significant effect on the insulin stimulated signaling pathway during tunicamycin induced 

insulin resistance. The proposed mechanism of action has been illustrated in Figure.3.8. 

This is the first report elucidating the mechanism of action of tangeretin in ameliorating 

tunicamycin induced insulin resistance. 
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Figure.3.8. Proposed mechanism of action of tangeretin in mitigating ER stress induced 

insulin resistance in skeletal muscle L6 cells. Prolonged exposure to tunicamycin induced 

insulin resistance by suppressing p-IRS-1 (tyr) and PI3K activity via IRE-1α/ASK1/JNK signal. 

Tunicamycin also upregulated PTEN while suppressing GLUT4 translocation and AMPK 

signaling. Tangeretin improved ER stress mediated impaired glucose uptake via the suppression 

of maladaptive UPR and activation of AMPK signaling. 
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4A.1 Introduction 

 

The ER and mitochondria are both dynamic organelles that undergo changes in 

morphology and function in response to cellular stresses. Around 20% of the 

mitochondrial surface is in direct contact with the ER via the MAMs which implies that 

ER stress and maladaptive UPR can exert debilitating consequences on the mitochondrial 

function (Kornmann et al., 2009). Mitochondria are rightly termed the powerhouses of 

the cells. They are involved in various functions such as energy metabolism through ATP 

production, regulation of cellular apoptosis, calcium homeostasis, and ROS generation 

(Wai & Langer, 2016). ER stress conditions result in exacerbated mitochondrial ROS 

which contribute to mitochondrial dysfunction. Elevated mitochondrial ROS is a 

consequence of the ER calcium leak into the mitochondria via the protein channels 

namely the IP3R and ryanodine receptors (RYR) at the MAM junction (Zeeshan et al., 

2016). The upregulated ROS alters the metabolism and interferes with mitochondrial 

respiration resulting in altered electron transport chain (ETC) complex activities and 

disrupted ATP production (Tirichen et al., 2021). Mitochondrial ROS also affects 

mitochondrial dynamics and promotes fragmentation (X. Li et al., 2013). 

The dynamic nature of mitochondria comprises fission and fusion processes which are 

essential for facilitating the exchange of information and content between different 

mitochondria and maintaining mitochondrial function (Chan, 2020). Under physiological 

conditions, a balanced fusion and fission cycle are essential for ensuring mitochondrial 

quality, and disturbances in this equilibrium can lead to several pathologies including 

diabetes, myopathies, neurological disorders, and cardiomyopathies (Djalalvandi & 

Scorrano, 2022; Ojaimi et al., 2022; Rovira-Llopis et al., 2017). Mitochondrial fission is 

associated with the growth and division of mitochondria while fusion is involved in 
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elongation and promotes an interconnected mitochondrial network. The fusion and fission 

events are controlled by the highly conserved dynamin family of GTPases which include 

the optic atrophy 1 (OPA1) on the inner mitochondrial membrane and mitofusin 1/2 

(MFN1/2) on the outer mitochondrial membrane for mediating fusion whereas dynamin-

related protein 1 (DRP1) and mitochondrial fission protein (FIS1) mediate the fission 

process (H. Chen & Chan, 2005). Prolonged ER stress is associated with escalated 

mitochondrial fission resulting in fragmentation and damaged mitochondria (Rocha et al., 

2020). The dysfunctional mitochondria are then removed by a process known as 

mitophagy which involves engulfment by autophagosomes (Rovira-Llopis et al., 2017).  

Between the ER and mitochondria, calcium is a key intracellular messenger that controls 

a variety of functions. ER mitochondria interaction is essential for maintaining the 

calcium homeostasis and any disruptions in their function can lead to calcium overload 

or depletion (Panda et al., 2021). Calcium is transported from the ER to mitochondria via 

the IP3R and RYR receptors at the MAMs junction and the transport is augmented in 

response to chronic ER stress resulting in excess mitochondrial calcium levels. Excess 

mitochondrial calcium is associated with increased ROS, opening of mitochondrial 

permeability transport pore, loss of membrane potential and apoptosis (Antonio Navarro-

Langa et al., 2022). Interplay between ER stress, mitochondrial dysfunction and defects 

in MAMs organization can alter the calcium homeostasis which ultimately leads to insulin 

resistance (Figure.4A.1) (Wang et al., 2015).  
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Figure.4A.1. Interplay between ER stress, mitochondrial dysfunction and MAMs defect 

contribute to insulin resistance (Wang et al., 2015) 

 

The putative interdependence of the ER and mitochondria is well known due to their 

tethering at the MAMs region which harbours several proteins essential for regulating 

various processes in both organelles and hence, pharmacological manipulation of ER 

stress associated mitochondrial dysfunction can aid in development of better therapeutic 

strategies for diabetes management. Skeletal muscle is reported to be a highly energy 

consuming and metabolically active tissue, making it more susceptible to changes in 

mitochondrial function which mainly caters to the cellular energy demand (Ignatieva et 

al., 2021). Therefore, targeting the mitochondria can help in amelioration of muscle 

pathologies such as atrophy, a comorbidity associated with diabetes. In the present study, 

the potential of tangeretin in alleviation of tunicamycin induced mitochondrial alterations 

with emphasis on redox status, mitochondrial dynamics and MAM proteins in skeletal 

muscle L6 myotubes was studied. 



130 
 

4A.2 Materials & Methods 

4A.2.1 Chemicals 

DMEM containing 4.5g/L glucose and 1.5g/L sodium bicarbonate, fetal bovine serum, 

horse serum, antimycotic antibiotic mix, DMSO, triton X, glycine, tris base, skimmed 

milk, sodium dodecyl sulphate, HBSS was purchased from Himedia (Mumbai, India). 

Tangeretin, tunicamycin, PBA, HPLC grade methanol, protease inhibitor cocktail tablets 

were purchased from Sigma Aldrich Chemicals (St. Louis Missouri, USA). JC-1 staining 

kit, oxygen consumption kit was purchased from Cayman Chemicals (Michigan, USA). 

RIPA lysis buffer, BCA kit, Mito SOX dye, Mito tracker dye were purchased from 

Thermo Fisher Scientific (Waltham, Massachusetts, USA). The antibodies SOD1, SOD2, 

Fis1, Mfn2, Opa1, complex IV (COXIV), VDAC, GRP75, beta actin, Antirabbit and 

Antimouse HRP conjugated antibodies were purchased from Cell Signaling Technologies 

(Danvers, Massachusetts, USA). FUN14 Domain Containing 1 protein (FUNDC1), 

phosphofurin acidic cluster sorting protein 2 (PACS2), X-linked inhibitor of apoptosis 

protein (XIAP), cytochrome c (cyt c), IP3R were purchased from Gbiosciences (St. Louis 

MO, USA). Rat skeletal muscle cell lines, L6 myoblasts were procured from National 

Centre for Cell Sciences, Pune, India. 

4A.2.2 Cell Culture 

L6 myoblasts were maintained in DMEM containing 10% fetal bovine serum and 1% 

antibiotic antimycotic mix at 37ºC (5% carbon dioxide). Myoblasts were cultured to 80% 

confluency and the media was replaced with DMEM containing 2% horse serum to induce 

differentiation into myotubes. Alternative media change was given every 4 days to obtain 

differentiated myotubes. All of the experiments were carried out in differentiated 

myotubes. 
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4A.2.3 Experimental Groups 

• CON- untreated or control cells 

• TM- tunicamycin (0.25µg/ml) treated cells 

• TM+TAN- tunicamycin (0.25µg/ml) & tangeretin (50µM) co-treated cells 

• TM+PBA- tunicamycin (0.25µg/ml) & PBA (1mM) co-treated cells (Positive 

control) 

4A.2.4 Experimental Design 

The work flow of this chapter in represented schematically in Figure. 4A.2. 

 

Figure.4A. 2. Schematic representation of the experimental design 

 

4A.2.5 Intracellular mitochondrial ROS generation 

L6 myoblasts were seeded in 96 well plates at 5×103 density, the cells were then 

differentiated for four days and analysed for myotube formation. The myotubes were then 

treated with respective experimental groups for 24 hours followed by incubation with 
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5µM Mito SOX dye for 10-20 minutes. The cells were washed with HBSS, twice and 

taken for imaging in fluorescence microscope using TRITC filter and fluorescence 

intensity was quantitated using the cell sense software (Olympus Life Science, Japan). 

4A.2.6 Mitochondrial Biogenesis  

After 24 hours treatment with designated experimental groups, myotubes were incubated 

with 5µM Mito tracker red dye for 20 minutes followed by HBSS wash. Cells were then 

taken for imaging in fluorescence microscope using TRITC filter and fluorescence 

intensity was quantified using cell Sens software (Olympus Life Science, Japan). 

4A.2.7 Estimation of oxygen consumption rate 

L6 myoblasts were seeded in 96 well plate at a density of 5×103. After attaining 80% 

confluency, cells were differentiated by replacing the growth medium with medium 

containing 2% horse serum. Media change was given alternatively for four days following 

which, the myotubes were treated with the experimental groups for 24 hours. The oxygen 

consumption rate was then determined according to the manufacturer’s protocol (Cayman 

Chemical, Michigan, USA). The spent culture medium was replaced with 150µl fresh 

medium. 10µl of Glucose oxidase and Antimycin A stock solution were added to the 

designated wells respectively.  This was followed by addition of 10µl of phosphorescent 

oxygen probe solution. The cells were then overlaid with HS mineral oil. The plate was 

then read kinetically for ≥120 minutes in a plate reader (Tecan infinite 200 PRO, Austria).  

4A.2.8 Determination of mitochondrial membrane potential 

Myoblasts were seeded in 96 black-well plate and after reaching 80% confluency 

differentiation was induced. Myotubes were then treated with the experimental groups for 

24 hours following which, cells were stained with JC-1 dye (Cayman Chemicals, USA) 

and kept in CO2 incubator at 37 °C for 20 min. Fluorescence images were acquired in the 
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fluorescence microscope (Olympus Life Science, Japan). JC-1 exists as red aggregates in 

the mitochondria in normal conditions and it can be detected at an excitation/emission 

wavelength of 540/570 nm. In disease condition, JC-1 exists as green monomers in 

stressed conditions due to mitochondrial membrane potential dissipation. The green 

fluorescence can be detected at an excitation/emission of 485/535 nm and quantitated 

using Cell sense software (Olympus Life Science, Japan). 

4A.2.9 Western Blot studies 

L6 myoblasts were seeded in T25 flasks and grown to 80% confluency. The cells were 

then differentiated for 4 days followed by a 24-hour treatment with the experimental 

groups. Myotubes were then rinsed with HBSS and proteins were extracted using RIPA 

lysis buffer. Estimation and normalisation of the protein samples was done with BCA 

assay kit using BSA as the standard. Protein samples were separated on 10% sodium 

dodecyl sulphate polyacrylamide gels. Proteins were then transferred onto PVDF 

membranes (Millipore, Merck, USA) and blocked for 1 hour in 5% skimmed milk. 

Membranes were then washed thrice with TBST before being incubated at 4ºC overnight 

with the appropriate primary antibodies SOD1, SOD2, Complex IV (COXIV), UCP3, 

MFN2, DRP1, FIS1, OPA1, IP3R, GRP75, VDAC, PACS2, FUNDC1, XIAP, 

cytochrome c (dilution 1:1000). Beta actin was used as the loading control. Membranes 

were then incubated with appropriate HRP conjugated secondary antibodies (dilution 

1:1000 to 1:2000) for 2 to 3 hours at room temperature. The blot images were obtained 

by adding the ECL substrate (Thermo Fisher Scientific, Massachusetts, USA) to the 

membranes in Chemidoc MP Imaging systems (Bio-Rad, USA). The resultant bands were 

quantified by densitometric analysis using the Image lab software version 6.1 (Bio-Rad, 

USA). 
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4A.2.10 Statistical analysis 

All experiments were performed independently in triplicates. The data were statistically 

analysed using one-way ANOVA and the Duncan post hoc test in the SPSS software. 

Each result is presented as a mean±SEM. In each trial, a p value of 0.05 or lower (p≤0.05) 

was regarded as statistically significant. 

4A.3 Results 

4A.3.1 Tangeretin suppressed tunicamycin induced mitochondrial ROS generation 

and improved SOD levels 

Prolonged exposure of L6 myotubes to tunicamycin remarkably exacerbated the 

mitochondrial ROS production to 126.75% (643.9 a.u.) compared to the control group 

(508 a.u.) as evident from fluorescence images (Figure.4A.3a) and intensity histogram 

(Figure.4A.3b). Co-treatment with tangeretin and PBA significantly suppressed the levels 

to 98.03% (497.98 a.u.) and 103.26% (524.55 a.u.) respectively compared to tunicamycin 

treated group (Figure.4A.3a, b). SODs are part of the innate antioxidant system within 

the cells and are responsible for keeping the ROS levels under control. SOD1 is localized 

in the cytoplasm while SOD2 is localized in the mitochondria. In the present study, 

tunicamycin suppressed the levels of both SOD1 and SOD2 to 89.84% and 81.94% 

respectively as shown in Figure.4A.3c, d. Tangeretin co-treatment remarkably improved 

the levels of SOD1 to 108.03% and SOD2 to 98.53% while PBA co-treatment also 

improved the levels SOD1 to 105.48% and SOD2 to 96.2% respectively (Figure.4A.3c, 

d). 
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Figure.4A.3. Effect of tangeretin on mitochondrial ROS generation and SOD1 and SOD2 

expression levels during tunicamycin induced ER stress. a) Mito SOX-stained fluorescence 

images. Magnification 20X. Scale corresponds to 20µm. b) Fluorescence intensity histogram in 

arbitrary units (a.u.). c) Western blot analysis of SOD1 and SOD2. The loading control was beta 

actin. d) Densitometric analysis of SOD1 and SOD2 normalised to beta actin. CON-untreated 

cells, TM-0.25µg/ml tunicamycin treatment, TM+TAN-0.25µg/ml tunicamycin tangeretin 

(50µM) co-treatment, TM+PBA-0.25µg/ml tunicamycin PBA (1mM) co-treatment. Values are 

expressed as mean±SEM where n=3. *p≤0.05 significantly different from control cells, #p≤0.05 

significantly different from tunicamycin treated cells.  
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4A.3.2 Tunicamycin mediated mitochondrial alterations were independent of 

mitochondrial biogenesis/number, oxygen consumption rate and complex IV 

activity 

L6 myotubes treated with tunicamycin did not show any significant change in 

mitochondrial biogenesis/number compared to the control group following staining with 

Mito tracker red as seen in fluorescence images in Figure.4A.4a and intensity histogram 

in Figure.4A.4b. Similarly, co-treatment with tangeretin and PBA did not induce any 

remarkable change compared to control and tunicamycin treated cells (Figure.4A.4a, b).  

There was no significant variation in the oxygen consumption rate, an indicator of the 

oxidative phosphorylation or ETC, among the experimental groups as seen in the 

Figure.4A.4c. The COXIV levels, which facilitates the last step of ETC by reducing 

molecular oxygen to water was studied under ER stress. Tunicamycin treatment did not 

elicit any significant change in the activity compared to control as shown in Figure.4A.4d, 

e. Tangeretin and PBA co-treatment did not induce any significant change in the COXIV 

expression compared to control and tunicamycin treated cells (Figure.4A.4d, e). Here, the 

expression of the uncoupling protein, UCP3 was analysed and it was observed that in 

tunicamycin treated group, the expression escalated to 198.4% compared to untreated 

cells (Figure.4A.4d, e). Co-treatment with tangeretin and PBA augmented the levels to 

258.6% and 223.2% respectively compared to tunicamycin treated cells as shown in 

Figure.4A.4d, e. 
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Figure.4A.4. Mitochondrial biogenesis/number, oxygen consumption rate, COXIV and 

UCP3 expression under ER stress. a) Mito tracker-stained fluorescence images. Magnification 

20X. Scale corresponds to 20µm. b) Fluorescence intensity histogram in arbitrary units (a.u.). c) 

measurement of oxygen consumption rate kinetically. AA represents antimycin A, a blocker of 

oxidative phosphorylation. d) Western blot analysis of COXIV and UCP3. Beta actin was the 

loading control. d) Densitometric analysis of proteins normalised to beta actin. CON-untreated 

cells, TM-0.25µg/ml tunicamycin treatment, TM+TAN-0.25µg/ml tunicamycin tangeretin 

(50µM) co-treatment, TM+PBA-0.25µg/ml tunicamycin PBA (1mM) co-treatment. Values are 

expressed as mean±SEM where n=3. *p≤0.05 significantly different from control cells, #p≤0.05 

significantly different from tunicamycin treated cells. 
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4A.3.3 Tangeretin reduced tunicamycin induced loss of mitochondrial membrane 

potential  

Here, changes in membrane potential were determined using the JC-1 staining dye. Under 

normal conditions JC-1 (cationic, lipophilic dye) enters the mitochondria and 

accumulates to form aggregates which emit fluorescence in the red spectrum. In unhealthy 

cells, JC-1 accumulates to a lesser extent as monomers inside the mitochondria due to 

loss of membrane potential and increased membrane permeability thereby emitting green 

fluorescence (Sivandzade et al. 2019). Chronic exposure to tunicamycin resulted in loss 

of membrane potential compared to the control. Co-treatment with tangeretin 

significantly improved the membrane potential (Figure.4A.5a). The red to green 

fluorescence ratio or the JC-1 aggregate to monomer ratio is an indicator for 

mitochondrial function. Treatment with tunicamycin, results in membrane depolarization 

as observed by significant decrease in percentage aggregate to monomer ratio to 60.5% 

(1.4702 ratio) compared to the control (2.4292 ratio). Remarkable improvement in 

aggregate to monomer percentage ratio to 96.2% (2.3392 ratio) was seen on treatment 

with tangeretin compared to tunicamycin treated cells. In PBA treated cells, the JC-1 

aggregate to monomer percentage ratio was improved to 78.1% (1.8971 ratio) compared 

to tunicamycin treated group as depicted in Figure.4A.5b. 
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Figure.4A.5. Tangeretin improves ER stress induced loss of mitochondrial membrane 

potential. a) L6 myotubes after treatment with respective groups for 24 hrs were incubated with 

JC-1 staining solution for 20 min. Imaging was performed in fluorescence microscope. 

Magnification 20X. Scale corresponds to 50µm. b) Red to green fluorescent intensity ratio. CON-

untreated cells, TM-0.25µg/ml tunicamycin treatment, TM+TAN-0.25µg/ml tunicamycin 

tangeretin (50µM) co-treatment, TM+PBA-0.25µg/ml tunicamycin PBA (1mM) co-treatment. 

Values are expressed as mean±SEM where n=3.*p≤0.05 significantly different from control cells, 

#p≤0.05 significantly different from tunicamycin treated cells. 

 

4A.3.4 Effect of tangeretin on mitochondrial dynamics during ER stress 

Chronic exposure of L6 myotubes to tunicamycin resulted in significant upregulation of 

proteins involved in mitochondrial fusion and fission. MFN2 was upregulated to 

126.11%, OPA1 to 124.01%, DRP1 to 144.1% and FIS1 to 153.9% respectively 

compared to the control (Figure.4A.6a, b). Co-treatment with tangeretin could not 

downregulate the MFN2 levels (125.04%), however, OPA1, DRP1 and FIS1 levels were 

reduced to 84.37%, 92.3% and 105.69% respectively compared to tunicamycin group as 

shown in Figure.4A.6a, b. PBA co-treatment significantly downregulated the MFN2 
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(80.44%), OPA1 (88.57%), DRP1 (78.42%) and Fis1(110.13%) respectively compared 

to tunicamycin group (Figure.4A.6a, b).   

 

Figure.4A.6. Effect of tangeretin on mitochondrial fusion and fission proteins under ER 

stress.  a) Western blot analysis of Mfn2, Opa1 and Fis1 with beta actin as loading control. b) 

Densitometric analysis of proteins normalised to beta actin. CON-untreated cells, TM-0.25µg/ml 

tunicamycin treatment, TM+TAN-0.25µg/ml tunicamycin tangeretin (50µM) co-treatment, 

TM+PBA-0.25µg/ml tunicamycin PBA (1mM) co-treatment. Values are expressed as 

mean±SEM where n=3. *p≤0.05 significantly different from control cells, #p≤0.05 significantly 

different from tunicamycin treated cells. 

 

4A.3.5 Effect of tangeretin on IP3R VDAC GRP75 complex at MAMs junction under 

ER stress 

The IP3R, VDAC and GRP75 form a complex at the MAMs junction and are involved in 

the transport of calcium ions from the ER to the mitochondria. Chronic treatment with 

tunicamycin upregulated the IP3R moderately but not significantly to 112.36% compared 
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to untreated cells (Figure.4A.7a, b). VDAC and GRP75 expression was downregulated 

on treatment with tunicamycin treatment to 64.87% and 82.07% respectively compared 

to untreated cells (Figure.4A.7a, b). In tangeretin co-treated cells, IP3R levels were 

107.66%, VDAC levels increased to 76.77% and GRP75 to 93.43% while in PBA co-

treated cells, IP3R levels were 109.65%, VDAC levels were improved to 78.68% and 

GRP75 99.67% compared to the tunicamycin treated cells as depicted in Figure.4A.7a, b. 

Figure.4A.7. Effect of tangeretin on MAM proteins, IP3R, VDAC, GRP75 under ER stress. 

a) Western blot analysis of IP3R, VDAC and GRP75 with beta actin as loading control. b) 

Densitometric analysis of proteins normalised to Beta actin. CON-untreated cells, TM-0.25µg/ml 

tunicamycin treatment, TM+TAN-0.25µg/ml tunicamycin tangeretin (50µM) co-treatment, 

TM+PBA-0.25µg/ml tunicamycin PBA (1mM) co-treatment. Values are expressed as 

mean±SEM where n=3. *p≤0.05 significantly different from control cells, #p≤0.05 significantly 

different from tunicamycin treated cells. 

 

4A.3.6 Tangeretin downregulates tunicamycin induced PACS2 and FUNDC1 levels 

Treatment with tunicamycin significantly upregulated the levels of MAM proteins 

PACS2 and FUNDC1 as shown in Figure.4A.8a, b to 134.91% and 328.39% respectively 
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compared to untreated L6 cells. Co-treatment with tangeretin significantly brought down 

the levels of PACS2 to 112.23% and FUNDC1 to 171.85% while PBA treatment 

remarkably suppressed the PACS2 levels to 99.78% while augmenting FUNDC1 levels 

to 263.87% respectively compared to tunicamycin treated cells (Figure.4A.8a, b).  

 

Figure.4A.8. Tangeretin downregulates expression of MAM proteins PACS2 and FUNDC1 

under ER stress condition. a) Western blot analysis of PACS2 and FUNDC1 with beta actin as 

loading control. b) Densitometric analysis of proteins normalised to Beta actin. CON-untreated 

cells, TM-0.25µg/ml tunicamycin treated cells, TM+TAN-TM tangeretin (50µM) co-treatment, 

TM+PBA-TM 4-phenylbutyric acid (1mM) co-treatment. Values are expressed as mean±SEM 

where n=3. *p≤0.05 significantly different from control cells, #p≤0.05 significantly different from 

tunicamycin treated cells. 

 

4A.3.7 Effect of tangeretin on XIAP and cytochrome c levels under ER stress 

Under ER stress, XIAP, an anti-apoptotic factor was observed to be upregulated to 

172.57% and cyt c, a component of the intrinsic apoptotic pathway was upregulated 

slightly but insignificantly (104.35%) on exposure to tunicamycin compared to control 

group (Figure.4A.9a, b). In tangeretin treated cells, XIAP expression was downregulated 

to 139.91% while cyt c levels were brought down to 92.44% compared to tunicamycin 
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treated group (Figure.4A.9a, b). In PBA treated cells, XIAP levels were downregulated 

to 139.27% and cyt c levels to 100.99% compared to tunicamycin treated group as shown 

in Figure.4A.9a, b. 

