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Abstract 

 

Diabetes Mellitus (DM) is a group of metabolic disorders characterized by an increased level 

of blood glucose due to defects in insulin secretion or action or both. Among all diabetic 

conditions, type 2 diabetes is most prevalent and accounts for nearly 90-95% of patients 

diagnosed with diabetes worldwide. Type 2 diabetes mellitus (T2DM) is a metabolic disease 

characterized by elevated blood glucose level and insulin resistance. The world health 

organization (WHO)  reported that the worldwide number of people with diabetes has risen to 

422 million in 2014 from 108 million in 1980 with an estimated 1.5 million deaths in 2012 

(World Health Organization, 2016). As the knowledge of heterogeneity of this disorder 

increases, there is a need to search for more efficacious agents with lesser side effects. 

Although the modern medicines and therapies can mitigate diabetes to some extent, there are 

several unprecedented complications that need to be addressed through a holistic approach of 

therapy. Towards this end, a validation of our traditional knowledge of Ayurveda and then 

combining it with the modern scientific approach may provide the best possible solution to it. 

The traditional plant-based medicines are safe, effective, economical, non-toxic with no or 

lesser side effects as compared to other synthetic drugs. Hence these herbal plants or active 

phytoconstituents are considered to be the best possible alternative candidates in diabetes 

management.   

 The present thesis entitled “Effects of some flavonoids on obesity-linked type 2 

diabetes: role of autophagy” deals with evaluating the anti-obesity and antidiabetic effects of 

some flavonoids using in vitro and in vivo approaches followed by evaluating the autophagy 

stimulatory activity of these flavonoids. Out of four flavonoids selected for this study, 

kaempferol was found to be most potent in stimulating autophagy and restoring β-cell mass 

and function. Thus, kaempferol was chosen for further detailed and mechanistic studies using 

in vitro, ex vivo and in vivo models to establish the exact cross-talks among various pathways 

in causing autophagy and its related antidiabetic effects. 

 In the beginning, the Chapter 1 introduces briefly the present scenario of diabetes and 

therapeutic drugs available for the management of this metabolic disorder. It also deals with 

the key mechanisms and major signaling pathways involved in the pathophysiology of this 

disease that needs to be targeted for its prevention and cure. These mechanisms can serve as a 
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major target to select a natural molecule for its respective efficacy. Finally, the detailed 

objective to be attained in this study is specified in this chapter. 

 Followed by this, Chapter 2 presents: (i) a detailed review on diabetes and its link to 

obesity; (ii) detailed mechanisms involved in pathophysiology of diabetes with special 

emphasis on insulin resistance and β-cell failure; (iii) conventional and current therapies for 

diabetes management and their limitations; (iv) understanding the molecular mechanism of 

autophagy and its role in obesity-linked diabetes, insulin resistance and β-cell failure with 

major focus on molecular pathways and their therapeutic targets; (v) recent research detailing 

benefits of phytochemicals and their characteristic to target multiple pathway on various target 

tissues and (vi) the hypothetic idea behind the present thesis to elucidate the efficacy of 

flavonoids for their potential to stimulate autophagy and their antidiabetic role. Each of these 

hypotheses was further explored in subsequent chapters of the thesis. 

 The main objective of the present work is to decipher anti-obesity, antidiabetic and 

autophagy stimulatory effects of flavonoids followed by understanding their mode of action. 

There are various in vitro and in vivo assays which are already established to confirm a 

compound to be anti-obese and antidiabetic. All these parameters are elaborated in Chapter 3 

of this thesis. In this regards, this chapter contains the details about various cell lines, ex vivo 

and in vivo models used in the study and the overall principles and methodology of all the 

experimental assays that were performed to identify the autophagy stimulatory and antidiabetic 

effects of flavonoids. Hence, various biochemical methods such as cell proliferation assays, 

adipocyte differentiation assays, Oil Red O staining, glucose uptake assay, specific assays to 

detect apoptosis and autophagy, which were used initially to screen the selected flavonoids’ 

potential as antidiabetic or anti-obese potentiality are described in detail. Further, the 

principles of the biological mechanisms were studied at the transcriptional and translational 

levels of various genes to evaluate their mode of actions intracellularly. 

 T2DM is a metabolic disorder with an elevated blood glucose level and insulin 

resistance, are mostly associated with obesity thus indicating a direct correlation between these 

two pathological conditions. Recent studies showed that dysfunctional autophagy is involved 

in the loss of β-cell mass and function, hence, demonstrating pathophysiology of obesity-

linked diabetes. Therefore, identifying agents that could restore autophagy in degenerated β-

cells are of great importance under the current therapeutic regime. Currently, an active area of 

diabetes research focuses on identifying naturally occurring phytochemicals that can be 
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modulated or developed into therapeutic for diabetes due to their intriguing role in treating 

various diseases. One such group of phytochemicals found extensively in various plants is 

flavonoid. In Chapter 4, few of these flavonoids were screened using in vitro and in vivo 

models for their anti-obesity and antidiabetic effects. These flavonoids were further analyzed 

for their potential to stimulate autophagy under lipid overload conditions. Our results showed 

that among all-selected flavonoids, kaempferol had potent antidiabetic and autophagy 

stimulating activities as obtained from initial screening tests and thus selected for further 

detailed and mechanistic studies. 