Figure.4A.9. Effect of tangeretin on XIAP and cyt c levels under ER stress. a) Western blot 

analysis of XIAP and cyt c with beta actin as loading control. b) Densitometric analysis of proteins 

normalised to beta actin. CON-untreated cells, TM-0.25µg/ml tunicamycin treatment, TM+TAN-

0.25µg/ml tunicamycin tangeretin (50µM) co-treatment, TM+PBA-0.25µg/ml tunicamycin PBA 

(1mM) co-treatment. Values are expressed as mean±SEM where n=3. *p≤0.05 significantly 

different from control cells, #p≤0.05 significantly different from tunicamycin treated cells. 

  

4A.4 Discussion 

In this study, the efficacy of tangeretin in alleviation of tunicamycin induced 

mitochondrial alterations was evaluated. Due to the close physical and functional 

interaction between ER and mitochondria, any disturbances in normal functioning of the 

former can negatively regulate the latter. Mitochondrial dysfunction is associated with 

skeletal muscle atrophy and insulin resistance and hence, investigating the related 

mechanisms can improve our understanding of these myopathologies (Genders et al., 

2020; Hood et al., 2019; Lee et al., 2021; Romanello & Sandri, 2016). In the present 

study, the mitochondrial ROS production was studied since ER stress induced oxidative 



144 
 

stress and calcium influx are known to directly mediate the same (Cao & Kaufman, 2014). 

Within the mitochondria, oxidative phosphorylation coupled to ATP production 

facilitated by O2 consumption serves as a source of ROS production. Aberrant generation 

of mitochondrial ROS is associated with oxidative damage of mitochondrial proteins, 

membranes, DNA that hamper its metabolic functions and subsequently activate the 

apoptotic machinery by releasing cytochrome c into the cytosol (Murphy, 2009). 

Mitochondrial ROS is mainly in the form of superoxide ion and under physiological 

conditions it is scavenged by SODs, catalase, glutathione peroxidase, thioredoxin 

peroxidase, thioredoxin 2, glutaredoxin 2, complex IV, coenzyme Q and oxidised 

cytochrome c (Bou-Teen et al., 2021). SOD2 is localized in the mitochondrial matrix and 

actively involved in converting superoxide ions to hydrogen peroxide that is then reduced 

to water by catalases and glutathione peroxidases (Flynn & Melovn, 2013). Here, in this 

study, exposure to tunicamycin augmented the mitochondrial ROS production which was 

accompanied by concomitant decrease in SOD1 and SOD2 expression levels. Tangeretin 

suppressed the ROS levels within the mitochondria by improving the SOD1 and SOD2 

levels.  

Next, the mitochondrial number/biogenesis was analysed by staining the L6 myotubes 

with Mito Tracker dye. It was observed that exposure to tunicamycin did not induce any 

remarkable change in the mitochondrial number/biogenesis. Similarly, co-treatment with 

tangeretin also did not induce any significant changes as well. This is in agreement with 

Lightfoot et al. who have demonstrated that incubation of C2C12 myotubes with 

tunicamycin did not induce any changes in genes associated with mitochondrial 

biogenesis (Lightfoot et al., 2018). The oxygen consumption rate which is a measure of 

cellular metabolism and mitochondrial function was also studied (Divakaruni & Jastroch, 

2022). The oxygen consumption occurs during the oxidative phosphorylation and 
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involves the reduction of O2 to drive the generation of ATP. The oxidative 

phosphorylation can be divided into two processes, namely the mitochondrial ETC and 

chemiosmosis (Ahmad et al., 2022). The ETC consists of four protein complexes (I, II, 

III, IV) that facilitate electron transfer through redox reactions for generating an 

electrochemical gradient for energy release which is utilised to generate a proton gradient 

that can be used for generation of ATP through the final complex V/ATP synthase 

(Deshpande & Mohiuddin, 2022). Here, treatment with tunicamycin did not induce any 

significant change in the oxygen consumption rate. This is in contradiction to prior reports 

in myotubes where oxygen consumption rate was significantly altered on exposure to 

tunicamycin. This could be because those studies had used sensitive instruments namely 

oxytherm clark electrode and seahorse extracellular flux analyser respectively for 

measurement of different parameters of oxygen consumption rate including respiratory 

control ratio, phosphate oxygen ratio, basal respiration, maximal respiration, non-

mitochondrial respiration and spare respiratory capacity (Lightfoot et al., 2018; Thoma et 

al., 2020).  

On the other hand, in the current study, a simple kit-based method using a phosphorescent 

oxygen probe solution was used to monitor the oxygen consumption rate changes over a 

period of 2 hours. The subtoxic dose of tunicamycin used here, may not have been 

sufficient to elicit a detectable difference over limited period of time. This study is limited 

by the lack of detailed estimation of the oxygen consumption rate parameters that may 

have yielded a better analysis. To confirm the findings here, protein expression study of 

COXIV or cytochrome c oxidase which is responsible for consumption of O2 by its 

reduction to water by transfer of electrons from cytochrome c to  O2, the last electron 

acceptor of ETC was studied (Deshpande & Mohiuddin, 2022). Here, synonymous with 

oxygen consumption rate, the COXIV expression did not show any significant difference 
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between the experimental groups indicating that tunicamycin at the dose and duration 

used in this study induced mitochondrial dysfunction independent of the mitochondrial 

biogenesis, the overall oxygen consumption rate and COXIV activity.  

Under stress conditions, mitochondria undergo uncoupling, a phenomenon involving 

dissociation of oxidative phosphorylation from ATP synthesis which is mediated by 

uncoupling proteins (UCPs) and specifically UCP3 in skeletal muscle cells (Cadenas, 

2018). Uncoupling can be an adaptive mechanism against increased ROS production (R. 

Z. Zhao et al., 2019). Here, chronic treatment of myotubes with tunicamycin augmented 

the UCP3 expression that was further exacerbated on co-treatment with tangeretin. This 

increase could be a protective mechanism for suppressing the increased ROS levels. 

The depolarization of mitochondrial membrane is an indicator of  mitochondrial 

malfunction (Sivandzade et al., 2019). Data from atrophying muscles revealed reduced 

mitochondrial membrane potential and compromised mitochondria quality (Li Ji et al., 

2019). From the results, here, it is evident that tunicamycin induced a loss of potential or 

membrane depolarisation which was improved on treatment with tangeretin.   

Here, the expression of proteins involved in mitochondrial fusion and fission in L6 

myotubes under ER stress was evaluated. The mitochondrial fusion proteins, MFN2 and 

OPA1 as well as the fission proteins, DRP1 and FIS1 were exacerbated on treatment with 

tunicamycin. This is in agreement with Thoma et al., who have reported an increase in 

fusion and fission processes in myotubes on exposure to tunicamycin (Thoma et al., 

2020). Overexpression of MFN2 enhances the ER mitochondria tethering promoting 

mitochondrial calcium uptake (Han et al., 2021). OPA1 is involved in preserving the inner 

mitochondrial membrane and cristae (fold in the inner mitochondrial membrane) structure 

and function (Jang & Javadov, 2020). The overexpression may increase mitochondrial 
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network formation but may not necessarily protect against apoptosis (L. Chen et al., 

2009). DRP1 overexpression is associated with impaired skeletal muscle development 

and also known to contribute to insulin resistance in obese and type 2 diabetic animal 

models (Touvier et al., 2015). Excess stress exacerbates the ROS levels that may lead to 

abnormal mitochondrial dynamics. FIS1 upregulation is involved in mitochondrial 

fragmentation, mitophagy, apoptosis and enhanced calcium flux and it also contributes to 

diabetic progression (Kelvin Ihenacho et al., 2021). Upregulation of fusion under excess 

stress may indicate highly fused mitochondrial network with compromised function and 

upregulated fission may indicate mitochondrial fragmentation with damaged 

mitochondria (Ren et al., 2020). Tangeretin could not lower the MFN2 levels, however, 

OPA1, DRP1 and FIS1 were suppressed on co-treatment indicating its potential in 

modulating mitochondrial dynamics under ER stress condition. 

The expression of the proteins at the MAMs junction on exposure of L6 myotubes to 

tunicamycin was evaluated in this study. On treatment with tunicamycin, the IP3R levels 

were slightly upregulated, while the VDAC and GRP75 levels were suppressed. The IP3R 

VDAC and GRP75 form a complex at MAMs junction that facilitates the transport of 

calcium from the ER to mitochondria with VDAC at the outer mitochondrial membrane 

being tethered to the IP3R via the chaperone GRP75 (Basso et al., 2020; Pauly et al., 

2017). Decreased IP3R VDAC GRP75 interaction in muscle cells was observed on 

exposure to tunicamycin and reported in muscle dystrophy (Pauly et al., 2017). 

Suppressed GRP75 was reported in insulin resistant in vitro and in vivo models and its 

upregulation led to improved insulin sensitivity and improved mitochondrial function (Q. 

Zhao et al., 2022). Here, Tangeretin did not significantly alter the IP3R levels, however, 

VDAC and GRP75 expression were improved indicating an improvement in 

mitochondrial function. 



148 
 

In the current study, the expression levels of MAM proteins PACS2 and FUNDC1 in L6 

myotubes in response to tunicamycin treatment was determined. Here, both the proteins 

were found to be upregulated under prolonged ER stress condition and these were 

suppressed on co-treatment with tangeretin. PACS2 is a key regulator of MAMs that is 

required for membrane trafficking, calcium signaling, apoptosis and autophagy (C. Li et 

al., 2020). Enhanced PACS2 was shown to be associated with obesity, insulin resistance 

and mitochondrial dysfunction in in vivo models and knockdown of PACS2 was 

demonstrated to improve insulin sensitivity and mitochondrial function (Arruda et al., 

2014). FUNDC1 located on the outer mitochondrial membrane is involved in mitophagy 

and found to be increased at MAMs regions under stress conditions (G. Li et al., 2021). 

FUNDC1 is also known to disrupt calcium homeostasis, augment mitochondrial fission 

and ROS generation (Liu et al., 2022).  Both PACS2 and FUNDC1 under stress conditions 

contribute to metabolic syndrome and hence, these can be promising therapeutic targets 

for disease intervention.  

Cytochrome c is a mitochondrial protein that participates in the electron transfer in the 

ETC (Hüttemann et al., 2010). Dysfunctional or damaged mitochondria are known to 

release cytochrome c into the cytosol, where it facilitates induction of apoptosis protease 

activating factor 1(APAF1) which is required for maturation of caspases triggering the 

intrinsic pathway of apoptosis (Garrido et al., 2006). In this study, the expression levels 

of cytochrome c on chronic treatment with tunicamycin was monitored and it was 

observed that the expression levels were only slightly upregulated. This could be due to 

the subtoxic dose of inducer used that is sufficient for inducing mitochondrial dysfunction 

but not apoptosis. Tangeretin co-treatment slightly suppressed the cytochrome c level 

indicating its potential in alleviating the mitochondrial dysfunction. Here, the expression 

of X-linked inhibitor of apoptosis protein (XIAP), an inhibitor of caspases 3 and 7 was 
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also studied (Scott et al., 2005). It was observed that prolonged exposure to tunicamycin 

significantly upregulated the XIAP levels indicating the increased stress levels in 

response to tunicamycin. Tangeretin brought down the XIAP levels which implies 

alleviation of the stress conditions. 

4A.5 Summary 

In the current study, the potential of tangeretin in ameliorating tunicamycin induced 

mitochondrial alterations was monitored with special emphasis on mitochondrial redox 

status, oxygen consumption, mitochondrial dynamics, membrane potential and MAMs 

protein expression. Tangeretin was able to improve the mitochondrial redox state by 

suppressing the mitochondrial ROS levels and upregulating the SOD levels. Tangeretin 

also aided in suppressing the mitochondrial fusion, fission, PACS2, FUNDC1 and 

improved VDAC, GRP75 and mitochondrial membrane potential. A schematic summary 

of the findings is depicted in Figure.4A.10. Mitochondrial dysfunction is a direct 

consequence of chronic ER stress and known to be associated with insulin resistance as 

well as muscle atrophy. Pharmacological intervention of the mitochondrial alterations can 

aid in development of better therapeutic strategies for disease management. 
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Figure.4A.10. Effect of tangeretin on tunicamycin induced mitochondrial alterations in L6 

myotubes. Prolonged exposure to tunicamycin leads to mitochondrial dysfunction by increasing 

mitochondrial ROS generation, downregulation of SOD levels, upregulation of mitochondrial 

dynamics, MAMs proteins modulation, mitophagy, loss of membrane potential. Tangeretin 

mitigates ER stress induced mitochondrial dysfunction by suppressing the mitochondrial ROS, 

fission, fusion, mitophagy while improving SOD expression, mitochondrial membrane potential 

and modulation of MAMs proteins. 
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Chapter 4 B 

Effect of Tangeretin on ER stress 

induced autophagy and ERAD signaling 

in L6 Cells
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4B.1 Introduction 

 

One of the cellular responses during ER stress is the clearance of unfolded/misfolded 

protein load from the ER lumen. The two main protein degradation systems include the 

ERAD or UPS and the autophagy where the former involves the degradation of soluble, 

short-lived misfolded proteins while the latter degrades insoluble, long-lived protein 

aggregates and both the proteolytic systems know their targets through the ubiquitin tags 

(Kocaturk & Gozuacik, 2018). Disruption of calcium homeostasis is a significant trigger 

for both autophagy and ERAD owing to the abundance of calcium in the ER lumen 

(Daverkausen-Fischer & Pröls, 2022; Sun et al., 2016). The ER calcium homeostasis is 

maintained by ER Ca2+ uptake pump, SERCA, ER Ca2+ release channels, IP3R, RYR, and 

Ca2+ binding proteins (Park et al., 2021). Suppression of the SERCA or overexpression 

of IP3R or RYR leads to depletion of Ca2+ from the ER and this may lead to ER stress and 

subsequent activation of protein degradation (Vervliet, 2018; Wong et al., 2013).  

Due to the error-prone nature of protein folding and the presence of proteotoxic stressors, 

cells have a protein quality control mechanism that is necessary for the clearance of 

misfolded proteins. Hence, with a delicate balance between protein synthesis and 

degradation, cells contain a proteostasis network that includes protein synthesis, folding, 

and quality control as depicted in Figure.4B.1 (Johnston & Samant, 2021). All proteins 

required for translation, chaperone proteins required for correct folding, the UPS, and the 

autophagy mechanisms that break down proteins are all part of this network (Whittemore 

et al., 2022).  
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Figure.4B.1. Delicate balance between protein synthesis, protein folding and quality control 

comprise the proteostasis network (Johnston & Samant, 2021) 

 

Protein folding and maturation in the ER involve oxidative and glycosylation changes 

that are intimately connected to the cell's metabolic state and this complex 

posttranslational processing of proteins makes the ER extremely susceptible to disruption 

of proteostasis networks (Medinas et al., 2021). During mild ER stress, the proteostasis 

network is maintained by an interplay between protein translation, chaperone activity, 

and degradation machinery promoting cellular adaptation (Hetz et al., 2020). However, 

unresolved ER stress leads to disruption of the proteostasis network which is linked to a 

number of diseases, including neurological disorders and muscular pathologies (Sandri, 

2013; Whittemore et al., 2022). Skeletal muscle wasting which is a comorbidity 

associated with the diabetic condition is a serious ailment with no specific therapies and 

therefore, pharmacological manipulation of the proteostasis network may provide new 

strategies for disease management.  
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In atrophying muscles, increased proteolysis (autophagy and ERAD) are associated with 

enhanced loss of muscle mass (Sandri, 2013). Muscles from obese, insulin-resistant 

individuals displayed markers of metabolic stress, protein misfolding, and UPS, 

suggesting disruptions in the proteostasis network (Siekmann et al., 2023). Autophagy 

plays a dubious role in insulin sensitivity as evident from two different reports that 

suggest contribution of exercise induced autophagy in protection against high fat diet 

induced glucose intolerance and amelioration of diet induced obesity and insulin 

resistance on muscle specific deletion of autophagy related gene Atg7 (He et al., 2012; 

Kim et al., 2013).  

From the reports, it is evident that therapeutic strategies for improvement of muscle 

wasting as well as insulin sensitivity must focus on targeting the protein degradation 

systems. The present study attempted to unravel the potential of tangeretin in modulating 

the different proteins implicated in autophagy and ERAD pathways under ER stress in L6 

myotubes.  

4B.2 Materials & Methods 

4B.2.1 Chemicals 

DMEM containing 4.5g/L glucose and 1.5g/L sodium bicarbonate, fetal bovine serum, 

horse serum, antimycotic antibiotic mix, DMSO, triton X, glycine, tris base, skimmed 

milk, sodium dodecyl sulphate, HBSS were purchased from Himedia (Mumbai, India). 

Tangeretin, tunicamycin, PBA, HPLC grade methanol, protease inhibitor cocktail tablets 

were purchased from Sigma Aldrich Chemical (St. Louis Missouri, USA). RIPA lysis 

buffer, BCA kit, were purchased from Thermo Fisher Scientific (Waltham, 

Massachusetts, USA). The antibodies LC3, Beclin1, p-RYR1, GRP94, Calnexin, 

EDEM1, RNF5, SYVN1, UFD1, SEL1 and ATP2A2/SERCA2 were purchased from 

Gbiosciences (St. Louis MO, USA).  HERPUD1, p-Akt, Akt, mTOR, beta actin, HRP 
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conjugated secondary antibodies, Antirabbit Alexa fluor conjugated antibodies were 

purchased from Cell Signaling Technologies (Danvers, Massachusetts, USA). Rat 

skeletal muscle cell lines, L6 myoblasts were procured from National Centre for Cell 

Sciences, Pune, India. 

4B.2.2 Cell Culture 

L6 myoblasts were maintained in DMEM containing 10% fetal bovine serum and 1% 

antibiotic antimycotic mix at 37ºC (5% carbon dioxide). Myoblasts were cultured to 80% 

confluency and growth medium was replaced with DMEM containing 2% horse serum to 

induce differentiation. Alternative media change was given for 4 days to obtain 

differentiated myotubes. All the experiments were carried out in differentiated myotubes. 

4B.2.3 Experimental Groups 

• CON- untreated or control cells 

• TM- tunicamycin (0.25µg/ml) treated cells 

• TM+TAN- tunicamycin (0.25µg/ml) & tangeretin (50µM) co-treated cells 

• TM+PBA- tunicamycin (0.25µg/ml) & PBA (1mM) co-treated cells (Positive 

control) 

4B.2.4 Experimental Design 

The workflow of this chapter is represented in Figure.4B.2. 
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Figure.4B.2. Schematic representation of the experimental design 

 

4B.2.5 Western Blot studies 

L6 myoblasts were seeded in T25 flasks and grown to 80% confluency. The cells were 

then differentiated for 4 days followed by a 24-hour treatment with the experimental 

groups. Myotubes were then rinsed with HBSS and proteins were extracted using RIPA 

lysis buffer. Using the BCA assay kit and BSA as the standard, the extracted protein 

samples were quantitated and normalised. Protein samples were separated on 10% sodium 

dodecyl sulphate polyacrylamide gels. Proteins were then transferred onto PVDF 

membranes (Millipore, Merck, USA) and blocked for 1 hour in 5% skimmed milk. 

Membranes were then washed thrice with TBST before being incubated with the 

appropriate primary antibodies LC3, Beclin1, p-Akt, Akt, mTOR, Calnexin, GRP94, 

EDEM1, HERPUD1, RNF5, SYVN1, UFD1, SEL1, ATP2A2/SERCA2, beta actin 

(dilution 1:1000) at 4ºC overnight with agitation. This was followed by incubation of 
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membranes for 2 to 3 hours at room temperature with the appropriate HRP-conjugated 

secondary antibodies (dilution 1:1000 to 1:2000). The blot images were obtained by 

adding the ECL substrate (Thermo Fisher Scientific, Massachusetts, USA) to the 

membranes in Chemidoc MP Imaging systems (Bio-Rad, USA). The resultant bands were 

quantified by densitometric analysis using the Image lab software version 6.1 (Bio-Rad, 

USA). 

4B.2.6 Immunofluorescence studies 

After the treatment period, cells were fixed in 4% paraformaldehyde solution for 15 

minutes followed by permeabilization in 0.1% Triton X for 10 minutes. Fixed cells were 

then incubated with the following antibodies, SERCA (1:400) and p-RYR (1:400) 

antibodies, respectively. This was followed by incubation with a specific secondary 

antibody conjugated with Alexa fluor (1:500). The fluorescence images were acquired 

using a fluorescence microscope (Olympus Life Science, Japan). 

4B.2.7 Statistical analysis 

The triplicates of each experiment were run independently. The one-way ANOVA and 

Duncan post hoc test in the SPSS software was used to statistically analyze the data that 

is represented as mean±SEM. Each trial with a p-value of 0.05 or less (p≤0.05) was 

considered statistically significant. 

4B.3 Results 

4B.3.1 Tangeretin abrogates tunicamycin induced autophagy in L6 myotubes  

ER stress triggers autophagy for the clearance of misfolded proteins. Here, in this study 

prolonged exposure to tunicamycin, resulted in significant upregulation of autophagy 

proteins LC3-II (121.21%) and Beclin1 (125.55%) compared to the control cells as 
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depicted in Figure.4B.3a, b. Co-treatment with tangeretin remarkably suppressed the 

LC3-II levels to 102.34% and Beclin1 levels to 95.34% while PBA treatment decreased 

the LC3-II expression to 91.88% and Beclin1 to 69.43% compared to tunicamycin treated 

cells (Figure.4B.3a, b).   

 

Figure.4B.3.Tangeretin abrogates tunicamycin induced autophagy in L6 myotubes. a) 

Western blot analysis of LC3 and Beclin1 with beta actin as loading control. b) Densitometric 

analysis of proteins relative to beta actin. CON-untreated cells, TM-0.25µg/ml tunicamycin 

treatment, TM+TAN-0.25µg/ml tunicamycin tangeretin (50µM) co-treatment, TM+PBA-

0.25µg/ml tunicamycin PBA (1mM) co-treatment. Values are expressed as mean±SEM where 

n=3. *p≤0.05 significantly differs from control cells, #p≤0.05 significantly different from 

tunicamycin treated cells. 

 

4B.3.2 Tangeretin improves the expression of autophagy regulators 

Akt and downstream mTOR are negative regulators of autophagy and in this study 

exposure to tunicamycin suppressed the expression of p-Akt to 67.04% and mTOR to 

73.18% compared to control group (Figure.4B.4a, b). Tangeretin improved the expression 

of p-Akt (80.32%) and mTOR (107.56%) while PBA improved the p-Akt to 81.68% and 

mTOR to 92.36% compared to tunicamycin treated cells (Figure.4B.4a, b). 
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Figure.4B.4. Tangeretin improves the expression of autophagy regulators. a) Western blot 

analysis of p-AKT and mTOR. b) Densitometric analysis of proteins relative to AKT and beta 

actin respectively. CON-untreated cells, TM-0.25µg/ml tunicamycin treatment, TM+TAN-

0.25µg/ml tunicamycin tangeretin (50µM) co-treatment, TM+PBA-0.25µg/ml tunicamycin PBA 

(1mM) co-treatment. Values are expressed as mean±SEM where n=3. *p≤0.05 significantly 

differs from control cells, #p≤0.05 significantly different from tunicamycin treated cells. 

 

4B.3.3 Modulation of ERAD proteins by tangeretin 

Here, chronic treatment with tunicamycin resulted in significant upregulation of proteins 

involved in various steps of ERAD, proteolytic degradation machinery. GRP94 and 

calnexin are part of the ER quality control machinery and are involved in the protein 

recognition step of ERAD. Both GRP94 and calnexin were significantly upregulated to 

163.46% and 120.28% respectively on exposure to tunicamycin (Figure.4B.5a, b). Co-

treatment with tangeretin reduced the expression of GRP94 to 116.95% and calnexin to 

92.90% while PBA treatment reduced GRP94 to 122.3% and calnexin to 105.60% 

compared to tunicamycin treated cells (Figure.4B.5a, b).  
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Figure.4B.5.Tangeretin downregulates tunicamycin induced GRP94 and calnexin. a) 

Western blot analysis of GRP94 and calnexin with beta actin as loading control. b) Densitometric 

analysis of proteins relative to beta actin. CON-untreated cells, TM-0.25µg/ml tunicamycin 

treatment, TM+TAN-0.25µg/ml tunicamycin tangeretin (50µM) co-treatment, TM+PBA-

0.25µg/ml tunicamycin PBA (1mM) co-treatment. Values are expressed as mean±SEM where 

n=3. *p≤0.05 significantly different from untreated group, #p≤0.05 significantly different from 

tunicamycin treated cells. 

 

EDEM1 and HERPUD1 proteins involved in the protein targeting and retro translocation 

step of ERAD were observed to be upregulated on treatment with tunicamycin. EDEM1 

expression was increased to 125.85% and HERPUD1 was upregulated to 481.94% 

compared to untreated cells as depicted in Figure.4B.6a, b. Co-treatment with tangeretin 

could not suppress the EDEM1 expression (133.19%), however, HERPUD1 was 

downregulated to 298.53% while in PBA co-treated cells, EDEM1 expression was 

135.04% and HERPUD1 levels were 286.59% compared to tunicamycin group 

(Figure.4B.6a, b). 
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Figure.4B.6. Effect of tangeretin on expression of EDEM1 and HERPUD1 during ER stress. 

a) Western blot analysis of EDEM1 and HERPUD1 with beta actin as loading control. b) 

Densitometric analysis of proteins relative to beta actin. CON-untreated cells, TM-0.25µg/ml 

tunicamycin treatment, TM+TAN-0.25µg/ml tunicamycin tangeretin (50µM) co-treatment, 

TM+PBA-0.25µg/ml tunicamycin PBA (1mM) co-treatment. Values are expressed as 

mean±SEM where n=3. *p≤0.05 significantly different from untreated cells, #p≤0.05 

significantly different from tunicamycin treated cells. 

 

Next, the expression of proteins involved in the final steps of ERAD involving 

ubiquitination and proteasomal degradation were also studied. The expression of RNF5, 

SYVN1, UFD1 and SEL1 were significantly upregulated on chronic treatment with 

tunicamycin (Figure.4B.7a, b). RNF5 was increased to 119.16%, SYVN1 to 164.18%, 

UFD1 to 139.09%, and SEL1 to 122.29% compared to untreated group. Tangeretin could 

not significantly suppress the expression of RNF5 (114.75%) and SYVN1 (162.15%) 

compared to tunicamycin treated cells. In tangeretin treated cells, UFD1 expression was 

remarkably decreased to 94.22% and SEL1 to 108.21% compared to tunicamycin treated 

cells as depicted in Figure.4B.7a, b). PBA treatment decreased RNF5 levels to 109.85%, 

SEL1 to 92.41%, and UFD1 to 98.29%, however, SYVN1 (164.96%) levels were not 

downregulated compared to tunicamycin treated cells (Fig.4B.7a, b). 
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Figure.4B.7. Effect of tangeretin on expression of RNF5, SYVN1, UFD1, SEL1 during ER 

stress. a) Western blot analysis of RNF5, SYVN1, UFD1, SEL1 with beta actin as loading 

control. b) Densitometric analysis of proteins relative to beta actin. CON-untreated cells, TM-

0.25µg/ml tunicamycin treatment, TM+TAN-0.25µg/ml tunicamycin tangeretin (50µM) co-

treatment, TM+PBA-0.25µg/ml tunicamycin PBA (1mM) co-treatment. Values are expressed as 

mean±SEM where n=3. *p≤0.05 significantly varies from untreated cells, #p≤0.05 significantly 

different from tunicamycin treated cells. 

 

4B.3.4 Tangeretin upregulates the SERCA and concomitantly downregulates 

phospho-ryanodine receptors (p-RYR) expression levels under ER stress 

SERCA expression, channel for uptake of calcium into the ER was remarkably 

suppressed to 77.2% on chronic exposure to tunicamycin compared to the control cells as 

observed in Figure.4B.8a, b, c. Co-treatment with tangeretin significantly improved the 

SERCA levels to 122.97% while PBA remarkably improved the levels to 253.34% 

compared to tunicamycin treated cells (Figure.4B.8a, b). The immunofluorescence 

staining of SERCA was also in agreement with the western blot data (Figure.4B.8c). p-
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RYR, channel for release of calcium from the ER was analysed. The expression of p-

RYR was elevated in tunicamycin treated cells while co-treatment with tangeretin as well 

as PBA respectively, aided in suppressing the levels as evident from the 

immunofluorescence images in Figure.4B.8d. 

 

 

Figure.4B.8. Effect of tangeretin on expression of ER calcium pumps, SERCA and p-RYR. 

a) Western blot analysis of SERCA with beta actin as loading control. b) Densitometric analysis 

of SERCA relative to beta actin. c) Immunofluorescence imaging of SERCA using fluorescent 

microscopy. Magnification 20X. Scale corresponds to 20µm. d) Immunofluorescence imaging of 

p-RYR using fluorescent microscopy. Magnification 20X. Scale corresponds to 20µm. CON-

untreated cells, TM-0.25µg/ml tunicamycin treatment, TM+TAN-0.25µg/ml tunicamycin 

tangeretin (50µM) co-treatment, TM+PBA-0.25µg/ml tunicamycin PBA (1mM) co-treatment. 

Values are expressed as mean±SEM where n=3. *p≤0.05 significantly differs from control cells, 

#p≤0.05 significantly different from tunicamycin treated cells. 
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4B.4 Discussion 

In the current study, the effect of tangeretin on the expression of the proteins involved in 

the two proteolytic systems, autophagy and ERAD were analysed. From the data obtained 

here, it was evident that prolonged exposure of L6 myotubes to tunicamycin resulted in 

upregulation of the autophagy and ERAD machinery indicating disturbances in the 

proteostasis network. 

Here, enhanced expression of autophagy proteins, LC3-II and Beclin1 under ER stress 

was observed. LC3 is required for the elongation and maturation of the double membrane 

vesicle namely, autophagosome which engulfs the misfolded aggregates (Lee & Lee, 

2016). During autophagosome formation, cytosolic LC3-I conjugated to 

phosphatidylethanolamine gets converted to membrane bound LC3-II via two 

ubiquitylation like reactions (Kabeya et al., 2000). The LC3-II gets degraded by the 

lysosomal proteases during fusion of autophagosome to lysosome, hence, the lysosomal 

turnover of LC3-II is a marker of autophagic activity (Tanida et al., 2008). Studies 

demonstrate the increase in LC3 expression in genetic model of muscle atrophy and its 

knockdown being associated with ablation of muscle mass loss (Sandri, 2010). Beclin1 

is involved in the initial phase of autophagy and mediates the nucleation of the 

phagophore (initial double membrane structure) by forming complex with class III PI3K 

(Kang et al., 2011). The IRE-1α-XBP-1axis and the ATF6 arms of the UPR are known to 

activate Beclin1 and induce autophagy (Gade et al., 2012; Margariti et al., 2012).  In the 

present study, co-treatment with tangeretin suppressed the expression of LC3-II and 

Beclin1 implying the amelioration of ER stress induced autophagy in muscle cells.  

Autophagy is a tightly regulated process and the key mediators of this regulation are the 

mTOR and Akt (Deegan et al., 2013). mTOR is a master regulator of cellular metabolism 
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that upregulates the anabolic processes such as protein, lipid and nucleotide synthesis 

while inhibiting the catabolic processes such as autophagy (Deleyto-Seldas & Efeyan, 

2021). ER stress induced UPR activates autophagy by suppressing the mTOR (Deegan et 

al., 2013). The mTOR is positively regulated by the Akt which has a pro-survival role by 

promoting growth and proliferation (Manning & Cantley, 2003). The Akt/mTOR 

signaling negatively controls the autophagy induction. ER stress abrogates the Akt 

activity via the upregulation of GRP78 and TRB3, the former inhibits the activity by 

preventing phosphorylation of Akt at Ser473 while the latter directly binds to Akt and 

suppresses its downstream functions (Du et al., 2003; Yung et al., 2011). In this study 

chronic exposure to tunicamycin significantly suppressed the p-Akt and mTOR levels 

indicating autophagy induction. Tangeretin was effective in improving the expression of 

p-Akt and mTOR which implies its therapeutic potential against autophagy mediated 

muscle mass loss and weakening. 

Next, the therapeutic potential of tangeretin against tunicamycin induced ERAD or UPS 

mediated protein degradation was studied. Here, the expression of proteins involved in 

the different steps of ERAD were analysed. GRP94 and calnexin are ER chaperones that 

are part of the ER quality control system and involved in the protein recognition step of 

ERAD. These are upregulated in response to the UPR. Under physiological conditions, 

GRP94 is involved in selective protein folding which means that GRP94 is not required 

by several proteins unlike PDI and calreticulin which is omnipresent and it also functions 

as a calcium binding protein in the ER lumen (Eletto et al., 2010). Similarly, calnexin is 

also involved in mediating protein folding and demonstrates calcium binding properties, 

however unlike the classic molecular chaperones, calnexin, a lectin chaperone, binds to 

the N-linked carbohydrates or glycans attached to the proteins rather than the hydrophobic 

residues (Filipeanu, 2015; Lamriben et al., 2016).  ERAD is triggered in response to ER 
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stress to facilitate the clearance of the misfolded proteins, and the first step involves the 

recognition of misfolded proteins by molecular and lectin chaperones. In this study 

prolonged treatment with tunicamycin upregulated the GRP94 and calnexin. A decrease 

in expression levels was observed on co-treatment with tangeretin which indicates 

alleviation of ER stress.  

Properly folded proteins are directed by the ER resident chaperones to the Golgi apparatus 

for further processing, however, misfolded proteins are unable to exit the ER and re-enter 

the chaperone cycle or more precisely the calnexin cycle for further folding. If the folding 

remains unproductive, the misfolded proteins are targeted for demannosylation, and the 

trimmed mannose structure is then recognized by the EDEM1 and displaced from the 

calnexin cycle (Christianson et al. 2008). The proteins are then targeted to retro 

translocation in the cytoplasm. Here, an increase in expression of EDEM1 was observed 

on treatment with tunicamycin indicating induction of ERAD while tangeretin co-

treatment exacerbated the levels.  

HERPUD1, an ER membrane protein with a ubiquitin-like domain is involved in 

substrate protein retro translocation, ubiquitination and degradation (Schulze et al., 2005). 

It stabilises the ERAD multiprotein complex and interacts with E3 ubiquitin ligase 

HRD1/SYVN1 which is required for ubiquitination of misfolded proteins forming a part 

of the retro translocon channel along with  SEL1 (Erzurumlu et al., 2022). Mammalian 

HRD1-SEL1L complex connects luminal substrates at the cytoplasmic surface for 

ubiquitination following their retro translocation across the ER membrane by acting as a 

scaffold for ERAD (Iida et al., 2011). The HRD1 and SEL1 expressions are mediated by 

the IRE-1α-XBP-1 and ATF6 branches of the UPR respectively (Kaneko et al., 2007). 

Here, exposure to tunicamycin augmented the HERPUD1, SYVN1 and SEL1 expression 
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while tangeretin suppressed the HERPUD1, SEL1 expression but could not downregulate 

the SYVN1 levels.  

RNF5, an ER membrane ubiquitin ligase mediates ubiquitination of misfolded proteins 

and inducible RNF5 expression correlated to degenerative myopathy and increased ER 

stress (Delaunay et al., 2008). UFD1, an ubiquitin recognition protein is also implicated 

in ERAD and it directs the ubiquitylated misfolded substrate proteins to the proteasome 

for degradation (Le et al., 2016). From the data obtained here, it was seen that tunicamycin 

treatment induced the expression levels of RNF5 and UFD1. Co-treatment with tangeretin 

could not downregulate the RNF5 expression, however, UFD1 levels were remarkably 

suppressed. The results for ERAD in this study indicate increased protein degradation in 

L6 myotubes on prolonged exposure to ER stress condition which can be detrimental 

leading to loss of muscle mass. Here, tangeretin could only partially suppress the 

tunicamycin induced ERAD as evident from the protein expression studies. Since, ERAD 

is primarily an adaptive mechanism to restore cellular homeostasis by reducing the 

protein load, proteins exacerbated on co-treatment with tangeretin may indicate an 

enhanced adaptive response in the presence of the methoxyflavones. 

As already discussed in Section 4B.1, calcium leakage from the ER is a major trigger for 

both autophagy and ERAD. Hence, in the present study, the expression of the channels 

involved in the influx and efflux of calcium ions on the ER membrane was studied. In the 

skeletal muscle cells, SERCA is involved in transfer of calcium from the cytosol to the 

ER after contraction facilitating muscle relaxation and suppression of SERCA activity is 

associated with ER stress and muscle pathologies (Stammers et al., 2015). Thapsigargin, 

a pharmacological ER stress inducer facilitates ER stress by blocking the SERCA pump 

activity thereby leading to cytosolic calcium load (Sagara & Inesi, 1991). RyRs, on the 

other hand facilitate calcium ions out of the ER and the expression is augmented under 
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prolonged ER stress resulting in muscle pathologies (Greer et al., 2022). The data here 

indicates suppression of SERCA activity by incubation with tunicamycin as observed 

from the western blot and immunofluorescence data while p-RYR expression was 

enhanced as evident from the immunofluorescence results. This indicates a dysregulation 

of calcium homeostasis which acts as a stimulus for upregulation of proteolytic system. 

Tangeretin improved the SERCA levels while decreasing the p-RYR expression 

indicating its efficacy in improving the calcium homeostasis and subsequent suppression 

of protein degradation machinery. Both autophagy and ERAD represent putative 

therapeutic targets for management of ER stress induced muscle pathologies such as 

atrophy. Improvement of skeletal muscle health is a potent strategy for better management 

of diabetes related complications of muscle cells. 

4B.5 Summary 

The present study evaluated the therapeutic potential of tangeretin in improving the 

tunicamycin induced disrupted proteostasis network in skeletal muscle cells. Protein 

degradation pathways such as autophagy and ERAD are upregulated under prolonged ER 

stress and contribute to muscle mass loss and weakness. Tangeretin suppressed the 

tunicamycin induced autophagy markers and improved the expression of negative 

regulators of autophagy. However, tangeretin could only partially suppress the ERAD 

markers. Tangeretin also improved the calcium homeostasis as evident from the 

expression studies of ER calcium channels. Tangeretin can be a potential therapeutic lead 

for ER stress induced muscle pathologies. A summary of results is illustrated in 

Figure.4B.9. 
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Figure 4B.9. Effect of tangeretin on tunicamycin induced autophagy and ERAD in L6 

myotubes. Prolonged exposure to tunicamycin disturbs the proteostasis network and leads to 

upregulation of protein degradation pathways, autophagy and ERAD via disrupting the calcium 

homeostasis by suppression of SERCA pump and upregulation of ryanodine receptors. Tangeretin 

improved the calcium homeostasis by improving SERCA expression and suppressing p-RYR 

levels. Tangeretin also downregulated autophagy markers and partially rescued from ER stress 

induced ERAD. 
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Chapter 5 

Effect of Tangeretin in improving the 

cellular function in pancreatic Beta-TC-6 

cells under ER stress condition 
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5.1 Introduction 

Diabetes mellitus is a chronic metabolic disease affecting people worldwide and both type 

1 and type 2 diabetes are characterized by impaired insulin release from pancreatic beta 

cell islets. The pancreatic islets consist of a well-developed ER owing to their secretory 

function (Seo et al., 2008). Under physiological scenarios, the ER is involved in 

maintaining the beta cell function and maturation of insulin peptide, the major protein 

released by the pancreatic beta cells (Lipson et al., 2006). Any perturbations in the ER 

function can lead to ER stress which results in a buildup of misfolded or unfolded proteins 

in the ER lumen. This triggers a signaling cascade known as the unfolded protein response 

(UPR) which then functions to restore the ER homeostasis through activation of the three 

arms of the UPR, namely, IRE-1α, ATF6, and PERK  (Back & Kaufman, 2012). Chronic 

ER stress in pancreatic beta islets is associated with decreased beta cell mass, function, 

and impaired insulin production (Fonseca et al., 2011). Cellular stresses including 

obesity-mediated circulating saturated fatty acids (lipotoxicity) and high glucose-induced 

glucotoxicity have been reported to contribute to ER stress in beta cells as shown in 

Figure.5.1 (Wang et al., 2005; Zhu et al., 2021). In diabetic conditions, insulin resistance 

causes beta cell compensation by stimulating hypersecretion of insulin but after a point, 

loss of beta cells and function abrogate insulin secretion aggravating the disease condition 

(Kasuga, 2006). The impaired insulin secretion results in decreased glucose uptake in 

peripheral tissues leading to hyperglycemia. Sustained hyperglycemia and insulin 

resistance can contribute to ROS generation and mitochondrial dysfunction in pancreatic 

beta cells that ultimately result in beta cell apoptosis (Y. J. Park & Woo, 2019). 
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Figure.5.1. Glucotoxicity and lipotoxicity induce ER stress in pancreatic beta cells (Zhu et 

al., 2021) 

In diabetic conditions, insulin resistance causes beta cell compensation by stimulating 

hypersecretion of insulin but after a point, loss of cells and function abrogate insulin 

secretion aggravating the disease condition (Kasuga, 2006). The impaired insulin 

secretion results in decreased glucose uptake in peripheral tissues leading to 

hyperglycaemia. Sustained hyperglycaemia and insulin resistance can contribute to ROS 

generation and mitochondrial dysfunction in pancreatic beta cells that ultimately result in 

beta cell apoptosis (Y. J. Park & Woo, 2019). Oxidative stress and ER stress are closely 

entwined events that are more prominent in pancreatic beta cells due to the relatively low 

antioxidant levels making them susceptible to oxidative damage (Lenzen et al., 1996). ER 

stress mediated mitochondrial dysfunction is also an important consequence in pancreatic 

beta cells due to the structural and functional proximity of ER and mitochondria (Vig et 

al., 2021). Prolonged ER stress interferes with the insulin biosynthesis via suppression of 
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insulin mRNA expression and insulin promoter activity by chronic IRE-1α and ATF6 

activation respectively (Lipson et al., 2006; Seo et al., 2008). Therapeutic intervention of 

ER stress and associated pathways may improve beta cell health which is an important 

prerequisite for normal insulin secreting potential of beta cells.   

Currently, sulfonylureas are a class of drugs that are used as first line therapy to treat 

diabetes by improving insulin secretion from pancreatic beta cells (Chaudhury et al., 

2017). However, its long-term use is associated with beta cell apoptosis and loss of 

function. This is due to the sustained increase in intracellular calcium ions to facilitate 

insulin secretion which may result in chronic ER stress as ER is a major reservoir of 

calcium and any perturbation in calcium metabolism leads to disruption of ER 

homeostasis (Rajan et al., 2007). Rather than only improving insulin secretion, focus 

should shift towards developing therapeutic strategies that aim to improve the overall 

pancreatic beta cell function by maintaining the ER homeostasis.  

The present study was aimed at investigating the effect of tangeretin against tunicamycin 

induced ER stress in pancreatic Beta-TC-6 cell lines. Tangeretin has been in use as 

traditional Chinese medicine and it is also reported to have antioxidant, anti-inflammatory 

and anticancer activity (Arafa et al., 2021; Ashrafizadeh et al., 2020). Additionally, 

tangeretin has also been reported for improving the glucose uptake potential of C2C12 

myotubes and 3T3-F442A adipocyte (M. S. Kim et al., 2012; Onda et al., 2013). Takano 

et. al reported the protective effect of methoxyflavones in pancreatic MIN6 cell lines 

against ER stress and oxidative stress (Takano et al., 2007). Our study aims to investigate 

the potential of tangeretin in alleviating the ER stress induced cellular perturbations 

including effect on insulin expression levels and overall cellular function in pancreatic 

Beta-TC-6 cell line. 
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5.2 Materials & Methods 

Fetal bovine serum, DMEM containing 4.5g/L glucose and 1.5g/L sodium bicarbonate, 

antimycotic antibiotic mix, triton X, glycine, sodium dodecyl sulphate, tris base, skimmed 

milk, phosphate buffered saline (PBS), DMSO, were procured from Himedia (Mumbai, 

India). Tunicamycin, PBA, tangeretin, HPLC grade methanol, DCFH-DA, protease 

inhibitor cocktail tablets were purchased from Sigma Aldrich Chemical (St. Louis 

Missouri, USA). JC-1 assay kit was purchased from Cayman Chemicals (Michigan, 

USA). RIPA lysis buffer, HBSS, BCA kit, were obtained from Thermo Fisher Scientific 

(Waltham, Massachusetts, USA). The antibodies insulin, GADD153, p-Akt, Akt, beta 

actin, HRP conjugated secondary antibodies, Alexa fluor conjugated secondary 

antibodies were bought from Cell Signaling Technologies (Danvers, Massachusetts, 

USA). Antibody TRB3 was purchased from Santa Cruz Biotechnology (Dallas, Texas, 

USA). Antibodies XBP-1, glucose transporter 2 (GLUT2), pancreatic duodenal 

homeobox-1 (Pdx-1), musculoaponeurotic fibrosarcoma (Maf A), GRP94, calnexin were 

purchased from Gbiosciences (St. Louis MO, USA). Mouse Beta-TC-6 cell lines were 

procured from National Centre for Cell Sciences, Pune, India. 

5.2.1 Cell Culture 

Pancreatic Beta-TC6 cells were cultured in DMEM containing 15% fetal bovine serum 

and 1% antibiotic antimycotic mix. The cells were maintained in a humified incubator at 

37ºC and 5% carbon dioxide. On reaching 90% confluence, the cells were treated with 

the experimental groups for a time period of 24 hours. After the treatment period, the cells 

were harvested for further analysis. 
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5.2.2 Experimental groups 

• CON- untreated or control cells 

• TM- tunicamycin (0.25µg/ml) treated cells 

• TM+TAN- tunicamycin (0.25µg/ml) & tangeretin (10µM) co-treated cells 

• TM+PBA- tunicamycin (0.25µg/ml) & PBA (100µM) co-treated cells (Positive 

control) 

5.2.3 Experimental Design 

A schematic work flow of this chapter is depicted in Figure.5.2. 

 

Figure.5.2. Schematic representation of the experimental design 

 

5.2.4 Cytotoxicity studies of tunicamycin and tangeretin 

Cells were seeded at a density of 5×103 cells per well in 96 well plate. Tunicamycin was 

introduced to the cells in a range of concentrations (0.25 µg/ml to 10 µg/ml) for 24 hours 

in serum starved media. The cytotoxicity was evaluated using the MTT assay as described 
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by Mosmann  (Mosmann, 1983). Cells were rinsed with HBSS following treatment, and 

incubated with MTT solution (0.5 mg/ml) dissolved in serum-free DMEM for 4 hours. 

After incubation, MTT solution was discarded and 100µL DMSO was added to each well. 

To ensure that the formazan crystals were completely dissolved, the plate was incubated 

on the shaker for 20 minutes and the absorbance was estimated at 570nm in multimode 

plate reader (Tecan infinite 200 PRO, Austria). In a separate experiment, cells were 

treated with different concentrations (10µM to 100µM) of tangeretin for 24 hours and 

cytotoxicity was determined. For optimising the dose of co-treatment, cells were treated 

with different doses (5µM, 10µM) of tangeretin and optimised dose of tunicamycin 

simultaneously and optimum dose for co-treatment was selected based on the MTT 

results.  