Lipotoxicity of pancreatic β-cells is the pathological manifestation of obesity-linked type II 

diabetes.  Autophagy is a lysosomal degradation pathway of dysfunctional macromolecules 

and organelles which protects cells from stressed conditions and acts as an adaptive pro-

survival response. In Chapter 5, we intended to determine the cytoprotective effect of 

kaempferol on pancreatic β-cells undergoing apoptosis in palmitic acid (PA)-stressed 

condition. The data showed that kaempferol treatment increased cell viability and anti-

apoptotic activity in PA-stressed clonal pancreatic β-cells (RIN-5F cell line) and isolated 

primary cultures of rat islets. Further, it was found that kaempferol exerts its cytoprotective 

actions by inducing autophagy via AMPK/mTOR signaling pathway in PA-stressed pancreatic 

β-cells. 

Chapter 6, depicts the molecular mechanism involved in cross-talk between kaempferol-

mediated autophagy and its anti-apoptotic effect in PA-stressed β-cells. Endoplasmic reticulum 

(ER) stress generated due to the accumulation of lipid in β-cells is one of the major features of 

pathological conditions involved in cell death under lipid overload conditions. Interestingly, 

autophagy is involved in the alleviation of lipid-induced ER stress thus protecting β-cell from 

apoptosis. On the other hand, autophagy is also reported to degrade lipid droplets in 

hepatocytes, however, its role in lipid metabolism of β-cell is rarely reported. Based on this 

information in this study, the inhibitory effects of kaempferol-induced autophagy on PA-

induced lipid deposition and ER stress were evaluated. Our studies showed that kaempferol-

induced AMPK/mTOR-mediated autophagy abolished the PA-induced ER stress and lipid 

accumulation which seems to be one of the possible mechanisms involved in the kaempferol-

mediated restoration of β-cell mass. Additionally, this study revealed that kaempferol-induced 

autophagy also restored the β-cell function. 
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In Chapter 7, we intended to validate our findings in a more promising diabetic model, the 

high fat diet (HFD) and streptozotocin (STZ)-induced type 2 diabetic mice, an alternative 

animal model of type 2 diabetes, simulating human syndrome which has been extensively used 

to test antidiabetic effects of various drugs/compounds. Our results exhibited that kaempferol 

treatment resulted in significant improvement in glycemic control and metabolic profile in 

HFD-STZ-induced diabetic mice. The improved glucose homeostasis was found to be 

associated with increased insulin sensitivity. Further, it was evident that kaempferol-induced 

autophagy is involved in the protection of β-cell mass and function which in part ameliorates 

diabetes in HFD-STZ induced diabetic mice.   

 The two pathophysiologic abnormalities which link obesity to T2DM, are β-cell failure 

and insulin resistance. Hence, in Chapter 8, the effects of kaempferol on hepatic insulin 

resistance and insulin signal transduction were evaluated in vitro and in vivo in PA-challenged 

HepG2 cells and livers of HFD-STZ-induced diabetic mice respectively. Dysfunctional 

autophagy and ER stress due to increased ectopic lipid accumulation in hepatocytes are the 

pathological manifestation involved in the lipid-induced impairment of insulin signaling and 

thus insulin resistance. In this study, lipid inhibitory effects of kaempferol were determined in 

in vitro and in vivo models. Further, to explore the possible underlying mechanism, the role of 

autophagy and β-oxidation were investigated. Our results showed that kaempferol exerted its 

lipid inhibitory effects in hepatocytes through autophagy and β-oxidation mechanism under 

lipid overload conditions. Further, kaempferol treatment significantly abolished the HFD-

mediated increase in ER-stress induced JNK (Thr183/Tyr185) and IRS-1 phosphorylation 

(Ser307) which finally helped in the restoration of insulin-stimulated phosphorylation of Akt 

(Ser473). Together, this study revealed that kaempferol-induced AMPK-mTOR-mediated 

autophagy is involved in the alleviation of hepatic lipid accumulation and impaired insulin 

signal transduction in PA-induced HepG2 cells and livers of HFD-STZ-induced diabetic mice 

which, in part, ameliorates insulin resistance and hyperglycemia.   

 Finally, Chapter 9 summarizes the major findings of the current thesis and provides 

suggestions for future work in this area. The scientific findings dealt with in this thesis may be 

of use to the future researchers working in this area. Last but not least, Chapter 10 of this 

thesis listed the bibliography which was consulted in course of the present work. 
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Chapter 1. Introduction 

 

Diabetes Mellitus (DM) is a group of metabolic disorders characterized by increased level of 

blood glucose due to defects in insulin secretion or action or both which is further associated 

with other long-term complications such as diabetic retinopathy, cardiovascular disorders, 

liver, kidney and neurovascular dysfunctions (American diabetes association, 2009). It is one 

of the most prevalent diseases worldwide and its incidence is progressively increasing each 

passing days. 