5.2.5 Intracellular ROS generation 

The ROS levels were determined by the DCFH-DA staining. The cells were treated for 

24 hours with the experimental groups. For DCFH-DA staining, protocol by Armstrong 

(2014) was followed in which cells were incubated with 10µM DCFH-DA staining 

solution for 20 minutes followed by gentle washing in HBSS (Armstrong, 2014) . 

Fluorescence images were acquired using the FITC filter in Fluorescence microscope 

(Olympus Life Science, Japan). 

 5.2.6 Determination of mitochondrial number/biogenesis and mitochondrial 

membrane potential 

Cells were seeded at a density of 5×103 cells per well in 96 black well plate. After 

treatment with respective experimental groups, the mitochondrial number/biogenesis was 

estimated by incubating cells with 100nM Mito tracker staining solution for 20 minutes 

followed by HBSS wash (Chazotte, 2011). The fluorescence images were acquired in 
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TRITC filter of fluorescence microscope and the intensity was determined using the 

cellSens software (Olympus Life Science, Japan). For measuring the mitochondrial 

membrane potential, following treatment period, cells were stained with cationic dye, JC-

1 for 30 minutes (Sivandzade et al., 2019). Images of the aggregates were acquired in the 

TRITC filter whereas the monomer images were obtained using the FITC filter (Olympus 

Life Science, Japan).  

5.2.7 Immunofluorescence staining of Beta-TC-6 cells 

After treatment period, cells were fixed in 4% paraformaldehyde solution for 15 minutes 

before being permeabilized in 0.1% Triton X for 10 minutes. Fixed cells were then 

incubated with the following antibodies, PDX-1(1:400) and insulin (1:400) antibodies, 

respectively. This was followed by incubation with suitable secondary antibodies 

conjugated with Alexa fluor (1:500). The cells were then counter stained with DAPI. The 

fluorescence images were acquired using fluorescence microscope (Olympus Life 

Science, Japan). 

5.2.8 Western Blot analysis 

Cells were seeded in T25 flasks and after attaining 90% confluency were subjected to 

treatment with the experimental groups for 24 hours. Cells were then rinsed with HBSS 

and proteins were extracted using RIPA lysis buffer. Using the BCA assay kit and BSA 

as the standard, the extracted protein samples were quantitated and normalised. Protein 

samples were separated on 10% sodium dodecyl sulphate polyacrylamide gels. Proteins 

were then transferred onto PVDF membranes (Millipore, Merck, USA) and blocked for 

1 hour in 5% skimmed milk. Membranes were then washed with TBST thrice before 

being incubated with the appropriate primary antibodies (1:1000 dilution), XBP-1, 

GADD153, GRP94, Calnexin, p-AKT, AKT, TRB3, insulin, GLUT2, Maf A, PDX-1 
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overnight at 4°C with agitation. The loading control used was beta actin. After that, the 

membranes were incubated for 2 hours at room temperature with suitable HRP-

conjugated secondary antibodies. The ECL substrate solution was used to detect the blot 

bands, and image analysis was done in Chemidoc MP Imaging systems (Bio-Rad, USA). 

The resultant bands were quantified by densitometric analysis using the Image lab 

software version 6.1 (Bio-Rad, USA). 

5.2.9 Statistical Analysis 

All experiments were performed in triplicates and three times, independently. Data was 

statistically analysed using one-way ANOVA and Duncan post hoc analysis in SPSS 

software. The results are represented as mean±SEM where p value≤0.05 was considered 

to be significant statistically. 

5.3 Results 

5.3.1 Cytotoxicity studies of tunicamycin and tangeretin 

Tunicamycin was found to be non-toxic (induced less than 20% cell death) upto 

0.25µg/ml in Beta-TC-6 cells after 24 hours treatment period with different 

concentrations ranging from 0.25µg/ml to 10µg/ml (Figure.5.3a). As we wanted to 

monitor the intracellular changes prior to induction of cell death, 0.25µg/ml tunicamycin 

was chosen as the optimum dose for ER stress induction in all future experiments. We 

also optimised the viable dose of tangeretin by treating cells with concentrations ranging 

from 10µM to 100µM. At a concentration of 10µM, tangeretin induced less than 20% 

cytotoxicity after 24 hours treatment period as seen in Figure.5.3b. The optimum dose of 

tangeretin under ER stress condition was determined by treating cells with different 

concentrations of tangeretin (5µM,10µM) in the presence of 0.25µg/ml tunicamycin. 

Tangeretin at a dose of 10µM was observed to induce less than 20% cytotoxicity in the 
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presence of 0.25µg/ml tunicamycin (Figure.5.3c). Therefore, 10µM tangeretin was used 

in all future experiments. 

 

Figure.5.3. Cytotoxicity analysis of tunicamycin and tangeretin. a) Pancreatic Beta-TC-6 cells 

were treated with different doses of tunicamycin (0.25µg/ml to 10µg/ml) for 24 hrs. b) Pancreatic 

Beta-TC-6 cells were treated with various concentrations of tangeretin (10µM to 100µM) for 24 

hours. This was followed by MTT analysis. c) Dose of co-treatment was determined by treating 

the cells with 5µM, 10µM tangeretin in the presence of 0.25µg/ml tunicamycin followed by MTT 

assay. CON represents untreated group, TM represents 0.25µg/ml tunicamycin treated group, 

TM+TAN represents TM tangeretin (10µM) co-treated group, TM+PBA represents TM 4-

phenylbutyric acid (100µM) co-treated group. Values are represented as mean±SEM where n=3. 

 

5.3.2 Tangeretin suppresses tunicamycin induced intracellular ROS generation 

ROS generation is a hallmark of cellular redox disturbances. From the fluorescence 

images in Figure.5.4a, it is observed that tunicamycin treated group showed an increased 

ROS generation compared to the control whereas co-treatment with tangeretin and PBA 

respectively brought down the ROS levels significantly. This was further demonstrated 

by the intensity histograms (Figure.5.4b) in which tunicamycin increased the ROS 

generation to 2222.5 a.u. (arbitrary units) (196.3%) compared to the control. The 

untreated cells showed a fluorescence of 1132.2 a.u. Co-treatment with tangeretin 
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significantly lowered the ROS levels to 1614.7 a.u. (142.6%) and PBA decreased the 

levels to 1499.62 a.u. (132.5%) compared to the tunicamycin treated cells. 

 

Figure.5.4. Determination of intracellular ROS generation. a) Effect of tangeretin on 

tunicamycin induced intracellular ROS was estimated using DCFH-DA dye and images acquired 

in fluorescence microscope. Magnification 20X. Scale corresponds to 20µm. b) DCFH-DA 

fluorescence intensity histogram. CON represents untreated group, TM represents 0.25µg/ml 

tunicamycin treated group, TM+TAN represents TM tangeretin (10µM) co-treated group, 

TM+PBA represents TM 4-phenylbutyric acid (100µM) co-treated group. Values are represented 

as mean±SEM where n=3. *p≤0.05 significantly different from control cells, #p≤0.05 

significantly different from tunicamycin treated cells. 

 

5.3.3 Changes in mitochondrial number/biogenesis and mitochondrial membrane 

potential 

ER stress and mitochondrial dysfunction are closely linked events and both are involved 

in the pancreatic beta cell dysfunction and decreased insulin biosynthesis via the UPR 

activation (Luciani et al., 2009). Treatment with tunicamycin decreased the mitochondrial 

number/biogenesis as evident from the fluorescence images in Figure.5.5a, co-treatment 

with tangeretin and PBA improved the mitochondrial content (Figure.5.5a). From the 
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intensity histograms (Figure.5.5b), in tunicamycin treated group, mitochondrial 

biogenesis was decreased to 1448.7 a.u. (63.1%) compared to untreated cells (2297.5 

a.u.). Co-treatment with tangeretin remarkably improved the fluorescence to 2107.1 a.u. 

(91.7%) while PBA increased the fluorescence to 1837.7 a.u. (79.9%) as seen in 

Figure.5.5a, b.  

 

Figure.5.5. Tangeretin improves mitochondrial number/biogenesis under ER stress. a) 

Pancreatic Beta-TC-6 cells were treated with the experimental groups for 24 hours followed by 

incubation with Mito tracker dye. Imaging was performed in fluorescence microscope. 

Magnification 20X. Scale corresponds to 20µm. b) Mito tracker fluorescence intensity histogram 

analysis. CON represents untreated group, TM represents 0.25µg/ml tunicamycin treated group, 

TM+TAN represents TM tangeretin (10µM) co-treated group, TM+PBA represents TM 4-

phenylbutyric acid (100µM) co-treated group. Values are expressed as mean±SEM where n=3. 

*p≤0.05 significantly different from control cells, #p≤0.05 significantly different from 

tunicamycin treated cells. 

 

 

ER stress induction is associated with mitochondrial dysfunction and one of the early 

markers of the same is loss of mitochondrial membrane potential. The JC-1 dye exists as 

red aggregates in cells with healthy mitochondria while in depolarised mitochondrial 
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membrane it exists as green monomers. The aggregate to monomer ratio is an indicator 

of the mitochondrial well-being. Here, tunicamycin induced a depolarisation of the 

mitochondrial membrane as indicated by the fluorescence images and intensity 

histograms in Figure.5.6a & b, respectively. Tunicamycin treated cells showed a lower 

percentage of red to green ratio of 59.5% (1.5 ratio) compared to the untreated cells (2.6 

ratio). Co-treatment with tangeretin induced a hyperpolarisation indicated by the higher 

percentage of the JC-1 aggregate to monomer ratio of 84.8% (2.2 ratio). Co-treatment 

with PBA improved the percentage ratio to 79.8% (2.1 ratio) as shown in Figure.5.6a, b. 

 

Figure.5.6. Tangeretin improves tunicamycin induced loss of mitochondrial membrane 

potential. a) Pancreatic Beta-TC-6 cells after treatment for 24 hours were incubated with JC-1 

dye for 20 minutes. This was followed by imaging in fluorescence microscope. Magnification 

20X. Scale corresponds to 20µm. b) Aggregate to monomer fluorescence intensity ratio analysis 

was performed in Cell Sens software (Olympus Life Science, Japan). CON represents untreated 

group, TM represents 0.25µg/ml tunicamycin treated group, TM+TAN represents TM tangeretin 

(10µM) co-treated group, TM+PBA represents TM 4-phenylbutyric acid (100µM) co-treated 

group. Values are expressed as mean±SEM where n=3. *p≤0.05 significantly different from 

control cells, #p≤0.05 significantly different from tunicamycin treated cells. 
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5.3.4 Tangeretin modulates the expression of XBP-1, ER resident chaperones and 

GADD153 during ER stress 

Under prolonged ER stress condition, the IRE-1α arm of UPR induces the splicing of the 

XBP-1 mRNA, the spliced form translocates to the nucleus and regulates the genes 

encoding the ER resident chaperones such as GRP94, PDI, calreticulin and calnexin and 

components of ERAD (S. M. Park et al., 2021). In this study, tunicamycin significantly 

induced the expression of the following proteins, XBP-1 (164.1%), GRP94 (115.68%) 

and calnexin (114.64%), respectively (Figure.5.7a & b). Simultaneous treatment with 

tangeretin was effective in bringing down the levels of XBP-1 (128.25%) and GRP94 

(99.687%) compared to tunicamycin treated group. However, calnexin levels were not 

downregulated significantly (106.53%).  PBA did not alter the XBP-1 levels (163.66%) 

while GRP94 were reduced to 84.49% and calnexin to 83.22% respectively compared to 

tunicamycin treated cells as depicted in Figure.5.7a & b. As already stated, the primary 

aim of the UPR is restore the ER homeostasis but if the stress is chronic, the UPR becomes 

dysregulated and activates the apoptotic signalling (Nishitoh, 2012). GADD153 or CHOP 

is a hallmark of dysregulated UPR and amelioration of the same may aid in restoration of 

ER homeostasis. Tunicamycin significantly induced the expression of GADD153 

(125.09%) compared to the control (Figure.5.7a & b). Tangeretin was effective in 

bringing down the levels of GADD153 (95.57%) while the levels were reduced by PBA 

treatment to 99.19% compared to tunicamycin treated cells (Figure.5.7a & b). 
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Figure 5.7. Effect of tangeretin on tunicamycin induced expression of XBP-1, GADD153, 

ER resident chaperones (GRP94 & calnexin) a) Western blot analysis of XBP-1, GADD153, 

GRP94 and calnexin was performed with beta actin as the loading control. b) Densitometric 

analysis of all proteins relative to beta actin. CON represents untreated group, TM represents 

0.25µg/ml tunicamycin treated group, TM+TAN represents TM tangeretin (10µM) co-treated 

group, TM+PBA represents TM 4-phenylbutyric acid (100µM) co-treated group. Values are 

expressed as mean±SEM where n=3. *p≤0.05 significantly different from control cells, #p≤0.05 

significantly different from tunicamycin treated cells. 

 

5.3.5 Effect of Tangeretin on expression levels of TRB3, p-Akt, Pdx-1, Maf A and 

GLUT 2 during ER stress 

Under ER stress conditions, TRB3 was found to be remarkably upregulated (122.49%) 

whereas phospho-Akt was found to be downregulated (72.39%) compared to the 

untreated cells as observed in Figure.5.8a, b. Treatment with tangeretin resulted in 

significant suppression of TRB3 levels (107.62%) while remarkably improving the 

phospho-Akt (108.24%) compared to tunicamycin treated group (Figure.5.7a, b). In PBA 

treated cells, TRB3 levels were decreased (102.26%) whereas phospho-Akt was 

improved (106.63%) compared to tunicamycin group as shown in Figure.5.8a, b. 
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Treatment with tunicamycin resulted in no significant change in expression of GLUT2 

compared to the untreated cells (Figure.5.8c, d). Co-treatment with tangeretin also did not 

affect the GLUT2 levels significantly whereas PBA co-treatment however, suppressed 

the GLUT2 levels to 80.97% as seen in Figure.5.8c, d. The Maf A levels were observed 

to increase significantly (124.68%) on chronic treatment with tunicamycin compared to 

the control group (Figure.5.8c, d). The upregulated Maf A levels did not undergo any 

significant change on co-treatment with tangeretin (125.21%) compared to tunicamycin 

treated cells as seen in Figure.5.8c, d. PBA treatment exacerbated the Maf A levels to 

137.43% compared to tunicamycin treated group (Figure.5.8c, d).  

 

Figure.5.8. Effect of tangeretin on expression levels of TRB3, p-Akt, Maf-A and GLUT 2 

during ER stress. a) Western blot analysis of TRB3 and p-AKT with beta actin and AKT as 

loading control respectively was performed. b) Densitometric analysis of TRB3 relative to beta 

actin and p-AKT relative to AKT. c) Western blot analysis of GLUT2 and Maf A with beta actin 

as loading control was performed. d) Densitometric analysis of GLUT2 and Maf A relative to 

beta actin. CON represents untreated group, TM represents 0.25µg/ml tunicamycin treated group, 

TM+TAN represents TM tangeretin (10µM) co-treated group, TM+PBA represents TM 4-

phenylbutyric acid (100µM) co-treated group. Values are expressed as mean±SEM where n=3. 

*p≤0.05 significantly different from control cells, #p≤0.05 significantly different from 

tunicamycin treated cells. 
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Under ER stress conditions, the expression of Pdx-1 protein was significantly reduced 

(72.92%) compared to the untreated cells and treatment with tangeretin improved the Pdx-

1 levels to 91.68% compared to tunicamycin treated cells as shown in Figure.5.9a, b. In 

PBA treated group the Pdx1 levels improved to 105.01% compared to tunicamycin 

treated cells (Figure.5.9a, b). Pdx-1 expression profile was confirmed by the 

immunofluorescence data as described in Figure.5.9c. 

 

Figure.5.9. Tangeretin improves Pdx-1 levels during ER stress in pancreatic Beta-TC-6 

cells. a) Pdx-1 levels was analysed using western blot analysis with beta actin as loading control. 

b) Densitometric analysis of Pdx-1 relative to beta actin. c) Immunofluorescence imaging of Pdx-

1 using fluorescence microscopy. Magnification 20X. Scale corresponds to 20µm. CON 

represents untreated group, TM represents 0.25µg/ml tunicamycin treated group, TM+TAN 

represents TM tangeretin (10µM) co-treated group, TM+PBA represents TM 4-phenylbutyric 

acid (100µM) co-treated group. Values are expressed as mean±SEM where n=3. *p≤0.05 

significantly different from control cells, #p≤0.05 significantly different from tunicamycin treated 

cells. 
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5.3.6 Effect of tangeretin on insulin expression during ER stress 

Insulin expression was decreased to 86.32% as depicted in Figure.5.10a, b. Tangeretin 

improved the insulin levels to 92.18% but it was not significant compared to tunicamycin 

group as shown in Figure.10a, b. In PBA treated group, the insulin expression was 

decreased to 76.75% compared to the tunicamycin group (Figure.5.10a, b). These results 

were also corroborated by the immunofluorescence data of insulin expression 

(Figure.5.10c). 

 

Figure.5.10. Effect of tangeretin on insulin expression during ER stress. a) Western blot 

analysis of insulin protein with beta actin as loading control. b) Densitometric analysis of insulin relative 

to beta actin. c) Immunofluorescence imaging of insulin using fluorescence microscope. Magnification 

20X. Scale corresponds to 20µm. CON represents untreated group, TM represents 0.25µg/ml tunicamycin 

treated group, TM+TAN represents TM tangeretin (10µM) co-treated group, TM+PBA represents TM 4-

phenylbutyric acid (100µM) co-treated group. Values are expressed as mean±SEM where n=3. *p≤0.05 

significantly different from control cells, #p≤0.05 significantly different from tunicamycin treated cells.  
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5.4 Discussion 

 The present study attempted to evaluate the role of tangeretin in amelioration of 

tunicamycin induced perturbations in pancreatic Beta-TC-6 cells. Here, treatment of 

pancreatic beta cells with tunicamycin resulted in ROS generation, hallmark of oxidative 

stress. Co-treatment with tangeretin was effective in bringing down the ROS levels. As 

pancreatic beta cells express low levels of cellular antioxidants, they are more susceptible 

to redox disturbances (Hedge et al., 1997). ER stress and oxidative stress share a strong 

relationship in pancreatic beta cells where the prolonged exposure to former negatively 

affects insulin biosynthesis and beta cell function (Hasnain et al., 2016).  

Cells under ER stress, generate more ROS due to the upregulation of the protein folding 

machinery which works to reduce the burden of misfolded proteins (Chong et al., 2017). 

In the present study, treatment with tunicamycin induced the expression of the protein 

folding machinery proteins namely XBP-1, GRP94 and calnexin. IRE-1α arm of the UPR 

triggers the splicing of XBP-1 which then upregulates the ER resident chaperones to 

enhance the protein folding for alleviation of the ER stress (Calfon et al., 2002). 

Overexpression of XBP-1 is also associated with decreased insulin levels, impaired 

glucose stimulated insulin secretion and beta cell apoptosis (Allagnat et al., 2010). GRP94 

and calnexin are part of the quality control system in the ER and are induced during ER 

stress conditions (Maruri-Avidal et al., 2008).  By remarkably reducing the levels of XBP-

1 and GRP94, tangeretin inhibited the tunicamycin-induced activation of the protein 

folding machinery, indicating a reduction in the stress condition.  

GADD153/CHOP expression is an indication of maladaptive or dysregulated UPR which 

subsequently results in cellular dysfunction (Hu et al., 2019). Here, we observed an 

increased expression of GADD153 on prolonged exposure to tunicamycin which was 
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suppressed on tangeretin co-treatment. Song et al. have reported the role of GADD153 in 

linking protein misfolding to oxidative stress in pancreas. CHOP or GADD153 deletion 

was associated with reduced oxidative stress and improved beta cell function in in vivo 

models (Song et al., 2008). Targeting the CHOP can be a therapeutic approach to improve 

beta cell function.  

Recent studies indicate a role of both ER stress and oxidative stress in the loss of 

mitochondrial membrane potential (Fang et al., 2020; Xiao et al., 2020). Our findings 

demonstrate an improvement in mitochondrial membrane potential by tangeretin under 

ER stress conditions. Mitochondrial membrane hyperpolarization and downstream 

increase in ATP/ADP ratio is a necessary step in the canonical glucose stimulated insulin 

secretion (GSIS) (Gerencser, 2018). Under diabetic conditions, there is a loss of 

mitochondrial membrane potential which may hamper the insulin secretion. Loss in 

mitochondrial biogenesis or number  due to mitochondrial dysfunction is manifested in 

diabetic condition (Kelley et al., 2002). Improving the mitochondrial biogenesis can aid 

in better management of the disease (Singh et al., 2021). In this study, under ER stress 

conditions the mitochondrial biogenesis was found to be significantly reduced indicating 

mitochondrial dysfunction as evident from the Mito tracker red fluorescence data whereas 

co-treatment with tangeretin remarkably improved the same. This data is consistent with 

the GADD153 expression levels in tunicamycin treated group which indicates beta cell 

dysfunction upon induction of ER stress.  

Under physiological conditions, the Akt signaling plays an important role in beta cell 

proliferation, function and insulin secretion (Balcazar Morales et al., 2012; Cheng et al., 

2012). Akt function is negatively regulated by oxidative stress and ER stress and 

improving the Akt function will contribute to improvement of beta cell function (Elghazi 

& Bernal-Mizrachi, 2009). TRB3, an ER stress marker protein that is involved in the 
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suppression of the Akt active form, is activated by the ATF4/GADD153 arm of the UPR 

(Ohoka et al., 2005). We have already reported the upregulation of GADD153 in 

tunicamycin treated group. Here we observed a concomitant increase in the expression of 

TRB3 and a downregulation in p-Akt levels in cells treated with tunicamycin. Tangeretin 

significantly brought down the TRB3 levels while increasing the p-Akt levels which 

indicates the efficacy of the citrus flavone in promoting beta cell survival and function 

under ER stress condition by suppressing the TRB3 levels and improving the p-Akt 

levels. 

The main stimulus for pancreatic insulin secretion is the glucose which is taken into the 

cells by the GLUT2 transporter on the plasma membrane of rodent cells. It has low 

affinity (high Km) for glucose and is not the primary glucose transporter in human beta 

cells where GLUT1  and GLUT3 are prominently  involved in GSIS (McCulloch et al., 

2011). Unlike GLUT4 which gets activated in response to insulin, GLUT2 is activated by 

the extracellular glucose (Thorens, 2015). After reaching the cytosol, the glucose is 

phosphorylated by the glucokinase enzyme for glycolysis for generation of ATP and 

subsequently aids in insulin secretion (Bensellam et al., 2018). Here, we studied the 

expression of GLUT2 as we have used mouse insulinoma Beta-TC-6 cells for our study, 

the protein levels did not change significantly under ER stress conditions. This was even 

observed in cells co-treated with tangeretin. This is in contrast to previous reports where 

the GLUT2 expression is significantly reduced under ER  stress condition in pancreatic 

beta cells (Allagnat et al., 2010; Chen et al., 2022). However, few previous studies have 

also reported the unchanged GLUT2 levels in response to tunicamycin (Ferrer et al., 1993; 

Zhang, 2020). This can be because GLUT2 is not the rate limiting step in the insulin 

biosynthesis signaling as it mediates passive glucose diffusion. In  our study this can be 

due to the subtoxic levels of tunicamycin and also because GLUT2 expression is not 
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directly related to ER stress (Zhou et al., 2021). Another reason could be the high glucose 

concentration in the growth medium which acts as a trigger for GLUT2 expression and 

the subtoxic concentration of tunicamycin was unable to significantly lower the 

expression. 

Here, the expression of Pdx-1, a transcriptional factor required for insulin gene expression 

and beta cell survival, was investigated. Pdx-1 controls development, maturation, and 

differentiation of beta cells and low expression levels are linked to beta cell malfunction 

(S. K. Kim & Hebrok, 2001).  In this study, the expression of Pdx-1 was significantly 

suppressed on treatment with tunicamycin while co-treatment with tangeretin improved 

the Pdx-1 levels as evident from the western blot results. This was in agreement with Yao 

et al., who demonstrated the efficacy of an O-methylated isoflavone in promoting the 

activity of Pdx-1 under glucotoxic and lipotoxic conditions in in vitro and in vivo models 

(Yao et al., 2020). The expression of Maf A that is required for insulin gene expression 

and overall beta cell function was studied here (Matsuoka et al., 2007). Surprisingly, 

unlike Pdx-1, we observed an increase in Maf A levels in tunicamycin treated cells when 

compared to the basal levels in the control cells. Tangeretin did not have any significant 

effect on the upregulated Maf A levels.  This is in contrast to past reports that have 

demonstrated a reduction in Maf A levels during diabetic condition (Guo et al., 2013; 

Matsuoka et al., 2010). However, Kitamura et al. have reported enhanced expression of 

Maf A as a protective mechanism against under stress conditions (Kitamura et al., 2005). 

This could be because the cellular defense mechanisms may get activated on exposure to 

tunicamycin and upregulation of Maf A can be a coping mechanism to suppress the stress 

conditions. Aguayo-Mazzucato et al., demonstrated that overexpression of Pdx-1 is 

associated with improved insulin content but not glucose responsiveness whereas 
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overexpression of Maf A enhanced glucose responsive insulin secretion while insulin 

content remained unaltered in neonatal beta cells (Aguayo-Mazzucato et al., 2011). 

The major function of pancreatic beta cells involves insulin biosynthesis and secretion in 

response to elevated blood glucose levels. During chronic ER stress conditions, 

pancreatic beta cell function is compromised resulting in reduced levels of insulin 

synthesis as well as insulin secretion (Fonseca et al., 2011). From the results here, it is 

evident that expression of the insulin protein was modestly downregulated upon treatment 

with tunicamycin. This modest decrease may be due to the subtoxic dose of tunicamycin 

used in the study, that was sufficient for ER stress induction but not strong enough to 

fully curtail the insulin expression. Co-treatment with tangeretin could only marginally 

improve the insulin levels. This was even confirmed by the immunofluorescence data. 

Tangeretin was effective in ameliorating the ER stress and improving the overall beta cell 

function, however, it could only modestly improve the insulin levels.  

5.5 Summary 

ER stress in pancreatic beta cells compromises their function by upregulating maladaptive 

UPR, inducing oxidative stress, mitochondrial dysfunction and suppressing insulin 

expression. Tangeretin was effective in mitigating ER stress induced cellular disturbances 

and improving beta cell health under ER stress condition and hence, tangeretin can be 

proposed as a potential candidate in mitigating ER stress induced damage in pancreatic 

beta cells. A schematic summary of the results is depicted in Figure.5.11. 
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Figure.5.11. Effect of tangeretin on pancreatic Beta-TC-6 function during tunicamycin induced ER stress. a) ER stress induction in Beta-TC-6 cells 

by tunicamycin. b) Alleviation of stress condition in Beta-TC-6 cells by tangeretin. Prolonged exposure to tunicamycin induced ER stress, upregulated 

the protein folding machinery, increased ROS generation, decreased mitochondrial biogenesis, membrane potential and modestly suppressed insulin 

expression. Co-treatment with tangeretin ameliorated the ER stress, suppressed the protein folding machinery, decreased the ROS levels, improved 

mitochondrial function and modestly upregulated the insulin expression. 
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                                         Summary & Conclusion 

 

Diabetes mellitus is a lifelong condition that deteriorates over time because it is a chronic 

metabolic syndrome with complex pathogenesis. Anti-diabetic medications are used as 

first-line therapy to achieve proper glycemic control primarily by improving insulin 

secretion from the pancreas and suppressing insulin resistance in peripheral tissues, but 

the prevalence of the disease and the financial burden associated with providing care for 

diabetics are rising at an alarming rate. Therefore, the focus should shift towards 

identifying novel targets and cheaper alternatives than the currently used drugs. ER stress 

has emerged as a putative mechanism underlying diabetes pathogenesis. Natural 

compounds can be used to pharmacologically manipulate ER stress, which can help in 

the development of improved treatment approaches with less financial burden for disease 

management.  

In the present study, in vitro models for ER stress induction using skeletal muscle L6 cell 

line and pancreatic Beta-TC-6 cell line were established by treating the cells for a period 

of 24 hours with 0.25µg/ml tunicamycin, a pharmacological ER stress inducer that blocks 

the first step of the N-linked glycosylation. We then studied the efficacy of three selected 

flavones, apigenin, luteolin, and tangeretin in ameliorating the maladaptive UPR and 

redox imbalances in L6 myotubes. The flavones were used at the following 

concentrations for co-treatment with tunicamycin, apigenin (20µM), luteolin (10µM), and 

tangeretin (50µM). PBA (1mM), a chemical chaperone was used as the positive control 

in all the experiments.  

Skeletal muscle cells are relevant targets for diabetes related as well as ER stress related 

studies. This is because they are the main sites for insulin stimulated glucose utilization 
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and also, they have an elaborate ER known as sarcoplasmic reticulum which serves as 

calcium reservoir facilitating muscle contractions. This makes skeletal muscle cells ideal 

targets for pharmacological manipulation of ER stress and diabetes related pathways. ER 

stress and oxidative stress are closely associated events where the induction of the former 

upregulates the protein folding machinery which in turn generates ROS, a hallmark of 

oxidative stress and disturbed redox homeostasis. In our study, we observed an 

upregulation in the expression of PDI and ERp72, members of the protein folding 

machinery which was accompanied by increased ROS generation and decreased SOD and 

glutathione reductase antioxidant activities indicating disruption of redox homeostasis. 

The selected flavones were observed to suppress the PDI, Erp72 levels and also improve 

the antioxidant activities. However, only luteolin and tangeretin could significantly 

suppress the ER stress induced ROS levels whereas apigenin could not suppress the levels 

significantly. In this study, TrxR activity was exacerbated on treatment with tunicamycin 

while downregulation of activity was observed on co-treatment with the flavones. This 

was because TrxR is involved in reducing the non-native disulfide bonds which would be 

higher during ER stress. The antioxidant potential of the flavones was confirmed through 

the molecular docking studies where the binding interaction of the flavones with various 

antioxidant enzymes (catalase, glutathione peroxidase, SOD1, and SOD2) was analyzed 

by the autodock and pyMOL software.  

Prolonged ER stress leads to maladaptive UPR which is indicated by the upregulation of 

GADD153/CHOP expression. Here, chronic treatment with tunicamycin induced the 

CHOP expression. Tangeretin and luteolin suppressed the CHOP levels while apigenin 

was not effective against tunicamycin induced upregulated CHOP levels. We also studied 

the expression of major MAP kinase proteins (p-JNK, p-p38MAPK, and ERK1/2) that 

are activated in response to ER stress and ROS generation and contribute to cellular 
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dysfunction.  Here, tunicamycin treatment upregulated the p-JNK, p-p38MAPK, and 

ERK1/2 levels. Apigenin did not induce any lowering effect on the MAP kinase proteins. 

Luteolin could only suppress the ERK1/2 levels whereas tangeretin was shown to 

ameliorate the expression of all three MAP kinase proteins. From the results obtained, it 

is evident that tangeretin was most effective in alleviating ER stress related redox 

imbalances in skeletal muscle cells.  

ER stress is a mechanism underlying insulin resistance and hence targeting ER stress can 

aid in mitigation of insulin resistance and the improvement of glucose uptake in skeletal 

muscles. Here we observed the induction of insulin resistance in L6 myotubes on 

prolonged treatment with tunicamycin and co-treatment with tangeretin was effective in 

improving the glucose uptake. However, apigenin and luteolin did not show any efficacy 

against tunicamycin induced insulin resistance. Hence, we selected tangeretin for all 

future studies and proceeded to elucidate its mechanism of action in ameliorating ER 

stress induced insulin resistance. In the present study, we observed an amelioration in the 

expression of ER stress markers (GRP78, IRE-1α, p-PERK, ATF6, XBP-1, and ATF4) 

on co-treatment with tangeretin which indicates its potential in downregulating the ER 

stress. Here, we studied the expression of proteins involved in insulin-stimulated as well 

as insulin-independent glucose uptake under ER stress. The expression of the proteins 

namely, p-IRS1(tyr), PI3K, GLUT4, and AMPK were suppressed under ER stress. From 

the results, it was observed that tangeretin was not effective in improving p-IRS1(tyr), 

PI3K expression levels which are components of insulin-stimulated signaling. This was 

also confirmed by studying the expression of PTEN, a negative regulator of insulin 

signaling. Tangeretin did not suppress the PTEN levels. However, tangeretin improved 

glucose uptake by activating the AMPK signaling as shown by the improved expression 
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of p-LKB1, p-AMPK, and AS160 proteins. The role of AMPK was also validated by the 

AMPK inhibitor studies using dorsomorphin. 

The close proximity and the functional interaction between the ER and mitochondria, 

make it susceptible to pathological insults in the ER. Skeletal muscle cells are 

metabolically active and have high energy consumption which makes them vulnerable to 

mitochondrial dysfunction. In the present study, we observed the mitochondrial changes 

that occur in response to ER stress, and the potential of tangeretin in modulating these 

changes was analyzed.  Here, we observed that tunicamycin augmented the mitochondrial 

ROS levels, decreased the SOD1 and 2 levels, induced loss of mitochondrial membrane 

potential, upregulated the mitochondrial dynamics, increased the UCP-3, and XIAP levels 

(indication of stress condition), and modulated the MAMs protein expression which 

included the IP3R, VDAC, GRP75, PACS2 and FUNDC1. However, tunicamycin 

treatment did not induce any significant changes in mitochondrial biogenesis, cytochrome 

c levels, oxygen consumption rate, and corresponding COXIV activity. This could be due 

to the subtoxic dose of tunicamycin used in our study. Tangeretin was able to suppress 

the mitochondrial ROS levels which was accompanied by improvement in the SOD 

levels. Tangeretin suppressed the expression of OPA1, DRP1, and FIS1 (proteins 

involved in mitochondrial dynamics) while also improving the mitochondrial membrane 

potential. Tangeretin further augmented mitochondrial uncoupling protein UCP-3 which 

may be an adaptive mechanism to suppress the ROS generation. The upregulated anti-

apoptotic factor XIAP was suppressed on treatment with tangeretin which implies the 

alleviation of stress. 

One of the consequences of ER stress is the disruption of the proteostasis network 

(equilibrium between protein synthesis and protein degradation). In the present study, we 

evaluated the effect of tangeretin on ER stress induced autophagy and ERAD proteolytic 
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pathways. Increased protein degradation in skeletal muscles leads to loss of muscle mass 

or muscle wasting also known as atrophy. It is a comorbidity related to diabetes that can 

impact muscle function. Here, tangeretin improved the proteostasis network by 

downregulating the expression of autophagy proteins LC3-II and Beclin1 while 

improving the expression of autophagy regulators, p-Akt and mTOR. Tangeretin 

suppressed the levels of GRP94, calnexin, HERPUD1, SEL1, and UFD1 involved in the 

ERAD while it could not lower the expression of EDEM1, SYVN1, and RNF5. Depletion 

of calcium ions from the ER is a stimulus for the activation of protein degradation 

pathways. Hence, in our study, we analyzed the expression of SERCA (calcium influx 

channel) and p-RYR (calcium efflux channel), calcium transporters on the ER membrane. 

From the results, it was observed that tangeretin improved the SERCA expression and 

suppressed p-RYR expression implying restoration of calcium homeostasis and 

subsequently proteostasis network. A schematic result summary highlighting the findings 

in L6 myotubes is represented in Figure.6.1. 
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Figure.6.1. Schematic result summary in rat skeletal muscle L6 cells. a) Chronic treatment with tunicamycin induces maladaptive UPR, redox 

imbalances, insulin resistance, mitochondrial dysfunction, and protein degradation pathways mediating cellular dysfunction. b) Tangeretin co-treatment 

ameliorates ER stress induced maladaptive UPR, redox imbalances, insulin resistance, mitochondrial dysfunction, and protein degradation pathways 

promoting cellular survival.   
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Pancreatic beta cells are important targets for both ER stress as well as diabetes due to an 

elaborate ER which can be attributed to its insulin-secreting potential. Pathological insults 

in the pancreatic beta cells result in impaired insulin biosynthesis as well as beta cell 

dysfunction. Hence, here we studied the efficacy of tangeretin in mitigating the ER stress 

induced perturbations in pancreatic Beta-TC-6 cells. An optimised dose of 0.25µg/ml 

tunicamycin for a time period of 24 hours was used for ER stress induction. Tangeretin 

co-treatment dose was determined as 10µM. PBA (100µM) was used as the positive 

control in all the experiments. From the results, it was observed that prolonged exposure 

to tunicamycin resulted in increased ROS generation, upregulated the protein folding 

machinery (XBP-1, GRP94, calnexin), increased the GADD153/CHOP, TRB3, and Maf 

A levels. Whereas it decreased mitochondrial biogenesis, mitochondrial membrane 

potential, p-Akt, Pdx-1, and insulin protein expression. The GLUT2 levels did not 

undergo significant change in response to tunicamycin and this could be due to the 

subtoxic dose of inducer used and also the fact that GLUT2 expression is not directly 

related to ER stress. Co-treatment with tangeretin suppressed the ROS levels, protein 

folding machinery, CHOP, and TRB3 levels while improving the mitochondrial function, 

p-Akt, and Pdx-1 levels. Tangeretin was able to improve insulin levels only modestly. An 

overall summary of the findings in pancreatic Beta-TC-6 cells is schematically depicted 

in Figure.6.2. 

Although ER stress plays a pivotal role in the development and evolution of diabetes 

mellitus, the disease is still not completely recognized as a protein misfolding disorder, 

and the markers of ER stress are not fully utilized as therapeutic targets. Based on our 

study in both rat skeletal muscle L6 and pancreatic Beta-TC-6 cells, we propose 

tangeretin as a potential candidate against ER stress induced diabetic complications. 

Further detailed studies in suitable in vivo models are needed to validate the findings here. 
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Figure.6.2. Schematic result summary in pancreatic Beta-TC-6 cells. a) Prolonged exposure to tunicamycin induces maladaptive UPR, 

protein folding machinery, redox imbalances, and mitochondrial dysfunction and mediates beta cell dysfunction by augmenting TRB3 levels. 

b) Tangeretin co-treatment alleviates ER stress induced maladaptive UPR, protein folding machinery, redox imbalances, and mitochondrial 

dysfunction and promotes cell survival by augmenting p-Akt and Pdx-1 levels.
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Diabetes mellitus is a chronic disorder defined by sustained hyperglycemia. Despite the 

availability of numerous antidiabetic drugs, the disease prevalence as well as the 

economic burden imposed by diabetes healthcare is on the rise. There is a need to identify 

newer targets and cheaper alternatives for disease intervention. ER stress has emerged as 

an underlying mechanism in the development of the two clinical manifestations of 

diabetes, insulin resistance in peripheral tissues such as skeletal muscles (the most 

prominent site for glucose uptake and utilization) and impaired insulin secretion from the 

pancreatic beta cells. In the present study, we evaluated the potential of tangeretin, a citrus 

methoxy flavone found abundantly in orange fruit peels against tunicamycin 

(pharmacological ER stress inducer) induced diabetes-related complications in rat 

skeletal muscle L6 cells and mouse insulinoma pancreatic Beta-TC-6 cells. We observed 

an amelioration in ER stress-mediated oxidative stress in L6 cells on treatment with 

tangeretin. This was indicated by the reduction in ROS levels, increased antioxidant 

levels, suppressed PDI and ERp72 levels, suppressed MAP Kinase levels and decreased 

GADD153/CHOP expression. We also observed alleviation of tunicamycin induced 

insulin resistance by treatment with tangeretin via suppression of ER stress markers and 

activation of AMPK-mediated glucose uptake. The present study evaluated the effect of 

tangeretin on ER stress-mediated mitochondrial dysfunction. Here, we observed an 

improvement in mitochondrial function on co-treatment with tangeretin as evident from 

the suppressed mitochondrial ROS, downregulation of mitochondrial fission, fusion, 

improvement in SOD levels, hyperpolarization of mitochondrial membrane potential, and 

modulation of MAMs proteins. Enhanced protein degradation by autophagy and ERAD 

machinery is a consequence of ER stress which if sustained can lead to proteolysis in 

skeletal muscles resulting in a condition termed as muscle atrophy or wasting, a 

comorbidity associated with diabetes. Here, we observed increased autophagy and ERAD 

signaling on prolonged exposure to tunicamycin. Tangeretin co-treatment suppressed the 

autophagy machinery by downregulating the expression of LC3-II, and Beclin1 

(autophagy proteins) and upregulating the expression of autophagy negative regulators, 

p-Akt and mTOR. Tangeretin also modulated the ERAD signaling by suppressing some 

of the proteins including GRP94, calnexin, SEL1, HERPUD1 and UFD1. In the present 

study, tangeretin treatment was able to improve pancreatic beta cell function during ER 

stress by improving the p-AKT, Pdx-1 levels and mitochondrial function while 

suppressing the ROS levels, GADD153 and protein folding machinery. Our results 

propose tangeretin as a potential candidate against ER stress induced diabetes related 

complications. 
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Abstract
Endoplasmic reticulum (ER) stress and associated oxidative stress are involved in the genesis and progression of skeletal 
muscle diseases such as myositis and atrophy or muscle wasting. Targeting the ER stress and associated downstream path-
ways can aid in the development of better treatment strategies for these diseases with limited therapeutic approaches. There 
is a growing interest in identifying natural products against ER stress due to the lower toxicity and cost effectiveness. In 
the present study, we investigated the protective effect of Tangeretin, a citrus methoxyflavone found in citrus peels against 
Tunicamycin (pharmacological ER stress inducer)–induced ER stress and associated complications in rat skeletal muscle 
L6 cell lines. Treatment with Tunicamycin for a period of 24 h resulted in the upregulation of ER stress marker proteins, ER 
resident oxidoreductases and cellular reactive oxygen species (ROS). Co-treatment with Tangeretin was effective in alleviat-
ing Tunicamycin-induced ER stress and associated redox-related complications by significantly downregulating the unfolded 
protein response (UPR), ER resident oxidoreductase proteins, cellular ROS and improving the antioxidant enzyme activity. 
Tunicamycin also induced upregulation of phosphorylated p38 MAP Kinase and loss of mitochondrial membrane potential. 
Tangeretin significantly reduced the levels of phosphorylated p38 MAP Kinase and improved the mitochondrial membrane 
potential. From the results, it is evident that Tangeretin can be explored further as a potential candidate for skeletal muscle 
diseases involving protein misfolding and ER stress.

Keywords  ER stress · Oxidative stress · Tangeretin · Tunicamycin · L6 cell lines

Introduction

Endoplasmic reticulum (ER) is one of the largest and com-
plex organelle in eukaryotic cells which is committed to 
multiple functions such as protein synthesis, folding, trans-
port, lipid metabolism and calcium storage (Schwarz and 
Blower 2015). ER stress is a condition which ensues when 
the protein folding demand exceeds the protein folding 
capacity leading to build-up of misfolded/unfolded protein 

aggregates (Lin et al. 2007). This triggers a cascade of sig-
nalling pathways broadly termed as the unfolded protein 
response (UPR). The UPR is the cell’s coping mechanism 
to deal with the ER stress. There are three main branches of 
UPR which are implicated during ER stress, namely the ino-
sitol-requiring kinase 1 alpha (IRE-1 α), the protein kinase 
ribonucleic acid (RNA)-activated-like ER kinase (PERK) 
and activating transcription factor 6 (ATF6) (Parmar and 
Schröder 2012). In unstressed conditions, these three sensors 
are sequestered by the Bip protein also known as GRP78. 
Upon induction of ER stress, these three sensors dissociate 
from Bip and are activated leading to downstream signal-
ling pathways that are involved in protein synthesis attenu-
ation, removal of misfolded proteins and upregulation of 
protein folding machinery which may result in either cell 
survival or cell apoptosis (Rutkowski and Kaufman 2004). 
Maladaptive and sustained UPR is associated with several 
pathological scenarios such as neurodegenerative diseases, 
metabolic disorders and skeletal muscle diseases (Lin et al. 
2007; Rayavarapu et al. 2012; Afroze et al. 2019).
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Skeletal muscle is a vital organ involved in multiple func-
tions, primarily, whole body glucose homeostasis, body 
movement and thermoregulation (Gallot and Bohnert 2021). 
A specialised ER known as the sarcoplasmic reticulum (SR) 
exists in the skeletal muscles which acts as a reservoir of cal-
cium ions thereby playing a pivotal role in muscle contrac-
tion and subsequently skeletal muscle function (Mensch and 
Zierz 2020). Also, skeletal muscle tissue is a prominent site 
for protein metabolism accounting for storage of 50–70% of 
total body protein (Bohnert et al. 2018). ER stress in skeletal 
muscle arises in response to numerous stimuli such as high 
nutritional intake, exercise, oxygen starvation, disruption of 
redox homeostasis and fluctuation in calcium levels (Deld-
icque et al. 2013). Once triggered, the ER stress induces the 
oxidative stress by enhancing the protein folding machinery 
of ER which in turn generates ROS as byproducts of disul-
phide exchange reactions mediated by protein disulphide 
isomerase (PDI) family of proteins causing disturbances in 
the cellular redox state (Haynes et al. 2004). A vicious cycle 
exists between ER stress and ROS production where the for-
mer can initiate as well as be augmented by the latter (Chong 
et al. 2017). Increased ROS generation weakens the cellular 
antioxidant defense and also induces mitochondrial dysfunc-
tion owing to the close structural proximity of the ER and 
mitochondria via the mitochondrial associated membranes 
(MAMs) (Silva-Palacios et al. 2020). All these factors con-
tribute to the pathogenesis of skeletal muscle diseases such 
as myositis and atrophy or muscle wasting. Currently exer-
cising, nutrient supplementation and drug therapy are the 
major treatment strategies; however, exercise may not be a 
feasible option for many patients with severe symptoms (Yin 
et al. 2021). Therefore, major emphasis is on the drugs but 
these are limited by the associated adverse effects (Carstens 
and Schmidt 2014; Oddis 2016; Sartori et al. 2021).

Pharmacological intervention of ER stress and associated 
downstream pathways may aid in the development of better 
treatment strategies. Exploring plant-based alternatives has 
been a prominent area of research owing to their economic 
feasibility and minimum side effects. However, their mode 
of action at the cellular level needs to be explored thoroughly 
in order to determine the efficacy. Flavonoids due to their 
abundance in fruits and vegetables and associated health 
benefits have become an integral aspect of neutraceutical and 
medicinal applications (Panche et al. 2016). In the present 
study, we have evaluated the potential of Tangeretin, a poly-
methoxyflavone found abundantly in citrus fruits and fruit 
peels against the ER stress–induced cellular alterations in 
rat skeletal muscle L6 cell lines (Li et al. 2007). Tangeretin 
is well reported for its antioxidant, antidiabetic, anticancer, 
anti-inflammatory and neuroprotective activities (Ashrafiza-
deh et al. 2020; Boye et al. 2021). It is also reported for its 
ER protective effects in MIN6 and PC-12 cell lines (Takano 
et al. 2007). However, there are no reports indicating the 

potential of Tangeretin against ER stress and its effect in 
downstream associated pathways in skeletal muscle cells.