The world health organization (WHO 2016) validated that the worldwide number of 

people with diabetes has risen to 422 million in 2014 from 108 million in 1980 with an 

estimated death of 1.5 million people in 2012. WHO projects that by 2030, diabetes will be the 

seventh leading cause of death globally (World Health Organization, 2016).  

DM is classified into two main categories: (1) Insulin-dependent diabetes mellitus 

(IDDM)/Type 1 diabetes and (2) Noninsulin-dependent diabetes mellitus (NIDDM)/ Type 2 

diabetes. Among all diabetic conditions, type 2 diabetes is most prevalent and accounts for 

nearly 90-95% of patients diagnosed with diabetes worldwide.  

Type 2 diabetes mellitus (T2DM) is a metabolic disease characterized by elevated 

blood glucose level and insulin resistance. A common health condition which often 

accompanies T2DM is obesity and thus draws a clear correlation between these adverse 

situations (American Diabetes Association, 2011). It is already known that obese conditions 

render the individual even more susceptible to develop T2DM. The saturated fats derived from 

fat depots of obese individual increases free fatty acids in circulation which consequently 

impairs skeletal muscle responsiveness to insulin. The hyperglycemic conditions that 

subsequently prevails, induces the compensatory increase in insulin synthesis and secretion 

which break down at later time points due to pancreatic β–cell failure (Donath and Halban, 

2004; Boden, 2011; Al-Goblan et al., 2014). Progressive β-cell failure and dysfunction are 

major pathogenic features of the development and continued progression of T2DM. Therefore, 

the protection and recovery of β–cell mass and function should be the prime target for 

treatment and prevention of T2DM (Chen et al., 2017). 

Recently, it has been established that autophagy dysfunction due to lipid overload can 

lead to endoplasmic reticulum (ER) and mitochondrial dysfunction in β-cells that in turn may 

lead to loss of β-cell mass and function (Chen et al., 2017). Autophagy is an intracellular 
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lysosomal degradative process of defective proteins, macromolecules, damaged organelles and 

toxic aggregates, which plays a pivotal role in maintaining cell homeostasis (Mizushima, 2007; 

Jana, 2010; Ahn et al., 2016). Apart from this, autophagy can also be instigated in response to 

stress conditions like nutrient deprivation, infection and diseased state, wherein it plays a 

cytoprotective role. The role of autophagy in sustaining pancreatic β-cell mass and function is 

well established and its failure has been linked to the pathophysiology of type 2 diabetes 

(Codogno and Meijer, 2010). Recent studies have elucidated that in the presence of saturated 

fatty acids and hyperglycemic conditions, β-cells undergo apoptosis due to impairment of 

autophagic turnover. Exposure of human pancreatic islets and β-cell lines to fatty acids and 

glucose blocks autophagic flux which in turn leads to apoptotic β-cell death (Mir et al., 2015). 

Both type 2 diabetic patients and high-fat diet mice model often exhibit a dysregulated 

autophagic activity which further ascertains the implication of impaired autophagy in the 

pathophysiology of T2DM  (Masini et al., 2009; Codogno and Meijer, 2010).  

On the basis of this pre-notion, rapamycin (a mTOR inhibitor and known activator of 

autophagy) has been validated to exert the cytoprotective effect on palmitic acid (PA)-induced 

β-cells by reducing the blockage of autophagic turnover (Mir et al., 2015). Similarly, other 

regularly prescribed antidiabetic drugs like rosiglitazone and metformin were also found to 

rescue β-cells from PA-induced apoptosis through modulation of autophagy (Wu et al., 2013; 

Jiang et al., 2014). Thus, induction of autophagy could be a potential target to combat saturated 

fatty acid-mediated apoptotic cell death (Stienstra et al., 2014). Hence, identifying agents that 

could modulate autophagy in pancreatic β-cells in lipid-excess stressful conditions could be a 

better target in developing therapies for obesity-linked T2DM.  

As the knowledge of heterogeneity of this disorder increases, there is a need to search 

for more efficacious agents with lesser side effects. Although the current medicines and 

therapies can mitigate diabetes to some extent, there are several unprecedented complications. 

The major one of them is that  these therapies do not significantly improve β-cell mass and 

function simultaneously, thus become less effective over time as a result of progressive loss of 

β-cell number and function, with the consequence a majority of type 2 diabetic patients do not 

attain current glycemic goals (Sena et al., 2013; Chen et al., 2017).  Thus, targeting β-cell 

failure early in disease progression has emerged as a new therapeutic approach to treat T2DM. 

Currently, no antidiabetic drug has been proven clinically effective for the prevention of β-cell 

atrophy although thiazolidinediones (TZDs) and glucagon-like peptide-1 (GLP-1) analogues 

have testified being effective in animals (Gastaldelli et al., 2007; Tourrel et al., 2002). 
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Recent research focuses mainly on improving glucose homeostasis by protection or 

regeneration of β-cell. These cellular-based therapeutic approaches are focused on the 

stimulation of β-cell proliferation, transplantation of the islet cells or β-cells, protection of β-

cells from apoptosis and in vivo β-cell regeneration. However, none of these approaches are in 

clinical use due to several reasons like shortage of donors, inadequate techniques of β-cells 

generation and β-cells in adult humans do not grow sufficiently (Vetere et al., 2014; Kim et al., 

2016).  