Here, we have attempted to investigate the molecular 
mechanism of Tangeretin in mitigating ER stress–associated 
redox perturbations in rat skeletal muscle L6 cell lines. For 
ER stress induction, Tunicamycin, a chemical which blocks 
the first step in the N-linked glycosylation of proteins result-
ing in build-up of misfolded proteins, was used (Oslowski 
and Urano 2011). This study may contribute towards gaining 
a deeper insight into the ER protective effect of Tangeretin 
in skeletal muscle cells.

Materials and methods

Dulbecco’s modified Eagle’s medium (DMEM) contain-
ing 4.5 g/L glucose and 1.5 g/L sodium bicarbonate, fetal 
bovine serum, Horse serum, antimycotic antibiotic mix and 
dimethyl sulfoxide (DMSO), Triton X, Glycine, Tris base, 
Skimmed milk, Sodium dodecyl sulphate were purchased 
from Himedia (Mumbai, India). Tangeritin, Tunicamycin, 
4-Phenyl butyric acid (PBA), HPLC grade methanol, pro-
tease inhibitor cocktail tablets were purchased from Sigma 
Aldrich Chemical (St. Louis, Missouri, USA). Dihydro-
ethidium (DHE) assay kit, Glutathione reductase assay kit, 
Thioredoxin reductase assay kit, superoxide dismutase assay 
kit, JC-1 assay kit were obtained from Cayman Chemicals 
(Michigan, USA). Radioimmunoprecipitation assay buffer 
(RIPA lysis buffer), Bicinchoninic acid assay kit (BCA kit) 
were purchased from Thermo Fisher Scientific (Waltham, 
Massachusetts, USA). The antibodies ATF4, IRE-1 alpha, 
Beta actin, p38MAPK, PDI, Antirabbit and Antimouse HRP 
conjugated antibodies were purchased from Cell Signaling 
Technologies (Danvers, Massachusetts, USA). Antibod-
ies ATF6, GRP78, and p-p38MAPK were purchased from 
Santa Cruz Biotechnology (Dallas, Texas, USA). Antibod-
ies XBP-1 and ERp72 were purchased from Gbiosciences 
(St. Louis, MO, USA). Rat skeletal muscle cell lines, L6 
myoblasts were purchased from National Centre for Cell 
Sciences, Pune, India.

Cell culture

L6 myoblasts were maintained at 37 °C (5% carbon diox-
ide) in DMEM containing 10% fetal bovine serum and 1% 
antibiotic mix. For differentiation, myoblasts were grown 
upto 70% confluency and medium was replaced with DMEM 
containing 2% horse serum and the medium was changed 
alternatively for 4 days. Following the cell viability assays, 
all the experiments were conducted in differentiated myo-
tubes. The experimental design for the study has been rep-
resented in Fig. 1.
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Dose optimization of Tunicamycin

MTT assay

Cytotoxicity of Tunicamycin was determined by the MTT 
assay (Mosmann 1983). To be precise, myoblasts were 
seeded in 96 well plate at a density of 5 × 103 cells per well. 
After attaining confluence, myoblasts were treated with 
various concentrations of Tunicamycin (0.25 to 4 µg/ml) 
for a time period of 24 h. Post treatment, cells were washed 
with HBSS and incubated with MTT solution (0.5 mg/ml) 
dissolved in serum free DMEM for 4 h. Following incuba-
tion, MTT solution was aspirated and 100 µL DMSO was 
added per well. Plate was then kept on shaker for 20 min to 
ensure complete dissolution of the formazan crystals. The 
absorbance was read at 570 nm in multimode plate reader 
(Tecan infinite 200 PRO, Austria).

Western blot analysis for ER stress induction

After 24 h treatment with respective doses of Tunicamycin, 
myotubes were washed with Hank’s balanced salt solu-
tion (HBSS) followed by extraction of proteins using RIPA 
lysis buffer. The extracted protein samples were quantitated 
using the BCA assay kit with bovine serum albumin as the 
standard and were normalised. Protein samples were sepa-
rated on a 10% sodium dodecyl sulphate polyacrylamide 
gels (Bio rad, USA). Following this, proteins were trans-
ferred onto PVDF membranes (Millipore, Merck, USA) 
and then blocked in 5% skimmed milk for 1 h. Membranes 
were then washed with TBST three times and incubated at 
4 °C overnight with suitable primary antibodies against ER 
stress markers such as GRP78, ATF6, IRE-1alpha (dilution 
1:1000). Beta actin was used as the loading control. Mem-
branes were then incubated with appropriate HRP conju-
gated secondary antibodies (dilution 1:1000 to 1:2000) for 
2 to 3 h at room temperature. Membranes were then probed 
with ECL substrate (Thermo Fisher Scientific, Massachu-
setts, USA) in Chemidoc MP Imaging systems (BioRad, 
USA). Densitometric analysis of the obtained bands were 
performed using the Image lab software version 6.1 (Bio-
Rad, USA).

Dose optimization of Tangeretin

MTT assay

L6 myoblasts were seeded in 96 well plate at 5 × 103 cells 
per well and were treated with various concentrations of 
Tangeretin (10 to 100 µM) for 24 h and MTT assay was 
performed (as previously discussed in the “MTT Assay” 
section). Cell viability of Tangeretin was also investigated 
in the presence of Tunicamycin by treating cells with the 

optimised dose of Tunicamycin in combination with vari-
ous concentrations of Tangeretin (10 to 100 µM) for 24 h 
followed by MTT assay. Plate was read at 570 nm in multi-
mode plate reader (Tecan infinite 200 PRO, Austria).

Protective effect of Tangeretin 
against Tunicamycin‑induced stress and associated 
perturbations

Western blot

Western blot was performed to study the expression of pro-
teins related to ER stress and oxidative stress. Myoblasts 
were cultured in T25 flasks and were differentiated for 
4 days after reaching 80% confluence. Myotubes were then 
treated with 0.25 µg/ml Tunicamycin in the presence and 
absence of 50 µM Tangeretin for 24 h. 1 mM 4-Phenylbu-
tyric acid (PBA), an FDA approved chemical chaperone 
was used as the positive control for all the assays. After 
the treatment period, cells were lysed for protein extraction 
for western blot (as described in the “Western blot analy-
sis for ER stress induction” section). The proteins stud-
ied included GRP78, IRE-1, XBP-1, ATF6, ATF4, PDI, 
ERp72, p38MAP kinase, p-p38MAP kinase and Beta actin.

Detection of intracellular reactive oxygen species ions 
by Dihydroethidium assay and DCFH‑DA assay

L6 myoblasts were seeded in 96 black well plate. After dif-
ferentiation, myotubes were treated with respective groups 
for a period of 24 h. Following the treatment, cells were 
assayed following the manufacturer’s protocol. Briefly, 
myotubes were incubated with dihydroethidium (DHE) 
staining buffer for 1.5 h at 37 °C in dark. Following this, 
staining solution was removed and cells were overlaid 
with 100 µl cell based assay buffer and fluorescence was 
measured at an excitation and emission wavelength of 
480–520 nm and 570–600 nm respectively, using a multi-
mode plate reader (Tecan infinite 200 PRO, Austria).

Alternatively, after 24 h co-treatment, myotubes were 
incubated with 10 µM DCFH-DA staining solution for 
20 min. Following which cells were washed with HBSS 
and overlaid with 100  µl plain DMEM and taken for 
imaging in fluorescence microscope using the FITC filter 
(Olympus Life Science, Japan). The fluorescence intensity 
was quantitated using the Cell sense software (Olympus 
Life Science, Japan).

Modulation of the cellular antioxidant enzymes

Glutathione reductase  Glutathione reductase (GR) levels 
were measured as per the manufacturer’s protocol (Cayman 
Chemicals, USA). The assay measures the rate of oxidation 
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of NADPH to NADP+ by GR which was monitored by a 
decrease in absorbance. Treated myotubes were homog-
enised in ice cold 50 mM potassium phosphate buffer con-
taining 1 mM EDTA (pH 7.5) followed by centrifugation at 
10,000 × g for 15 min at 4 °C. The supernatants were col-
lected and used for the assay. The reaction was initiated by 
the addition of NADPH (50 µl) to wells containing a mix 
of samples (20 µl), assay buffer (100 µl) and GSSG (20 µl). 
Absorbance was read kinetically at 340 nm (Tecan infinite 
200 PRO, Austria) at an interval of 1 min for 5 timepoints.

Superoxide dismutase  Cellular superoxide dismutase 
(SOD) levels were determined following the manufacturer’s 
protocol (Cayman Chemicals, USA). Treated myotubes were 
collected in ice cold PBS (IX) by centrifugation at 1000 × g 
for 5 min at 4 °C. The cell pellets were then homogenised in 
20 mM cold HEPES buffer (pH 7.2) followed by centrifuga-
tion at 1500 × g for 5 min at 4 °C and supernatant was col-
lected. The assay mix consisted of 10 µl samples and 200 µl 
radical detector. The reaction was initiated by the addition 
of 20 µl xanthine oxidase to each well. After 30 min incuba-
tion at room temperature, absorbance was read at 440 nm in 
a plate reader (Tecan infinite 200 PRO, Austria).

Thioredoxin reductase  Thioredoxin reductase (TrxR) 
levels were estimated according to the manufacturer’s 
protocol (Cayman Chemicals, USA). Post 24  h co-
treatment, myotubes were collected by centrifugation at 
1000 × g for 5 min and the cell pellets were homogenised 
in cold buffer (50 mM potassium phosphate buffer, pH 
7.4, containing 1 mM EDTA). Followed by centrifuga-
tion at 10,000 × g for 15 min at 4 °C. The supernatants 
were assayed for the TrxR activity. Reaction was initiated 
by the addition of NADPH and 5,5’-dithio-bis(2-dinitro 
benzoic acid) (DTNB) to assay mix consisting of diluted 
assay buffer (140 µl) and samples (20 µl). Absorbance 
was read kinetically at 405 nm at an interval of 1 min to 
obtain 5 timepoints.

JC‑1 staining

Myoblasts were seeded in 96-well plate and subjected 
to differentiation post 80% confluence. Myotubes after 
incubation with respective treatment groups were stained 
with JC-1 staining solution (Cayman Chemicals, USA) 
in dark and kept in CO2 incubator at 37 °C for 20 min. 
Cells were then analysed in fluorescence microscope 
(Olympus Life Science, Japan). In healthy cells, JC-1 
accumulates as red aggregates in the mitochondria which 
can be detected at an excitation/emission wavelength of 
540/570 nm whereas in disease condition due to a loss of 
mitochondrial membrane potential (Δψm), JC-1 remains 

as monomers emitting green fluorescence which can be 
detected at an excitation/emission of 485/535 nm and 
quantitated using Cell sense software (Olympus Life Sci-
ence, Japan).

Statistical analysis

All the experiments were performed independently three 
times in triplicates. All data was statistically analysed by 
one way ANOVA followed by Duncan post hoc test in SPSS 
software. All results are expressed as mean ± SEM. In all 
experiments, a p value ≤ 0.05 was regarded as statistically 
significant.

Results

Optimisation of Tunicamycin dose

MTT assay

In order to select appropriate dose of Tunicamycin for our 
study, cells were incubated with 0.25 µg/ml, 0.5 µg/ml, 1 µg/
ml, 2 µg/ml, 3 µg/ml, 4 µg/ml of Tunicamycin for a period of 
24 h. The concentrations which induced less than 20% toxic-
ity were considered viable. Tunicamycin upto 1 µg/ml was 
found to induce less than 20% cytotoxicity (80.24 ± 1.79%) 
as shown in Fig. 2.

Fig. 2   Cytotoxicity and microscopic analysis of Tunicamycin. L6 
myoblasts treated with different doses of Tunicamycin (0.25 to 4 µg/
ml) for 24 h, Values are expressed as mean ± SEM, where n = 3
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Western blot analysis for upregulation of ER stress markers

The expression of ER stress marker proteins namely GRP78, 
IRE-1 and ATF6 were significantly increased on treatment 
with both doses of tunicamycin as compared to the control 
cells as shown in Fig. 3a. GRP78expression was increased 
to 359.9 ± 10.392% and 314.8 ± 9.0902% on treatment with 
0.25 µg/ml and 1.0 µg/ml tunicamycin, respectively (Fig. 3b). 
IRE-1alpha was found to be elevated on treatment with both 
doses of tunicamycin (176.9 ± 5.107% with 0.25 µg/ml and 
173.1 ± 4.998% with 1.0 µg/ml) (Fig. 3b). ATF6, another 
ER stress sensor protein was also expressed in its active 
cleaved form post treatment with both doses of Tunicamycin, 

125.4 ± 3.622% and 131.9 ± 3.809% for 0.25 µg/ml and 1.0 µg/
ml tunicamycin, respectively (Fig. 3b). Since, the lower dose 
of Tunicamycin, i.e., 0.25 µg/ml was observed to be sufficient 
for induction of ER stress for a prolonged duration of 24 h 
without causing significant cell death, hence this concentra-
tion was selected for future experiments.

Optimization of Tangeretin dose

MTT assay

Cell viability of Tangeretin was evaluated via MTT assay 
by treating cells with various concentrations of Tangeretin 

Fig. 3   Optimization of Tunicamycin dose for induction of ER stress.
(a) L6 myotubes were treated with selected doses of Tunicamycin 
(0.25 and 1 µg/ml) for 24 h followed by western blot analysis of ER 
stress proteins, GRP78, IRE-1α and ATF6, Beta actin was used as 

the loading control. (b) Densitometric analysis of all proteins relative 
to Beta actin. TM represents Tunicamycin. Values are expressed as 
mean ± SEM where n = 3. *p ≤ 0.05 significantly different from con-
trol group
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(10 µM, 20 µM, 50 µM and 100 µM) for 24 h followed by 
MTT assay. Cells were found to be 84.38 ± 1.67% viable 
upto 100 µM Tangeretin (Fig. 4a). Cell viability of Tan-
geretin in the presence of Tunicamycin was evaluated by 
treating cells with various concentrations of Tangere-
tin in the presence of 0.25 µg/ml Tunicamycin for 24 h. 
In the presence of Tunicamycin, cells were found to be 
80.9 ± 0.37% viable upto 50 µM Tangeretin. Based on the 
result of MTT assay, 50 µM Tangeretin was selected for 
further studies as shown in Fig. 4b.

Tangeretin protects myotubes 
against Tunicamycin‑induced stress and associated 
perturbations

Tangeretin suppresses Tunicamycin‑induced stress 
via downregulation of the proteins involved in the UPR 
signalling cascade

Prolonged incubation of myotubes with Tunicamycin 
results in unresolved ER stress which was confirmed by the 
upregulation of ER stress proteins (Fig. 5a). The expres-
sion of GRP78 was significantly increased to 638 ± 18.419% 
on treatment with Tunicamycin compared to control. 
Treatment with Tangeretin downregulated the expres-
sion levels remarkably by 90.4% (547.6 ± 15.809%) while 
treatment with PBA brought down the levels by 171.8% 
(466.17 ± 13.457%), respectively, compared to the Tuni-
camycin-treated group (Fig. 5b). Tunicamycin enhanced 
the IRE-1alpha expression to 180.5 ± 5.21% when com-
pared to the control. Treatment with Tangeretin brought 
down the levels to 108.3 ± 3.128% and PBA reduced the 
expression to 65.5 ± 1.905%, respectively, compared to 

Tunicamycin-treated cells (Fig. 5b). Upon induction of 
ER stress by Tunicamycin, IRE-1alpha induces splicing 
of XBP-1. The expression of both unspliced and spliced 
forms of XBP-1 were upregulated in Tunicamycin-treated 
cells (123.2 ± 3.557% and 138.2 ± 3.988%, respectively). 
Tangeretin treatment significantly lowered the levels 
of both unspliced and spliced forms of XBP-1 by 36% 
(87.24 ± 2.518%) and 31.7% (106.57 ± 3.077%), respec-
tively, compared to Tunicamycin group. PBA downregu-
lated the expression levels by 38.1% (98.89 ± 2.456%) and 
81.1% (57.09 ± 1.648%) respectively as seen in Fig. 5b. 
Another ER stress sensor, ATF6 was notably upregulated 
by 52.3% (152.3 ± 4.399%) on treatment with Tunicamy-
cin compared to the control. Co-treatment with Tangeretin 
reduced the expression levels by 15.9% (136.4 ± 3.938%) 
while PBA treatment resulted in a decrease of 8.4% 
(143.9467 ± 4.155%), respectively, compared to the Tuni-
camycin group (Fig. 5a, b). Tunicamycin-treated myotubes 
showed a 145.09 ± 4.189% increase in the ATF4 expres-
sion compared to the control cells. In cells co-treated 
with Tangeretin, the expression levels were downregu-
lated to 97.7 ± 2.821% and with PBA, it was reduced to 
120.7 ± 3.486%, respectively, compared to the Tunicamycin 
group (Fig. 5a, 5b).

Tangeretin mitigates Tunicamycin‑induced oxidative stress 
via downregulating the ER resident oxidoreductases

Treatment with Tunicamycin resulted in a significant 
upregulation of PDI (126 ± 3.64%) compared to the 
control cells. Tangeretin was able to lower the expres-
sion by 26.2% (99.8 ± 2.882%) and treatment with PBA 
caused a 33.5% (92.5 ± 2.67%) decrease in expression, 

Fig. 4   Cytotoxicity studies of Tangeretin (a) L6 myoblasts were 
treated with different doses of Tangeretin (10 to 100  µM) for 24  h. 
Cytotoxicity of compounds was evaluated using MTT assay. (b) L6 
myoblasts were co-treated with 0.25  µg/ml Tunicamycin and differ-

ent concentrations of Tangeretin (10 to 100 µM) for 24 h. Cytotoxic-
ity was determined using MTT assay, TM-0.25 µg/ml Tunicamycin, 
TAN-Tangeretin. Values are expressed as mean ± SEM, where n = 3
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respectively, compared to the Tunicamycin-treated cells 
as depicted in Fig. 6a and b. Myotubes treated with Tuni-
camycin showed higher expression levels of ERp72 by 
45.7% (145.7 ± 4.208%) compared to control. Treatment 

with Tangeretin resulted in subsequent downregulation of 
ERp72 by 15.9% (129.87 ± 3.749%) whereas PBA-treated 
cells showed a 36.1% (109.66 ± 3.166%) decrease com-
pared to Tunicamycin group (Fig. 6a and b).

Fig. 5   Effect of Tangeretin on Tunicamycin-induced upregulated 
ER stress markers. (a) Western blot analysis of ER stress markers, 
GRP78, IRE-1α, ATF6, XBP-1 and ATF4 was performed with Beta 
actin as the loading control. (b) Densitometric analysis of all proteins 
relative to beta actin. CON represents untreated group, TM repre-
sents 0.25  µg/ml Tunicamycin-treated group, TM + TAN represents 

TM Tangeretin (50 µM) co-treated group, TM + PBA represents TM 
4-Phenylbutyric acid (1 mM) co-treated group. Values are expressed 
as mean ± SEM where n = 3. *p ≤ 0.05 significantly different from 
control group, #p ≤ 0.05 significantly different from Tunicamycin 
group

Fig. 6   Treatment with Tangeretin suppresses expression of TM 
induced upregulated PDI and ERp72. (a) Western blot analysis of 
PDI & ERp72 protein expression, beta actin was used as the loading 
control. (b) Densitometric analysis of proteins relative to beta actin. 
CON represents untreated group, TM represents 0.25 µg/ml Tunica-

mycin-treated group, TM + TAN represents TM Tangeretin (50 µM) 
co-treated group, TM + PBA represents TM 4-Phenylbutyric acid 
(1 mM) co-treated group. Values are expressed as mean ± SEM where 
n = 3. *p ≤ 0.05 significantly different from control group, #p ≤ 0.05 
significantly different from Tunicamycin group
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Abatement of Tunicamycin‑induced oxidative stress 
by Tangeretin

ER stress induces oxidative stress which is manifested by 
the generation of reactive oxygen species. In this assay, 
DHE was used as a fluorescent probe for ROS detection. 
Cells treated with Tunicamycin showed increased intra-
cellular ROS generation by 69.4% (169.4 ± 4.89%) com-
pared to the control (Fig.  7a). Co-treatment with Tan-
geretin significantly suppressed the ROS levels to 12.7% 
(112.7 ± 4.111%) whereas PBA treatment brought down 
the ROS levels to 16.1% (116.1 ± 3.351%), respectively 

compared to the tunicamycin-treated group. The Tunica-
mycin-induced ROS generation was also detected by the 
DCFHDA staining. In Tunicamycin-treated groups, there 
was a significant increase in ROS generation compared to 
the untreated cells as evident from Fig. 7b and c. Co-treat-
ment with Tangeretin and PBA respectively, demonstrated 
a significantly lowered ROS generation (Fig. 7b and c). Dif-
ferentiated myotubes treated with Tunicamycin significantly 
decreased the SOD activity to 37.2 ± 1.073% compared to 
the control. Treatment with Tangeretin improved the SOD 
activity to 69.3 ± 2.001%. Treatment with PBA improved 
the activity to 68.4 ± 1.976%, respectively, in a significant 

Fig. 7   Tangeretin alleviates Tunicamycin-induced intracellular redox 
disturbances.  Effect of Tangeretin on Tunicamycin-induced cellular 
reactive oxygen species production was determined using dihydroeth-
idium (DHE) assay and dichlorodihydrofluorescein diacetate (DCFH-
DA) assay. (a) DHE fluorescence intensity measurement of cells. (b) 
DCFH-DA stained fluorescence microscopic images of cells. Mag-
nification 20 × . Scale corresponds to 50  µm. (c) DCFH-DA fluo-

rescence intensity measurement of cells. CON represents untreated 
group, TM represents 0.25  µg/ml Tunicamycin-treated group, 
TM + TAN represents TM Tangeretin (50  µM) co-treated group, 
TM + PBA represents TM 4-Phenylbutyric acid (1  mM) co-treated 
group. Values are expressed as mean ± SEM where n = 3. *p ≤ 0.05 
significantly different from control group, #p ≤ 0.05 significantly dif-
ferent from Tunicamycin group

Fig. 8   Tangeretin improves cellular antioxidant status. Effect of Tan-
geretin on (a) Superoxide Dismutase (SOD) activity, (b) Glutathione 
reductase (GR) activity, (c) Thioredoxin reductase (TrxR) activ-
ity in the presence of Tunicamycin was evaluated. CON represents 
untreated group, TM represents 0.25  µg/ml Tunicamycin-treated 

group, TM + TAN represents TM Tangeretin (50  µM) co-treated 
group, TM + PBA represents TM 4-Phenylbutyric acid (1  mM) co-
treated group. Values are expressed as mean ± SEM where n = 3. 
*p ≤ 0.05 significantly different from control group, #p ≤ 0.05 signifi-
cantly different from Tunicamycin group
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manner compared to Tunicamycin-treated group (Fig. 8a). 
In cells treated with Tunicamycin, GR activity decreased 
by 29.3% (5.66 ± 0.1471 nmoles/min/ml) compared to 
control cells (8.01 ± 0.0166 nmoles/min/ml) whereas treat-
ment with Tangeretin remarkably improved the same by 
62% (10.623 ± 0.2218 nmoles/min/ml) and PBA improved 
the GR activity by 22.6% (7.473 ± 0.5871 nmoles/min/
ml) compared to the Tunicamycin-treated group as seen 
in Fig. 8b. Thioredoxin reductase activity was determined 
following the manufacturer’s protocol (Cayman Chemicals, 
USA). TrxR activity was significantly increased by 111.6% 
(211.6 ± 6.109%) in Tunicamyin-treated group as compared 
to the control group. It was decreased to 90.5 ± 2.61% on 
treatment with Tangeretin and by 35.9% (175.7 ± 5.07%) 
on treatment with PBA compared to Tunicamycin-treated 
cells (Fig. 8c).