Currently, an active area of diabetes research focuses on identifying naturally occurring 

flavonoids, a group of phytochemicals that can be modulated or developed into diabetes 

therapeutics due to their intriguing role in treating various diseases (Chang et al., 2013). Also, 

these phytochemicals because of their lesser side effects, more reliable in pharmacological 

actions and cost-effectiveness, are considered to be excellent alternative candidates in diabetes 

management. Keeping in mind all the above mentioned recent strategies and targets, the major 

focus of this work was to find out novel autophagy modulators which can protect β-cell mass 

and function as a principal approach in the prevention of obesity-linked type 2 diabetes with an 

additional impact on liver functions and further understanding their mechanism of action in 

detail. Overall, the present study attempted to achieve the following objectives: 

 

1. Screening of various flavonoids for their anti-obesity and antidiabetic activities: in vitro 

and in vivo studies. 

2. Understanding the role of kaempferol in the modulation of autophagy and its effect on 

cytoprotection of pancreatic β-cells under lipid overload condition in in vitro and ex vivo 

models. 

3. To determine the role of kaempferol-mediated autophagy in the alleviation of lipid 

deposition, ER stress and β-cell dysfunction and its mechanism of action in vitro and ex 

vivo. 

4. Validation of the role of kaempferol in the modulation of autophagy and restoration of β-

cell mass and function in high-fat diet (HFD)-streptozotocin (STZ) mice. 

5. Role of kaempferol-mediated autophagy in amelioration of lipid deposition and insulin 

resistance in lipid-induced hepatocytes (in HepG2 cells) and liver of HFD-STZ mice. 
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Chapter 2. Literature Review 

 

2.1. Introduction 

 

Diabetes Mellitus (DM) is a group of metabolic disorders characterized by increased level of 

blood glucose due to defects in insulin secretion/insulin action or both which is further 

associated with other long-term complications such as diabetic retinopathy, cardiovascular 

disorders, liver dysfunction, kidney dysfunction and neurovascular dysfunction (American 

diabetes association, 2014; Asmat et al., 2016; McCracken et al., 2018 ). These complications 

are attributed to the imbalance in metabolic storage and mobilization of the energy sources 

such as carbohydrates, proteins and lipids. It is one of the most prevalent diseases worldwide 

and its incidence is progressively increasing each passing day. The current trend of 

classification of diabetes follows the categorization pattern according to the etiology and 

clinical manifestations. According to the recent classification pattern ascribed by American 

Diabetes Association (ADA), diabetes can be categorized into the following types (Baynes, 

2015; American diabetes association, 2018): 

(i) Type 1 diabetes mellitus /insulin dependent diabetes 

(ii) Type 2 diabetes mellitus /non-insulin dependent diabetes 

(iii) Gestational diabetes mellitus (GDM) 

(iv)  Specific types of diabetes due to other causes 

 

2.1.1. Type 1 diabetes mellitus /insulin dependent diabetes  

In Type 1 diabetes mellitus (T1DM), the body does not produce enough insulin due to 

the gradual destruction of insulin-secreting pancreatic β-cells by its autoimmune system which 

results in increased blood glucose level (Liston et al., 2017). It is predominantly found in 

children (childhood onset/juvenile diabetes) and adults (in their later stage of life). It is often 

called as autoimmune diabetes, the onset of which is characterized by progressive loss of 

pancreatic β-cells due to the autoimmune destruction of β-cells, mediated by T-cells 

(Katsarou et al., 2017; Knip, 2017). T1DM accounts for approximately 5-10% of the total 

diabetic population globally (Brownlee et al., 2017). Individuals having autoantibodies 

against insulin (IAA) and glutamic acid decarboxylase (GADA) in their childhood or 

antibodies against zinc transporter 8 (ZnT8) and islet antigen-2 (IA2) at their later stage of 
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life, pose a greater risk of developing T1DM (Grulich-Henn and Klose, 2017). Often type 1 

diabetes represented at the late stage (generally termed LADA) provides ambiguity for the 

current classification system (Schwartz et al., 2016). Several microvascular complications 

associated with T1DM are diabetic kidney disease, retinopathy, neuropathy and albuminuria 

(Bjerg et al., 2018). T1DM management includes regular lifelong insulin therapy whereas 

recent therapeutic innovations like insulin analogues are also being explored that deal with 

significant reductions in hemoglobin A1c (HbA1c) (Brownlee et al., 2017). 

 

2.1.2. Type 2 diabetes mellitus /non-insulin dependent diabetes  

Type 2 diabetes mellitus (T2DM) is the most prevalent form that is found in 90% of the 

diabetes cases globally. It was formerly known as non-insulin dependent or adult-onset 

diabetes. Usually, adults suffer from this condition most frequently whereas increasing 

prevalence in adolescents is being observed as well. T2DM is caused by the progressive loss of 

β-cell mass and function with an impairment of insulin secretion and subsequent development 

of insulin resistance (World Health Organization, 2016; Chatterjee et al., 2017). As a result of 

which there is a decreased uptake of glucose by the major insulin-responsive tissues such as 

liver, skeletal muscle and adipocyte. There are several predisposing factors driving the onset of 

type 2 diabetes. However, obesity plays a crucial role in the pathogenesis of type 2 diabetes. 