Tangeretin decreases Tunicamycin‑induced ROS‑associated 
p38 MAP Kinase activation

Here, we investigated the effect of Tunicamycin in the 
presence and absence of Tangeretin on the activation 
of this protein. Cells treated with Tunicamycin showed 
increased expression levels of phosphorylated p38MAP-
kinase (139.5 ± 6.973%) compared to the control. Treat-
ment with Tangeretin and PBA significantly downregu-
lated the protein expression levels to 112.4 ± 3.244% and 

105.7 ± 3.051% respectively, compared to Tunicamycin-
treated group (Fig. 9a and b).

Tangeretin reduces Tunicamycin‑induced loss 
of mitochondrial membrane potential

Here, changes in Δψm were determined using the JC-1 
staining dye. Under normal conditions JC-1 (cationic, 
lipophilic dye) enters the mitochondria and accumulates 
to form aggregates which emit fluorescence in the red 
spectrum. In unhealthy cells, JC-1 accumulates to a lesser 
extent as monomers inside the mitochondria due to loss of 
Δψm and increased membrane permeability thereby emit-
ting green fluorescence (Sivandzade et al. 2019). Tunica-
mycin treatment induced loss of Δψm compared to the 
control which was restored on co-treatment with Tangere-
tin (Fig. 10a). The JC-1 aggregate to monomer ratio or red 
to green fluorescence ratio is a parameter for gauging the 
mitochondrial function. The ratio significantly declined 
to 60.5% (1.4702 ± 0.0327) in Tunicamycin-treated cells 
due to membrane depolarization compared to the control 
(2.4292 ± 0.04975). Tangeretin significantly improved 
the red to green fluorescence to 96.2% (2.3392 ± 0.0789) 
compared to Tunicamycin group. PBA increased the JC-1 
aggregate to monomer ratio to 78.1% (1.8971 ± 0.0388) 
compared to Tunicamycin-treated group as depicted in 
Fig. 10b.

Fig. 9   Tangeretin suppresses the levels of phosphorylated p38MAP 
Kinase.  (a) Western blot analysis of phospho-p38Map Kinase, p38 
Map Kinase was used as loading control. (b) Densitometric analy-
sis of p-p38Map Kinase relative to p38Map Kinase. CON represents 
untreated group, TM represents 0.25  µg/ml Tunicamycin-treated 

group, TM + TAN represents TM Tangeretin (50  µM) co-treated 
group, TM + PBA represents TM 4-Phenylbutyric acid (1  mM) co-
treated group. Values are expressed as mean ± SEM where n = 3, 
*p ≤ 0.05 significantly different from control group, #p ≤ 0.05 signifi-
cantly different from Tunicamycin group
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Discussion

In this study, we have evaluated the protective effect of Tan-
geretin, a citrus methoxyflavone against ER stress–induced 
signalling pathways and associated redox perturbations in 
rat skeletal muscle L6 cell lines. ER stress–induced ROS 
generation and associated mitochondrial dysfunction in 
skeletal muscles are well known contributors in the patho-
genesis of myositis and atrophy (Mensch and Zierz 2020; 
Gallot and Bohnert 2021; Lightfoot et al. 2015). There are 
several chemical chaperones such as Tauroursodeoxycholi-
cacid (TUDCA) and PBA which are reported to reduce ER 
stress by interacting with the hydrophobic sites of misfolded 
proteins but their therapeutic potential is limited by the high 
doses required for exerting ER protective effects and (Cortez 
and Sim 2014). Natural products have always piqued the 
curiosity of researchers. Targeting the ER stress pathway 
components by natural compounds has been a compelling 

area of research and can be an effective treatment strategy for 
several pathologies (Martucciello et al. 2020). In this study, 
we focussed on gaining a deeper insight into the mechanism 
of action of Tangeretin against ER stress–induced cellular 
alterations in L6 cell lines.

In our study, prolonged incubation of myotubes with the 
optimised dose of Tunicamycin (0.25 µg/ml), results in the 
upregulation of ER stress–induced UPR markers and this 
was evident by the upregulation of the proteins involved in 
the UPR such as GRP78, the ER stress master regulator pro-
tein (Cullinan and Diehl 2006). This is in agreement with 
a previous study by Vattemi et al., where upregulation of 
GRP78 was reported in muscle biopsies with inclusion body 
myositis (Vattemi et al. 2004). IRE-1alpha, the most con-
served ER stress sensor (Mohan et al. 2019), XBP-1 which 
is downstream of IRE-1alpha that gets spliced by the latter 
in response to ER stress were also significantly upregulated 
in response to Tunicamycin (Uemura et al. 2009). Bohnert 

Fig. 10   Effect of Tangeretin on Tunicamycin-induced loss of 
Δψm.  (a) L6 myotubes after treatment with respective groups for 
24 h were incubated with JC-1 staining solution for 20 min. Imaging 
was performed in fluorescence microscope. Magnification 20 × . Scale 
corresponds to 50  µm. (b) Red to green fluorescent intensity ratio. 
CON represents untreated group, TM represents 0.25 µg/ml Tunica-

mycin-treated group, TM + TAN represents TM Tangeretin (50 µM) 
co-treated group, TM + PBA represents TM 4-Phenylbutyric acid 
(1 mM) co-treated group. Values are expressed as mean ± SEM where 
n = 3. *p ≤ 0.05 significantly different from control group, #p ≤ 0.05 
significantly different from Tunicamycin group
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et al., demonstrated the IRE-1 XBP-1 signalling as a media-
tor of muscle atrophy in Lewis lung carcinoma mice model 
(Bohnert et al. 2018). In our study, we observed an upregula-
tion in ATF6 protein which in response to ER stress dissoci-
ates from Bip protein and translocates to the golgi apparatus 
where it is cleaved by site1 and site2 proteases. The cleaved 
form then enters the nucleus and triggers downstream sig-
nalling pathways (Taouji et al. 2013). Our results indicate 
an upregulation in ATF4, which is activated by the PERK 
arm of the UPR and may trigger adaptive or apoptotic path-
ways depending on the strength and duration of ER stress 
(Wortel et al. 2017). Ebert et al., described the role of ATF4 
in progression of muscle atrophy via the Gadd45a protein 
(Ebert et al. 2020). Therefore, downregulation of these ER 
stress components may prove to be successful in relieving 
muscular pathologies. In the present study, treatment with 
Tangeretin significantly mitigated the Tunicamycin-induced 
stress by downregulating these ER stress marker proteins. 
This data is consistent with previous studies where targeting 
ER stress in skeletal muscles has significantly reduced the 
UPR stimulation and associated cellular alterations such as 
insulin resistance, ROS generation and mitochondrial dys-
function (Eo and Valentine 2021; Thoma et al. 2020a).

One of the consequences as well as initiator of ER stress 
is the oxidative stress which is characterised by aberrant 
ROS generation leading to disruption of redox homeostasis. 
In skeletal muscles, low levels of ROS are induced during 
exercise-mediated muscle contraction (Davies et al. 1982). 
This moderate amount of ROS confers better muscle health 
(Scicchitano et al. 2018). However, abnormally high levels 
of ROS may result in skeletal muscle damage through acti-
vation of signalling pathways exacerbating mitochondrial 
dysfunction and inflammatory mediators (Marzetti et al. 
2013). Therefore, targeting the proteins involved in the ER 
stress–mediated oxidative stress can be a therapeutic strategy 
for disease intervention.

PDI, an ER resident oxidoreductase mediates the disul-
phide bond reduction, formation and isomerisation during 
protein folding (Malhotra and Kaufman 2007). Under ER 
stress conditions, IRE-1 alpha–stimulated spliced form of 
XBP-1 upregulates the PDI, which in turn promotes cor-
rect folding of misfolded proteins and also reprimands the 
non-native disulphide bonds (França et al. 2019; Khan and 
Mutus 2014). In doing so, PDI itself undergoes an aber-
rant cycle of oxidation reduction leading to surplus gen-
eration of ROS as byproducts leading to a hyperoxidised 
ER lumen which further augments ER stress by interfer-
ing with proper PDI function resulting in more misfolded 
proteins (Burgos-Morón et al. 2019). Overexpression of 
PDI is linked to increased cellular ROS generation (Khan 
and Mutus 2014). In our study, we found that treatment 
with Tunicamycin significantly induced the expression 
of PDI and ERp72, another member of the PDI family 

which has functions similar to PDI (Zhou et al. 2017). 
Our results showed that treatment with Tangeretin remark-
ably lowered the levels of both PDI and ERp72, effectively 
bringing down the ROS levels. This data corroborates the 
findings of Pan et al. who have reported the efficacy of 
bioactives extracted from Scutellariae radix and Rhei rhi-
zoma in attenuating oxidative stress by downregulating the 
dimethylnitrosamine-induced upregulation of PDI expres-
sion through the proteome analysis in an in vivo model 
(Pan et al. 2015).

Tunicamycin-induced ROS generation debilitates the 
redox homeostasis in the cells by downregulating the cel-
lular antioxidant defense system. From the results, it is clear 
that myotubes treated with Tunicamycin alone showed an 
increased ROS generation, which was evident from the DHE 
and the DCFH-DA assay and also by decline in the levels of 
glutathione reductase and superoxide dismutase enzymes. 
Treatment with Tangeretin significantly lowered the ROS 
levels and improved the antioxidant status of the cells as 
was evident by the improvement in glutathione reductase 
and superoxide dismutase activity. Glutathione reductase 
is associated with the reduction of oxidised glutathione 
(GSSG) to reduced glutathione while superoxide dismutase 
lowers the cellular ROS levels by conversion of superox-
ides to oxygen and hydrogen peroxide, respectively (Couto 
et al. 2016; Wang et al. 2018). Tunicamycin was found to 
induce upregulation of Thioredoxin reductase enzyme and 
subsequent downregulation was observed on treatment with 
Tangeretin. This can be justified by assessing the function 
of thioredoxin reductase which involves reduction of non-
native disulphide bonds (Poet et al. 2017). In ER stress con-
ditions there is a build-up of misfolded proteins with several 
non-native disulphide bonds so there is a need to reduce 
these bonds and this may account for the increased thiore-
doxin reductase activity in Tunicamycin-treated groups. 
Tangeretin significantly lowered the thioredoxin reductase 
activity which can be attributed to Tangeretin’s ability in 
reducing the ER stress pathway.

Disturbances in redox homeostasis also triggers the MAP 
Kinase signalling, especially p38MAPK which is involved 
in augmenting mitochondrial ROS and downstream acti-
vation of diverse pathways such as inflammation, insulin 
resistance and mitochondrial dysfunction (Ashraf et  al. 
2014; Brown et al. 2014; Yu et al. 2017). p38 MAPK which 
belongs to the mitogen activated family of proteins is also 
implicated in skeletal muscle diseases and suppression of 
p38MAPK can be a potential therapeutic approach (Brennan 
et al. 2021; Cuenda and Rousseau 2007; Yuasa et al. 2018). 
p38MAPK is known to be activated by ROS generation and 
also by the IRE-1 alpha arm of UPR (Jia et al. 2007). In the 
present study, we found that Tunicamycin induced signifi-
cant upregulation in p38MAPK expression and Tangeretin 
was effective in bringing down the levels of this protein. 
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Therefore, targeting the p38MAPK can aid in suppressing 
ER stress–induced skeletal muscle dysfunction.

Mitochondrial dysfunction in skeletal muscles is a con-
sequence of prolonged ER stress and associated oxidative 
stress and this was determined by studying the effect of 
Tunicamycin on mitochondrial membrane potential, a hall-
mark of mitochondrial health (Thoma et al. 2020a). Due 
to the close association of ER and mitochondria through 
MAMs, perturbations in the ER can cause mitochondrial 
dysfunction. As already stated, changes in mitochondrial 
membrane potential is an indicator of the mitochondrial 
well-being, where depolarisation of Δψm indicates mito-
chondrial dysfunction (Connolly et al. 2018). Here in this 
study, it is clear that Tunicamycin induced a loss of Δψm 
which was improved on treatment with Tangeretin. From 
the results obtained, it is evident that Tunicamycin-induced 

UPR-mediated oxidative stress and mitochondrial dysfunc-
tion in L6 cell lines were attenuated on treatment with Tan-
geretin. A summary of the results is represented in Fig. 11. 
The findings pave way for considering Tangeretin as a 
potential candidate for ER stress–related skeletal muscle 
dysfunction.

Conclusion

Targeting ER stress which is upstream of several pathologi-
cal conditions is emerging as a therapeutic strategy in the 
management of several diseases. ER stress and associated 
oxidative stress in L6 myotubes was remarkably alleviated 
on treatment with Tangeretin, a citrus methoxyflavone. 
Tangeretin exerted its protective effects in L6 myotubes 

Fig. 11   Proposed mechanism of action of Tangeretin in alleviating 
Tunicamycin-induced ER stress and associated complications. Tuni-
camycin-treated myotubes showed an increase in the levels of the pro-
teins involved in the ER stress induction namely ATF6, IRE-1 alpha, 
XBP-1 and ATF4 resulting in maladaptive UPR. The XBP-1 induc-
tion leads to an upregulation of the ER resident oxidoreductases, 
PDI and ERp72 for enhancing the protein folding machinery thereby 
resulting in ROS generation. This causes disturbances in the cellular 

redox homeostasis leading to loss of mitochondrial membrane poten-
tial, upregulation of phosphorylated p38 MAP kinase and suppres-
sion of the antioxidant defense system. All these factors contribute to 
the progression of skeletal muscle pathologies. Tangeretin protected 
the myotubes from Tunicamycin insult via downregulation of the ER 
stress proteins, ER resident oxidoreductases, also by suppression of 
the ROS generation, downregulation of phosphorylated p38 MAP 
kinase and improving the antioxidant defense system
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via downregulation of the UPR pathway, ER resident oxi-
doreductases (PDI and ERp72) and phospho-p38MAPK. 
Tangeretin also mitigated Tunicamycin-induced ROS 
generation, improved the antioxidant system and mito-
chondrial function. The findings of the study indicate that 
Tangeretin can be considered as a potential lead against ER 
stress–induced pathological outcomes in skeletal muscles.
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Abstract
Background  Pancreatic beta cell health and its insulin-secreting potential are severely compromised under the diabetic 
condition. One of the key mediators of beta cell dysfunction is endoplasmic reticulum (ER) stress. Pharmacological inter-
vention of ER stress and associated complications in pancreatic beta cells may be an effective strategy for the management 
of diabetes. In the present study, we evaluated the efficacy of tangeretin, a citrus pentamethoxyflavone, in the alleviation of 
ER stress and associated perturbations in pancreatic Beta-TC-6 cell lines.
Methods and results  Tunicamycin (pharmacological ER stress inducer) at subtoxic levels was observed to induce beta cell 
dysfunction by upregulation of intracellular ROS levels, lowering mitochondrial number/biogenesis and membrane potential, 
elevation of UPR markers, XBP-1, GADD153, and ER resident chaperones. Treatment with tangeretin was successful in 
improving the beta cell function by lowering the ROS levels and improving the mitochondrial biogenesis and mitochondrial 
membrane potential. Tangeretin also downregulated the expression levels of XBP-1, GADD153, and ER resident chaperones. 
GLUT2 expression, however, did not undergo any significant change under ER stress. We also observed altered expression 
of Pdx-1, TRB3, and p-Akt under the ER stress condition. Tangeretin augmented the expression levels of Pdx-1, and p-Akt 
while curtailing the expression of TRB3 in beta cells. Tunicamycin treatment suppressed the insulin levels, however, co-
treatment with tangeretin could only marginally improve the levels.
Conclusion  Targeting ER stress and associated pathways in pancreatic Beta-TC-6 cell lines by tangeretin can be an effective 
strategy for improving beta cell function.

Keywords  ER stress · Tangeretin · Beta-TC-6 cell line · Tunicamycin

Introduction

Diabetes mellitus is a chronic metabolic disease affecting 
people worldwide and both type 1 and type 2 diabetes are 
characterized by impaired insulin release from pancreatic 
beta cell islets. The pancreatic islets consist of a well-
developed ER owing to their secretory function [1]. Under 
physiological scenarios, the ER is involved in maintaining 
the beta cell function and maturation of insulin peptide, the 

major protein released by the pancreatic beta cells [2]. Any 
perturbations in the ER function can lead to ER stress which 
results in a buildup of misfolded or unfolded proteins in the 
ER lumen. The unfolded protein response (UPR), a signal-
ing cascade that is triggered by this, works to restore ER 
homeostasis by activating its three arms, IRE-1, ATF6, and 
PERK [3]. These three proteins work in concert to reduce 
the ER burden by attenuating the protein translation, induc-
tion of the ER-resident chaperones, and upregulation of the 
endoplasmic reticulum-associated degradation [4].

Chronic ER stress in pancreatic beta islets is associated 
with decreased beta cell mass, function, and impaired insulin 
production [5]. Cellular stresses including obesity-mediated 
circulating saturated fatty acids (lipotoxicity) and high glu-
cose-induced glucotoxicity have been reported to contribute 
to ER stress in beta cells [6]. In diabetic conditions, insu-
lin resistance causes beta cell compensation by stimulating 
hypersecretion of insulin but after a point, loss of beta cells 
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and function abrogate insulin secretion aggravating the dis-
ease condition [7]. The impaired insulin secretion results 
in decreased glucose uptake in peripheral tissues leading 
to hyperglycemia. Sustained hyperglycemia and insulin 
resistance can contribute to reactive oxygen species (ROS) 
generation and mitochondrial dysfunction in pancreatic beta 
cells that ultimately result in beta cell apoptosis [8].

Oxidative stress and ER stress are closely entwined events 
that are more prominent in pancreatic beta cells due to the 
relatively low antioxidant levels making them susceptible to 
oxidative damage [9]. ER stress mediated mitochondrial dys-
function is also an important consequence in pancreatic beta 
cells due to the structural and functional proximity of ER 
and mitochondria [10]. Prolonged ER stress interferes with 
the insulin biosynthesis via suppression of insulin mRNA 
expression and insulin promoter activity by chronic IRE-1α 
and ATF6 activation respectively [1, 2]. Therapeutic inter-
vention of ER stress and associated pathways may improve 
beta cell health which is an important prerequisite for nor-
mal insulin secreting potential of beta cells.

Currently, sulfonylureas are a class of drugs that are used 
as first line therapy to treat diabetes by improving insulin 
secretion from pancreatic beta cells [11]. However, its long-
term use is associated with beta cell apoptosis and loss of 
function. This is due to the sustained increase in intracellular 
calcium ions to facilitate insulin secretion which may result 
in chronic ER stress as ER is a major reservoir of calcium 
and any perturbation in calcium metabolism leads to dis-
ruption of ER homeostasis [12]. Rather than only improv-
ing insulin secretion, focus should shift towards developing 
therapeutic strategies that aim to improve the overall pan-
creatic beta cell function by maintaining the ER homeosta-
sis. Identifying plant-based alternatives with ER protective 
effects to improve the pancreatic beta cell function will be an 
effective treatment strategy due to the economic feasibility 
and lesser adverse effects.

Flavonoids are polyphenols which are widely present in 
fruits and vegetables and form an integral part of the daily 
human diet. Flavonoids are reported to have broad spectrum 
biological activities [13]. Tangeretin is a pentamethoxyfla-
vone belonging to the flavone subclass of flavonoids and 
abundantly found in the peels of citrus fruits [14]. The pre-
sent study was aimed at investigating the effect of tangeretin 
against tunicamycin induced ER stress in pancreatic Beta-
TC-6 cell lines. Tangeretin has been in use as traditional 
Chinese medicine and it is also reported to have antioxidant, 
anti-inflammatory and anticancer activity [14, 15]. Takano 
et al. reported the protective effect of methoxyflavones in 
pancreatic MIN6 cell lines against ER stress and oxidative 
stress [16]. Our group has also reported the protective effect 
of tangeretin against ER stress induced cellular dysfunction 
in skeletal muscle L6 cells [17]. This study aims to investi-
gate the potential of tangeretin in alleviating the ER stress 

induced cellular perturbations including effect on insulin 
expression levels and overall cellular function in pancreatic 
Beta-TC-6 cell line.

Materials and methods

Tangeretin (Cat no.T8951), 4-phenyl butyric acid (PBA) 
(Cat no.P21005), tunicamycin (Cat no.T7765), HPLC 
grade methanol (Cat no.60600710001730), dichlorodi-
hydrofluorescein diacetate (DCFH-DA) (Cat no.D6883), 
protease inhibitor cocktail tablets (Cat no.S8830) were 
bought from Sigma Aldrich Chemical (St. Louis, Missouri, 
USA). Dulbecco’s modified Eagle’s medium (DMEM) (Cat 
no.AL007S) containing 4.5 g/L glucose and 1.5 g/L sodium 
bicarbonate, antimycotic antibiotic mix (Cat no.A002A), 
fetal bovine serum (Cat no.RM10432), dimethyl sulfox-
ide (DMSO) (Cat no.TC185), triton X (Cat no.TC286), 
glycine (Cat no.MB013), sodium dodecyl sulphate (Cat 
no.GRM6218), tris base (Cat no.TC072), skimmed milk 
(Cat no.GRM1254), phosphate buffered saline (PBS) (Cat 
no.ML023) were procured from Himedia (Mumbai, India). 
Bicinchoninic acid assay kit (BCA kit) (Cat no.23225), 
radioimmunoprecipitation assay buffer (RIPA lysis buffer) 
(Cat no.89900), hank’s balanced salt solution (HBSS) (Cat 
no.14025092) was obtained from Thermo Fisher Scien-
tific (Waltham, Massachusetts, USA). JC-1 assay kit (Cat 
no.10009172) was obtained from Cayman Chemicals (Mich-
igan, USA). The antibodies insulin (Cat no.8138), p-Akt (Cat 
no.4058), Akt (Cat no.4685), beta actin (Cat no.4967), HRP 
conjugated secondary antibodies (Cat no.7074,7076), Alexa 
Fluor conjugated secondary antibodies (Cat no.4412, 4408) 
were purchased from Cell Signaling Technologies (Dan-
vers, Massachusetts, USA). Antibodies TRB3 (Cat no.sc-
365842), GADD153 (Cat no.sc-7351), were purchased from 
Santa Cruz Biotechnology (Dallas, Texas, USA). Antibod-
ies XBP-1 (Cat no.ITT05110), GLUT2 (Cat no.ITT07510), 
Pdx-1 (Cat no.ITT07170), GRP94 (Cat no.ITT05287), cal-
nexin (Cat no.ITT05362) were purchased from Gbiosciences 
(St. Louis, MO, USA). Mouse Beta-TC-6 cell lines were pur-
chased from National centre for cell sciences, Pune, India.

Cell culture

Pancreatic Beta-TC-6 cells were cultured in DMEM contain-
ing 15% fetal bovine serum and 1% antibiotic antimycotic 
mix. The cells were maintained in a humified incubator at 
37 °C and 5% carbon dioxide. On reaching 90% confluence, 
the cells were treated with the experimental groups for a 
time period of 24 h. After the treatment period, the cells 
were harvested for further analysis.
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Experimental groups

•	 CON—untreated or control cells
•	 TM—tunicamycin (0.25 µg/ml) treated cells
•	 TM + TAN—tunicamycin (0.25  µg/ml) & tangeretin 

(10 µM) co-treated cells
•	 TM + PBA—tunicamycin (0.25 µg/ml) & PBA (100 µM) 

co-treated cells (positive control)

Dose optimization of tunicamycin and tangeretin

Cells were seeded at a density of 5 × 103 cells per well in 
96 well plate. The cells were treated with different doses of 
tunicamycin (0.25–10 µg/ml), for a time period of 24 h in 
serum starved medium. The cytotoxicity was evaluated using 
the MTT assay as described by Mosmann et al. [18]. Fol-
lowing the treatment period, medium was aspirated and cells 
were given HBSS wash followed by incubation with 0.5 mg/
ml MTT solution for 2–4 h. After the incubation period, 
MTT solution was replaced with 100 µl DMSO per well. 
Plate was then incubated on shaker for 20 min and absorb-
ance reading was taken at 570 nm in Tecan plate reader 
(Tecan infinite 200 PRO, Austria). In a separate experiment, 
cells were treated with different concentrations of tangeretin 
(10–100 µM) for 24 h and cytotoxicity was determined. The 
optimal dose for co-treatment studies was determined by 
treating the cells with different concentrations (5 µM and 
10 µM) of tangeretin in the presence of optimised dose of 
tunicamycin for 24 h followed by MTT assay. The optimal 
dose of tangeretin for co-treatment studies was selected 
based on the MTT results.