Circulating free fatty acid cause the impaired insulin action and decreased glucose uptake by 

the organs along. The increased inflammatory cytokines like leptin, resistin, adiponectin, TNF-

α also implicate insulin resistance and possibly β-cell dysfunction. Lots of micro and 

macrovascular complications are associated with the severity of the disease. However, reports 

suggest that these microvascular complications are more prominent among type 2 diabetes 

patients compared with type 1 diabetes patients diagnosed in a group of teenagers and young 

adults (Dabelea et al., 2017). The detail pathophysiology and associated complications are 

discussed in the next section. 

2.1.3. Gestational diabetes mellitus (GDM)  

Gestational diabetes mellitus (GDM) is usually defined as a condition with a 

hyperglycemia and glucose intolerance with onset or first recognition during pregnancy. 

Gestational diabetes mellitus happens during the second or third trimester of pregnancy which 

was not evident earlier to gestation. The complication is prevalent around 7% among all 

pregnancies. The underlying mechanisms involve pancreatic β-cell dysfunction because of 
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obesity and chronic insulin resistance. Another reason may be the occurrence of circulating 

immune markers (for example, anti-islet cell antibodies or antibodies to glutamate 

decarboxylase 65) that are usually diagnosed with type 1 diabetes mellitus (T1DM).  

2.1.4. Specific types of diabetes due to other causes  

  Several other specific types of diabetes results from the occurrence of  monogenic 

diabetes syndromes (such as neonatal diabetes and maturity-onset diabetes of the young 

[MODY]), diabetes of the exocrine pancreas (as an universal nomenclature) due to surgical 

resection , pancreatitis or inflammation which was mostly referred earlier as type 3c-diabetes 

(Woodmansey et al., 2017) and chemical or drug-induced diabetes (such as after organ 

transplantation or with glucocorticoid use during HIV/AIDS treatment). 

2.2. Diagnostic criteria for diabetes 

According to the standardized guidelines of American Diabetes Association (ADA), 

diabetes may be diagnosed on the criteria of glycated hemoglobin (HbA1c) or plasma glucose. 

The fasting plasma glucose (FPG) or the 2-h plasma glucose (2-h PG) value after a 75-g oral 

glucose tolerance test (OGTT) is used as a gold standard estimation criterion for diabetes 

diagnosis and care. The following criteria are recommended for diabetes diagnosis (American 

diabetes association, 2015) (Fig. 2.1). 

 

 

Fig. 2.1. Diagnostic criteria for diabetes mellitus (as standardized by ADA) 
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2.3. Global burden of diabetes 

According to a report published in WHO fact sheet, around 422 million adults were 

living globally with diabetes in 2014 which had almost quadrupled to 108 million as reported 

in 1980 (World Health Organization, 2016; NCD Risk Factor Collaboration, 2016). According 

to a report, this number has been estimated to reach 642 million (uncertainty interval: 521–829 

million) of age group 20–79 by the year 2040 (Ogurtsova et al., 2017). However, T2DM is the 

most prevalent form and about 90% of the diabetic population is diagnosed with T2DM 

(Zheng et al., 2018). Recently it has been reported that 1 among 11 individuals suffers from 

diabetes mellitus and currently Asia is predicted to be the epicenter of this global epidemic 

of T2DM (Ogurtsova, 2017; Zheng et al., 2018). The global occurrence and prevalence of 

diabetes differ a lot according to diverse geographical regions, a great part (about 80%) of 

diabetic patients are from low-to-middle-income countries (Ogurtsova et al., 2017). However, 

the overall increasing trend of the global burden of diabetes is attributed to the increased 

prevalence in almost every country since 1980 (NCD Risk Factor Collaboration, 2016).  

2.4. Complications associated with diabetes 

Diabetes mellitus is not a single endocrine dysfunction, rather a multifaceted cluster of 

heterogeneous metabolic afflictions (Piero et al., 2015; Deepthi et al., 2017). Complications 

associated with diabetes are majorly grouped under microvascular (caused by damage in small 

blood vessels) and macrovascular (caused by damage in larger blood vessels) (Lotfy et al., 

2017; Schwartz et al., 2017) (Fig. 2.2). 

 

Fig 2.2. Major complications associated with diabetes mellitus. 
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2.4.1. Microvascular complications 

Microvascular complications associated ailments are retinopathy, nephropathy and 

neuropathy (Menezes Zanoveli et al., 2016; Trikkalinou et al., 2017; Emanuel et al., 2017; 

Khan et al., 2017). 

2.4.1.1. Diabetic retinopathy 

Long-term diabetes and severe hyperglycaemia often cause blurred vision due to the 

damage in the retina which is known as diabetic retinopathy. Both type 1 and type 2 patients 

suffer from this condition, the latter case being more prominent (Khan et al., 2017). 

2.4.1.2. Diabetic neuropathy 

The high blood glucose level often leads to damage in the peripheral and central 

nervous system resulting into the impaired motor and cognitive functions. Diabetic neuropathy 

leads to depression which also affects the quality of life (Menezes Zanoveli et al., 2016; 

Trikkalinou et al., 2017; Emanuel et al., 2017). 

2.4.1.3. Diabetic nephropathy 

Damage to the small blood vessels in the kidneys due to hyperglycemia and 

hypertension leads to nephropathy and ultimately kidney failure and death (Kartha et al., 

2008).  

2.4.2. Macrovascular complications 

Macrovascular complications include the risk of cardiovascular diseases such as heart 

attacks, strokes and insufficiency of blood supply to legs (Chandel et al., 2017). 

2.4.2.1. Cardiovascular complications 

There is a great risk of cardiovascular diseases (CVD) and other related complications 

like peripheral vascular disease and stroke in the patients suffering from diabetes due to 

hypertension, dyslipidemia, hypercholesterolemia and obesity. Moreover, T2DM patients are 

more prone to CVD than those not having T2DM (Shah et al., 2015; Retnakaran and Shah, 

2017).  

 



                                                                                                      Chapter 2. Literature Review 

 

10 
 

2.4.3. Other related complications 

2.4.3.1. Cataract 

Cataract is one of the earliest complications associated with diabetes which results into 

visual impairment due to the lens opacification caused by hyperglycaemia (Sayin et al., 2015). 

2.4.3.2. Glaucoma 

Diabetic patients develop a condition of glaucoma in which the optic nerve gets 

damaged due to the increased fluid pressure inside the eyes (Sayin et al., 2015).. 

2.4.3.3. Osteoarthritis and osteoporosis 

Diabetic patients suffer from loss of joint cartilage and deteriorated bone 

microarchitecture. T1DM patients are exposed more to osteoporosis whereas T2DM patients 

suffer from joint pain, inflammation and osteoarthritis (Lin and Dass, 2018; Hameed et al., 

2015; Kabadi, 2017; Jin et al., 2017). 

 

2.5. Type 2 diabetes mellitus (T2DM) 

Type 2 diabetes mellitus (adult-onset diabetes), previously known to be non-insulin-

dependent diabetes, emanates from the insufficient insulin secretion and utilization in the body 

due to the loss of mass and function of pancreatic β-cells with the ultimate occurrence of 

insulin resistance in several organs (WHO, 2016; Chatterjee et al., 2017). Usually, an 

individual is speculated to have type 2 diabetes if he/she does not show any general symptoms 

of type 1 diabetes (insulin-dependence, characteristic rapid childhood onset and ketoacidosis 

when neglected), monogenetic diabetes or specific other types of diabetes (Internal Clinical 

Guidelines Team, 2015). 

2.5.1. Risk factors associated with type 2 diabetes mellitus progression 

Several factors that contribute to the pathogenesis of T2DM are body mass index 

(BMI), genetics, hypertension, physical inactivity, dietary patterns and obesity (Wu et al., 

2014) (Fig. 2.3).  
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Fig 2.3. Risk factors associated with development and progression of type 2 diabetes mellitus. 

 

2.5.1.1. Body mass index (BMI) 

Increased body mass index in terms of increased obesity has a positive correlation with 

type 2 diabetes in men and women (Siegel et al., 2009). Also increased sedentary lifestyle and 

physical inactivity indirectly further promotes the disease.  

2.5.1.2. Genetic factors 

Several genes which are expressed in pancreatic cells controlling its function and 

insulin secretion play role in the development of T2DM. Researchers have identified several 

genes like FTO, KCNJ11, WFS1, TCF7L2, IGF2BP2, CDKAL1, SLC30A8, JAZF1, HHEX 

and NOTCH2 to be greatly involved in mediating risk of type 2 diabetes (Murea et al., 2012). 

The transcription factors 7-like 2 (TCF7L2) is one of the major genes expressed in pancreatic 

cells and also controls insulin gene expression and insulin secretion (Zhou et al., 2014). 

2.5.1.3. Hypertension 

Endothelial dysfunction, elevated blood pressure, and inflammatory markers such as C-

reactive proteins are consistently involved in the development of type 2 diabetes (Sen and 

Tyagi, 2010; Lastra et al., 2014).  
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2.5.1.4. Physical inactivity 

Sedentary lifestyle including physical inactivity potentiates the risk of type 2 diabetes. 

Studies suggest that maintaining a healthy lifestyle by doing exercise may help in preventing 

the development and progression of type 2 diabetes and thus may improve insulin sensitivity 

and BMI (Aune et al., 2015). 

2.5.1.5. Dietary patterns 

Dietary sources having high glycaemic index are the one of the major reason for the 

increased risk of type 2 diabetes (Imamura et al., 2016). Recently, studies have shown that 

excessive intake of saturated and trans fat are detrimental to health and negatively regulates 

glucose metabolism and cause insulin resistance whereas higher intake of polyunsaturated fat 

and long-chain n-3 fatty acids are beneficial to health (Coelho et al., 2017; Hu et al., 2001; 

Imamura et al., 2016). Similarly, a lot of evidences suggest the indispensable role of vitamin D 

in controlling type 2 diabetes (Mitri et al., 2012; Pittas et al., 2010). Low intake of vitamin D 

increases the risk of this disease (Pittas et al., 2010). 