Intracellular ROS generation

The ROS levels were determined by the DCFH-DA stain-
ing. The cells were treated for 24 h with the experimental 
groups. For DCFH-DA staining, protocol by Armstrong was 
followed in which cells were incubated with 10 µM DCFH-
DA staining solution for 20 min followed by gentle washing 
in HBSS [19]. Fluorescence images were acquired using the 
FITC filter in fluorescence microscope and intensity was 
quantitated using the cell sens software (Olympus Life Sci-
ence, Japan).

Determination of mitochondrial content 
and mitochondrial membrane potential

After treatment with respective experimental groups, the 
mitochondrial content was estimated by incubating with 
100 nM Mito tracker staining solution for 20 min followed 
by HBSS wash [20]. The fluorescence images were acquired 
in TRITC filter of fluorescence microscope and the intensity 
was determined using the cell Sens software (Olympus Life 

Science, Japan). For measuring the mitochondrial membrane 
potential, following treatment period, cells were stained with 
cationic dye, JC-1 for 30 min [21]. Images of the aggregates 
were acquired in the TRITC filter whereas the monomer 
images were obtained using the FITC filter (Olympus Life 
Science, Japan).

Immunofluorescence staining of beta‑TC‑6 cells

After treatment period, cells were fixed for 15 min in para-
formaldehyde solution (4%) before being permeabilized 
for 10 min in 0.1% Triton X. This was followed by incuba-
tion of the fixed cells with the following antibodies, Pdx-1 
(1:400) and Insulin (1:400) antibodies, respectively. The 
cells were then incubated with specific secondary antibody 
conjugated with Alexa Fluor (1:500). The cells were then 
counter stained with DAPI. The fluorescence images were 
acquired using fluorescence microscope (Olympus Life Sci-
ence, Japan).

Western blot analysis

Cells were seeded in T25 flasks and after attaining 90% con-
fluency, they were subjected to treatment with the experi-
mental groups for 24 h. Cells were then rinsed with HBSS 
and proteins were extracted using RIPA lysis buffer. Using 
the BCA assay kit and BSA as the standard, the extracted 
protein samples were quantitated and normalised. Protein 
samples were separated on 10% sodium dodecyl sulphate 
polyacrylamide gels. This was followed by transfer of pro-
teins to PVDF membranes (Millipore, Merck, USA) and 
blocking for 60 min in 5% skimmed milk. Membranes were 
then given TBST wash three times followed by incubation 
with the appropriate primary antibodies (1:1000 dilution), 
XBP-1, GADD153, GRP94, calnexin, p-Akt, Akt, TRB3, 
insulin, GLUT2, Pdx-1 overnight at 4 °C with agitation. The 
loading control used was beta actin. After that, the mem-
branes were incubated for 2 h at room temperature with 
suitable HRP-conjugated secondary antibodies. The ECL 
substrate solution was used to detect the blot bands, and 
image analysis was done in Chemidoc MP Imaging systems 
(Bio-Rad, USA). The resultant bands were quantified by 
densitometric analysis using the Image lab software version 
6.1 (Bio-Rad, USA).

Statistical analysis

All experiments were performed in triplicates and three 
times, independently. Data was statistically analysed using 
one-way ANOVA and Duncan post hoc analysis in SPSS 
software. The results are represented as mean ± SEM where 
p value ≤ 0.05 was considered to be significant statistically.
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Results

Cytotoxicity studies of tunicamycin and tangeretin

Tunicamycin was found to be non-toxic (induced less 
than 20% cell death) upto 0.25 µg/ml in Beta-TC-6 cells 
after 24 h treatment period with different concentrations 
ranging from 0.25 to 10 µg/ml (Fig. 1a). As we wanted 
to monitor the intracellular changes prior to induction of 
cell death, 0.25 µg/ml tunicamycin was chosen as the opti-
mum dose for ER stress induction in all experiments. We 
also optimised the viable dose of tangeretin by treating 
cells with concentrations ranging from 10 to 100 µM. At a 
concentration of 10 µM, tangeretin induced less than 20% 

cytotoxicity after 24 h treatment period as seen in Fig. 1b. 
The optimum dose of tangeretin under ER stress condition 
was determined by treating cells with different doses of 
tangeretin (5 µM, 10 µM) along with 0.25 µg/ml tunica-
mycin. At a dose of 10 µM tangeretin, cells were found 
to be viable under ER stress (Fig. 1c). Therefore, 10 µM 
tangeretin was used in all future experiments. PBA was 
found to be non-toxic upto 100 µM concentration (Sup-
plementary Fig. 1).

Intracellular ROS generation

ROS generation is a hallmark of cellular redox distur-
bances. From the fluorescence images in Fig. 2a, it is evi-
dent that tunicamycin treated group showed an increased 

Fig. 1   Cytotoxicity studies. a Pancreatic Beta-TC-6 cells were treated 
with different doses of tunicamycin (0.25–10 µg/ml) for 24 h. b Pan-
creatic Beta-TC-6 cells were treated with various concentrations of 
tangeretin (10–100 µM) for 24 h. This was followed by MTT analy-

sis. c Dose of co-treatment was determined by treating the cells with 
5  µM, 10  µM tangeretin in the presence of 0.25  µg/ml tunicamycin 
followed by MTT assay. Values are represented as mean ± SEM 
where n = 3

Fig. 2   Determination of intracellular ROS generation. a Effect of 
tangeretin on tunicamycin induced intracellular ROS was estimated 
using DCFH-DA dye and images acquired in fluorescence micro-
scope. Magnification ×20. Scale corresponds to 20 µm. b DCFH-DA 
fluorescence intensity histogram. CON represents untreated group, 
TM represents 0.25  µg/ml tunicamycin treated group, TM + TAN 

represents TM tangeretin (10 µM) co-treated group, TM + PBA rep-
resents TM 4-phenylbutyric acid (100 µM) co-treated group. Values 
are represented as mean ± SEM where n = 3. *p ≤ 0.05 significantly 
different from control cells, #p ≤ 0.05 significantly different from tuni-
camycin treated cells
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ROS generation compared to the control as indicated by 
the increased fluorescence whereas co-treatment with tan-
geretin and PBA respectively brought down the ROS levels 
significantly. This was further demonstrated by the fluores-
cence intensity histograms (Fig. 2b) in which tunicamy-
cin increased the ROS generation to 2222.5 a.u. (arbitrary 
units) compared to the control. The untreated cells showed 
a fluorescence intensity of 1132.2 a.u. Co-treatment with 
tangeretin significantly lowered the ROS levels to 1614.7 
a.u. and PBA decreased the levels to 1499.62 a.u. which 
was significantly lower than the tunicamycin treated group.

Changes in mitochondrial content 
and mitochondrial membrane potential

ER stress and mitochondrial dysfunction are closely linked 
events and both are involved in the pancreatic beta cell dys-
function and decreased insulin biosynthesis via the UPR 
activation [22]. Treatment with tunicamycin decreased the 
mitochondrial number/biogenesis as evident from the fluo-
rescence images in Fig. 3a, co-treatment with tangeretin and 
PBA improved the mitochondrial content. From the intensity 
histograms (Fig. 3b), in tunicamycin treated group, mito-
chondrial biogenesis was decreased to 1448.7 a.u. compared 
to untreated cells (2297.5 a.u.). Co-treatment with tangeretin 
remarkably improved the fluorescence to 2107.1 a.u. while 
PBA increased the fluorescence to 1837.7 a.u. as seen in 
Fig. 3a, b.

ER stress induction is associated with mitochondrial dys-
function and one of the early markers of the same is loss 
of mitochondrial membrane potential. The JC-1 dye exists 

as red aggregates in cells with healthy mitochondria while 
in depolarised mitochondrial membrane it exists as green 
monomers. The aggregate to monomer ratio is an indica-
tor of the mitochondrial well-being. Here, tunicamycin 
induced a depolarisation of the mitochondrial membrane as 
indicated by the fluorescence images and intensity histo-
grams in Fig. 4a, b respectively. Tunicamycin treated group 
showed a lower red to green ratio of 1.5 compared to the 
untreated cells having aggregate to monomer ratio of 2.6. 
Co-treatment with tangeretin induced a hyperpolarisation 
indicated by the higher JC-1 aggregate to monomer ratio 
of 2.2. Co-treatment with PBA improved the ratio to 2.1 as 
shown in Fig. 4b.

Modulation of XBP‑1, ER resident chaperones 
and GADD153 expression during ER stress 
by tangeretin

Under prolonged ER stress condition, the IRE-1α arm 
of UPR induces the splicing of the XBP-1 mRNA to a 
highly active form. Following translation, the spliced 
form translocates to the nucleus and regulates the genes 
encoding the ER resident chaperones such as GRP94, 
PDI, calreticulin and calnexin and components of the 
endoplasmic reticulum associated degradation [23]. In 
this study, tunicamycin significantly induced the expres-
sion of the following proteins, XBP-1 (164.1%), GRP94 
(115.68%) and calnexin (114.64%) respectively compared 
to the control (Fig. 5a, b). Co-treatment with tangeretin 
was effective in significantly bringing down the levels 
of XBP-1 by 35.85% and GRP94 by 64.41% compared 

Fig. 3   Tangeretin improves mitochondrial number/biogenesis under 
ER stress. a Pancreatic Beta-TC-6 cells were treated with the experi-
mental groups for 24 h followed by incubation with Mito tracker dye. 
Imaging was performed in fluorescence microscope. Magnification 
×20. Scale corresponds to 20 µm. b Mito tracker fluorescence inten-
sity histogram analysis. CON represents untreated group, TM repre-

sents 0.25  µg/ml tunicamycin treated group, TM + TAN represents 
TM tangeretin (10 µM) co-treated group, TM + PBA represents TM 
4-phenylbutyric acid (100 µM) co-treated group. Values are expressed 
as mean ± SEM where n = 3. *p ≤ 0.05 significantly different from 
control cells, #p ≤ 0.05 significantly different from tunicamycin 
treated cells
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to tunicamycin treated group, however, calnexin levels 
were not downregulated significantly (106.53%). PBA did 
not alter the XBP-1 levels (163.66%) while GRP94 were 
significantly reduced by 31.19% and calnexin by 32.46% 
respectively compared to tunicamycin treated group as 
depicted in Fig. 5a, b.

As already stated, the primary aim of the UPR is 
restore the ER homeostasis but if the stress is chronic, 
the UPR becomes dysregulated and activates the apop-
totic signalling [24]. GADD153 or CHOP is a hallmark 
of dysregulated UPR and amelioration of the same may 
aid in restoration of ER homeostasis. Tunicamycin sig-
nificantly induced the expression of GADD153 (125.09%) 
compared to the control (Fig. 5a, b). Tangeretin was effec-
tive in bringing down the levels of GADD153 signifi-
cantly by 29.52% whereas GADD153 levels were reduced 
remarkably by 25.9% in PBA treated group compared to 
tunicamycin treated group (Fig. 5a, b).

Effect of tangeretin on proteins involved in beta cell 
survival and insulin biosynthesis

Under ER stress conditions, TRB3 was found to be remark-
ably upregulated (122.49%) whereas phospho-Akt was found 
to be significantly downregulated (72.39%) compared to 
the control as seen in Fig. 6a, b. Treatment with tangeretin 
resulted in significant suppression of TRB3 levels by 14.87% 
while remarkably improving the phospho-Akt by 35.85% 
compared to tunicamycin treated group (Fig. 6a, b). In PBA 
treated cells, TRB3 levels were significantly decreased by 
20.23% whereas phospho-Akt was remarkably improved by 
34.24% as shown in Fig. 6a, b.

Treatment with tunicamycin resulted in no significant 
change in expression of GLUT2 (Fig. 6a, b). Co-treatment 
with tangeretin also did not affect the levels significantly as 
seen in Fig. 6a, b. Under ER stress conditions, the expres-
sion of Pdx-1 protein was significantly reduced (72.92%) 

Fig. 4   Tangeretin improves tunicamycin induced loss of mitochon-
drial membrane potential. a Pancreatic Beta-TC-6 cells after treat-
ment for 24  h were incubated with JC-1 dye for 20  min. This was 
followed by imaging in fluorescence microscope. Magnification ×20. 
Scale corresponds to 20  µm. b Aggregate to monomer fluorescence 
intensity ratio analysis was performed in Cell Sens software (Olym-
pus Life Science, Japan). CON represents untreated group, TM rep-

resents 0.25 µg/ml tunicamycin treated group, TM + TAN represents 
TM tangeretin (10 µM) co-treated group, TM + PBA represents TM 
4-phenylbutyric acid (100 µM) co-treated group. Values are expressed 
as mean ± SEM where n = 3. *p ≤ 0.05 significantly different from 
control cells, #p ≤ 0.05 significantly different from tunicamycin 
treated cells
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Fig. 5   Effect of tangeretin on tunicamycin induced expression of 
XBP-1, GADD153, ER resident chaperones (GRP94 & calnexin). 
a Western blot analysis of XBP-1, GADD153, GRP94 and calnexin 
was performed with beta actin as the loading control. b Densito-
metric analysis of all proteins relative to beta actin. CON represents 
untreated group, TM represents 0.25  µg/ml tunicamycin treated 

group, TM + TAN represents TM tangeretin (10  µM) co-treated 
group, TM + PBA represents TM 4-phenylbutyric acid (100  µM) 
co-treated group. Values are expressed as mean ± SEM where n = 3. 
*p ≤ 0.05 significantly different from control cells, #p ≤ 0.05 signifi-
cantly different from tunicamycin treated cells

Fig. 6   Effect of tangeretin on expression levels of TRB3, p-Akt, 
GLUT 2, Pdx-1, insulin during ER stress. a Western blot analysis of 
TRB3, p-Akt, GLUT2, Pdx-1 and insulin was performed. Beta actin 
was the loading control for TRB3, GLUT2, Pdx-1 and insulin while 
Akt was the loading control for p-Akt. b Densitometric analysis of 
TRB3, GLUT2, Pdx-1, insulin relative to beta actin and p-Akt rela-

tive to Akt. CON represents untreated group, TM represents 0.25 µg/
ml tunicamycin treated group, TM + TAN represents TM tangeretin 
(10 µM) co-treated group, TM + PBA represents TM 4-phenylbutyric 
acid (100 µM) co-treated group. Values are expressed as mean ± SEM 
where n = 3. *p ≤ 0.05 significantly different from control cells, 
#p ≤ 0.05 significantly different from tunicamycin treated cells
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and insulin expression were also decreased significantly to 
86.32% compared to control cells as depicted in Fig. 6a, b. 
Treatment with tangeretin improved the Pdx-1 levels sig-
nificantly by 18.76% compared to tunicamycin treated cells 
(Fig. 6a, b). Tangeretin improved the insulin levels by 5.86% 
but it was not significant compared to tunicamycin group 
as shown in Fig. 6a, b. In PBA treated group the Pdx-1 lev-
els were remarkably improved by 32.09% whereas insulin 
expression was decreased by 9.57% compared to tunicamy-
cin treated group (Fig. 6a, b). These results were also cor-
roborated by the immunofluorescence data of Pdx-1(Fig. 7a) 
and insulin (Fig. 7b).

Discussion

ER stress is a key mediator of insulin biosynthesis impair-
ment and subsequent pancreatic beta cell dysfunction, a 
major event in diabetic progression. Identifying ER protec-
tive agents that target the ER stress and related signaling 
mechanisms may aid in novel therapeutic strategies for dis-
ease management. The present study attempted to evaluate 
the role of tangeretin in amelioration of tunicamycin induced 
perturbations in pancreatic Beta-TC-6 cells. Here, treatment 
of pancreatic beta cells with tunicamycin resulted in ROS 
generation, hallmark of oxidative stress. Co-treatment with 
tangeretin was effective in bringing down the ROS lev-
els. As pancreatic beta cells express low levels of cellular 

antioxidants, they are more susceptible to redox disturbances 
[25]. ER stress and oxidative stress share a strong relation-
ship in pancreatic beta cells where the prolonged exposure 
to former negatively affects insulin biosynthesis and beta 
cell function [26].

Cells under ER stress, generate more ROS due to the 
upregulation of the protein folding machinery which works 
to reduce the burden of misfolded proteins [27]. In the pre-
sent study, treatment with tunicamycin induced the expres-
sion of the protein folding machinery proteins namely XBP-
1, GRP94 and calnexin. IRE-1α arm of the UPR triggers 
the splicing of XBP-1 which then upregulates the ER resi-
dent chaperones to enhance the protein folding for allevia-
tion of the ER stress [28]. Overexpression of XBP-1 is also 
associated with decreased insulin levels, impaired glucose 
stimulated insulin secretion and beta cell apoptosis [29]. 
GRP94 and calnexin are part of the quality control system 
in the ER and are induced during ER stress conditions [30]. 
By remarkably reducing the levels of XBP-1 and GRP94, 
tangeretin inhibited the tunicamycin-induced activation of 
the protein folding machinery, indicating a reduction in the 
stress condition.

GADD153/CHOP expression is an indication of mala-
daptive or dysregulated UPR which subsequently results in 
cellular dysfunction [31]. Here, we observed an increased 
expression of GADD153 on prolonged exposure to tuni-
camycin which was suppressed on tangeretin co-treatment. 
Song et al. have reported the role of GADD153 in linking 

Fig. 7   Immunofluorescence expression studies of Pdx-1 and insu-
lin during ER stress. Immunofluorescence imaging of a Pdx-1 and b 
insulin, using fluorescence microscope. Magnification ×20. Scale cor-
responds to 20 µm. CON represents untreated group, TM represents 
0.25 µg/ml tunicamycin treated group, TM + TAN represents TM tan-

geretin (10  µM) co-treated group, TM + PBA represents TM 4-phe-
nylbutyric acid (100  µM) co-treated group. Values are expressed as 
mean ± SEM where n = 3. *p ≤ 0.05 significantly different from con-
trol cells, #p ≤ 0.05 significantly different from tunicamycin treated 
cells
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protein misfolding to oxidative stress in pancreas. CHOP or 
GADD153 deletion was associated with reduced oxidative 
stress and improved beta cell function in in vivo models 
[32]. Targeting the CHOP can be a therapeutic approach to 
improve beta cell function.

Recent studies indicate a role of both ER stress and oxida-
tive stress in the loss of mitochondrial membrane potential 
[33, 34]. Our findings demonstrate an improvement in mito-
chondrial membrane potential by tangeretin under ER stress 
conditions. Mitochondrial membrane hyperpolarization and 
downstream increase in ATP/ADP ratio is a necessary step 
in the canonical glucose stimulated insulin secretion (GSIS) 
[35]. Under diabetic conditions there is a loss of mitochon-
drial membrane potential which may hamper the insulin 
secretion. Loss in mitochondrial biogenesis or number due 
to mitochondrial dysfunction is manifested in diabetic con-
dition [36]. Improving the mitochondrial biogenesis can 
aid in better management of the disease [37]. In our study, 
under ER stress conditions the mitochondrial biogenesis was 
found to be significantly reduced indicating mitochondrial 
dysfunction as evident from the Mito tracker red staining 
whereas co-treatment with tangeretin remarkably improved 
the same. This data is consistent with the GADD153 expres-
sion levels in tunicamycin treated group which indicates beta 
cell dysfunction upon induction of ER stress.

Under physiological conditions the Akt signaling plays an 
important role in beta cell proliferation, function and insulin 
secretion [38, 39]. Akt function is negatively regulated by 
oxidative stress and ER stress and improving the Akt func-
tion will contribute to beta cell function [40]. TRB3, an ER 
stress marker protein that is involved in the suppression of 
the Akt active form, is activated by the ATF4/GADD153 
arm of the UPR [41]. Here we observed a concomitant 
increase in the expression of TRB3 and a downregulation 
in p-Akt levels in cells treated with tunicamycin only. Tan-
geretin significantly brought down the TRB3 levels while 
increasing the p-Akt levels which indicates the efficacy of 
the citrus flavone in promoting beta cell survival and func-
tion under ER stress condition by suppressing the TRB3 
levels and improving the p-Akt levels.

The main stimulus for pancreatic insulin secretion is the 
glucose which is taken into the cells by the GLUT2 trans-
porter on the plasma membrane of rodents. Unlike GLUT4 
which gets activated in response to insulin, GLUT2 is acti-
vated by the extracellular glucose [42]. After reaching the 
cytosol, the glucose is phosphorylated by the glucokinase 
enzyme for glycolysis for generation of ATP and subse-
quently aids in insulin secretion [43]. Here, the expression 
of GLUT2 did not change significantly under ER stress 
conditions. This was even observed in cells co-treated with 
tangeretin. This is in contrast to previous reports where the 
GLUT2 expression was significantly reduced under ER 
stress condition in pancreatic beta cells [29, 44]. However, 

few previous studies have also reported the unchanged 
GLUT2 levels in response to tunicamycin [45, 46]. This can 
be because GLUT2 is not the rate limiting step in the insulin 
biosynthesis signaling as it mediates passive glucose dif-
fusion. In our study this can be due to the subtoxic levels 
of tunicamycin and also because GLUT2 expression is not 
directly related to ER stress [47].

We also studied the expression of Pdx-1, a transcriptional 
factor which is essential for insulin gene expression and also 
required for beta cell survival by regulating development, 
maturation and differentiation and reduced Pdx-1 expres-
sion is associated with beta cell dysfunction [48]. In this 
study, the expression of Pdx-1 was significantly suppressed 
on treatment with tunicamycin while co-treatment with tan-
geretin restored the Pdx-1 levels as evident from the Western 
blot results. This was in agreement with Yao et al., who dem-
onstrated the efficacy of an O-methylated isoflavone in pro-
moting the activity of Pdx-1 under glucotoxic and lipotoxic 
conditions in in vitro and in vivo models [49]. The major 
function of pancreatic cells involves insulin biosynthesis and 
secretion in response to elevated blood glucose levels. Dur-
ing chronic ER stress conditions, pancreatic beta cell func-
tion is compromised resulting in reduced levels of insulin 
synthesis as well as insulin secretion. From our results it was 
seen that expression of the insulin protein was modestly but 
significantly downregulated upon treatment with tunicamy-
cin. This modest decrease may be due to the subtoxic dose 
of tunicamycin used in the study, that was sufficient for ER 
stress induction but not strong enough to fully curtail the 
insulin expression. Co-treatment with tangeretin could only 
marginally improve the insulin levels. ER stress contributes 
to both reduced insulin expression and beta cell damage 
while tangeretin ameliorated the pancreatic beta cell dam-
age by suppressing maladaptive UPR, oxidative stress and 
mitochondrial damage, it could only moderately improve 
the insulin levels. A summary of the results is schematically 
depicted in Fig. 8. Findings from this study indicate the ER 
protective role of tangeretin in improving pancreatic beta 
cell survival.

Conclusion

ER stress in pancreatic beta cells compromise their func-
tion by upregulating maladaptive UPR, inducing oxidative 
stress, mitochondrial dysfunction and suppressing insu-
lin expression. Tangeretin was effective in mitigating ER 
stress induced cellular disturbances and improving beta cell 
survival under ER stress condition and hence, we propose 
tangeretin as ER protective agent and a potential candidate 
in mitigating ER stress induced pancreatic Beta-TC-6 cell 
dysfunction.
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