 

2.5.1.6. Obesity 

 

Obesity is defined as the abnormal excessive accumulation of fat that ultimately 

impairs physical wellbeing of individuals. Body mass index (BMI) is considered to define 

obesity in terms of weight-for-height estimation in adults (Nuttall, 2015). BMI is calculated by 

considering a person’s weight in kilograms divided by square of height in meters (kg/m2) 

(Marín-Peñalver et al., 2016). 

The BMI and obesity status for adults are defined as follows (National Institute for Clinical 

Excellence, 2014; Abarca-Gómez et al., 2017),  

 Individuals having BMI <25 are considered to be normal 

 Individuals having BMI ≥25 are considered to be overweight 

 Individuals having BMI ≥30 are considered to be obese. 

 

As per WHO obesity and overweight factsheet 2017, the global prevalence of obesity has 

tripled since 1975. In 2016, more than 1.9 billion adults, 18 years and older, were overweight. 

Of these, over 650 million were obese.  
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Obesity is one of the major causes of several metabolic disorders and is linked to 

increased mortality worldwide (Al-Goblan et al., 2014). The imbalance in energy intake and 

expenditure is the fundamental cause of obesity. Dietary sources rich in carbohydrate and fat, 

physical inactivity, sedentary lifestyle pattern positively correlate with obesity development 

and thus increase the risk of other associated metabolic disorders (Velásquez-Rodríguez et al., 

2014). Obesity is the major predisposing factor for the prevalence of T2DM (DeFronzo et al., 

2015; Boles et al., 2017; Saad et al., 2017). Adipose tissue is the major organ that store large 

amounts of energy in the form of triglycerides (TG) as well as hydrolyze and release 

triglycerides in the form of free fatty acids (Coelho et al., 2013). Adipocytes and the stromal 

vascular fraction in the adipose tissue execute an endocrine function by secreting several 

hormones that regulate glucose and lipid metabolism and overall maintains energy homeostasis 

(Coelho et al., 2013). However, increased metabolic load during obesity, leads to adipose 

tissue dysfunction characterized by enlarged adipocytes and secretion of pro-inflammatory 

cytokines (Goossens, 2008; Zhao and Liu, 2013). These conditions ultimately lead to ectopic 

fat accumulation where triglycerides are stored in tissues other than adipose tissue, such as the 

liver, skeletal muscle, pancreas and heart (Snel et al., 2012).   

2.5.2. Obesity and Diabetes – the connecting link 

The prevalence of T2DM is increasing worldwide with development of obesity (Giacca et 

al., 2010; Leitner et al., 2017). Most of the people diagnosed with obesity or diabetes are often 

found to be suffering from both (Mokdad et al., 2003). This is evident from the fact that the 

epidemiology of an obese person and that of type 2 diabetic person is almost same (Dietz, 

2004). This interdependent relationship has even lead to the coining of a new term “diabesity” 

(Darlene, 2013).  

In obese condition, the elevated level of circulating free fatty acids (FFAs) is one of the 

predisposing factors in the development of insulin resistance and hyperglycemia in the early 

phase of diabetes (Giacca et al., 2010). Although the complex relationship between obesity and 

diabetes is not fully understood, there are several proposed mechanism explaining this link. 

The initial concept was that circulating free fatty acids decrease the rate of glucose metabolism 

in muscles by affecting the Krebs cycle. To carry out the cells functioning, in these muscle 

cells free fatty acids become the preferential substrate (Shah et al., 2003). Besides reducing 

glucose oxidation, a rise in free fatty acids also decreases glucose storage in the cells by 

inhibiting glycogen synthase. These effects are seen in early obese conditions and now are seen 
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as the transition from obesity to diabetes. Premature insulin resistance and insulin secretion 

defect are also observed during the early phase of weight gain and slowly increases as the 

patient develops diabetes (Giacca et al., 2010). The initial response to increased insulin 

resistance in peripheral tissues is the compensatory increase in β-cell mass and insulin 

secretion by pancreatic β-cells. However, with the progression of diabetes, dysfunction and 

loss of β-cells occur in response to increased metabolic load which further leads to 

complications associated with T2DM (Assimacopoulos-Jeannet, 2004; Boden, 2011). 

Accumulating evidence suggests that the loss of β-cells in T2DM is closely related to increased 

apoptosis of β-cells, secondary to increased glucotoxicity and lipotoxicity (Maedler et al., 

2001; Lupi et al., 2002; Yuan et al., 2010). Chronic lipid accumulation, endoplasmic reticulum 

(ER) stress and impaired autophagy could be the key pathways involved in the loss of β-cell 

mass and function (Assimacopoulos-Jeannet, 2004; Biden et al., 2014; Masini et al., 2009).  

2.5.3. Pathophysiology of type 2 diabetes mellitus 

The pathophysiological conditions of T2DM include increased hyperglycemia and 

concomitant insulin resistance due to pancreatic β-cell failure that majorly reported up to 50% 

loss in young patients (of age group-10-17) at diagnosis.  The reason behind aberrant blood 

glucose level is the impaired utilization of glucose produced in the liver and decreased 

uptake in muscles and adipose tissue. Hence there is a subsequent overload on pancreatic β-

cells to produce sufficient insulin which results into the development of insulin resistance. 

Disrupted feedback loops between insulin secretion and insulin action affect major organs 

(Fig. 2.4) such as the pancreas (β-cells and α cells), liver, adipose tissue,  skeletal muscle, 

kidneys, small intestine and brain manifesting the development of type 2 diabetes (Zheng et al., 

2018). The rising trend of obesity, energy-rich diet and physical inactivity additionally 

potentiate this unpredicted global surge of type 2 diabetes (Verma and Hussain, 2017; Eaton 

and Eaton, 2017). 
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Fig. 2.4. The general scheme of insulin production and function in type 2 diabetes mellitus. 

 

2.5.3.1. β-cell dysfunction 

Recent research in diabetes has revealed that a profound reduction in pancreatic β-cell 

mass and function is the foremost cause of the insulin deficit in T2DM (Marrif and Al-

Sunousi, 2016; Maria Elizabeth et al., 2017). When the β-cells fail to adapt the insulin 

resistance while compensating the increased insulin demand, the physiological dysfunction 

leads to hyperglycemia and development of T2DM (Cantley and Ashcroft, 2015; Modi et al., 

2015;adipoChen et al., 2017). The first study on significant loss of pancreatic β-cell mass was 

reported when the autopsies samples from diabetic and non-diabetic patients were compared 

(Butler et al., 2003). In recent years, most of the studies have shown that there is a significant 

reduction in β-cell mass and function ranging from 24% to 65% in T2DM patients as compared 
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to nondiabetic controls (Sakuraba et al., 2002; Inaishi et al., 2016). However, some non-

significant differences among these two groups were also reported simultaneously (Guiot et al., 

2001). Additionally, there are evidence showing reduced yield and size of pancreatic islets 

isolated from type 2 diabetic donors as compared to the non-diabetic controls (Deng et al., 

2004). The underlying mechanisms for the loss of β-cell mass and function mostly attribute to 

β-cell apoptosis (Marchetti et al., 2007; Marchetti et al.,2004) and not to the reduced 

neogenesis or the differences in the β-cell replication frequency  (Butler et al., 2003).  

  Recently, the increased β-cell apoptosis has been correlated with a highly orchestrated 

process known as autophagy, the impairment of which, majorly contributes to the progressive 

loss of β-cell mass and function (Fujimoto et al., 2009; Jung et al., 2008; Ebato et al., 2008). It 

has been shown that autophagy-deficient mice undergo increased β-cell apoptosis (Sheng et al., 

2017; Quan et al., 2012). Also, mice deficient in Atg7 (autophagy deficient mice) have been 

reported to show extreme glucose intolerance and low level of serum insulin because of the 

increased β-cell apoptosis and decreased proliferation (Jung et al., 2008). In another study, the 

mean loss of β-cell mass was 24% in patients suffering from diabetes manifested over a period 

of 5 years and the deficit increased up to 54% in the population with diabetes persistent over a 

period of 15 years (Rahier et al., 2008). Apart from the reduced β-cell mass, a significant loss 

in β-cell function is observed majorly in type 2 diabetes patients. The insulin secretion capacity 

is also reported to diminish from 50% to 90% in T2DM patients (Gastaldelli et al., 2004; 

Ferrannini, et al., 2005; Jensen et al., 2002). All the above scientific assessments corroborate 

the fact that, in T2DM, the contribution of β-cell mass and function is principal to the 

pathogenesis of the disease and protection and recovery of which should be the major 

therapeutic approach for prevention and cure. 

2.5.3.1.1. Pancreas 

The pancreas plays an imperative role in the fine tune of micronutrient digestion and 

metabolic homeostasis via releasing various digestive enzymes and pancreatic hormones. 

Acinar or exocrine cells, the major cells of pancreas secrete the pancreatic juice containing 

digestive enzymes such as amylase, pancreatic lipase and trypsinogen into main pancreatic and 

accessory pancreatic duct while endocrine cells known as islet of Langerhans clustered within 

exocrine cells account for only 1–2% of the entire organ and secrete pancreatic hormone in 

endocrine fashion directly into the bloodstream. The α-cells that account for 15-20% of the 

total islet cells sense low blood glucose level and secrete glucagon which in turn escalate the 
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blood glucose level via hepatic and renal gluconeogenesis and hepatic glycogenolysis, hence, 

deems the catalytic activity (Roder et al., 2016). On the other hand, β-cells that account for 65–

80% of the total islet cells secrete insulin in sense with high blood glucose level (Roder et al., 

2016). Insulin facilitates the glucose entry to cells which in turn leads to drop off blood glucose 

level. The counter sensation stratagem of alpha and β-cells vis a vis blood glucose level that 

upholds glucose homeostasis.  Insulin promotes glycogenesis, lipogenesis and the 

incorporation of amino acids into proteins and thus considered as an anabolic hormone. The β-

cells also secrete amylin and peptide C. The δ-cells secrete somatostatin which inhibits 

glucagon and insulin. The γ-cells secrete pancreatic polypeptide (PP) and ɛ-cells secrete 

ghrelin. Auto-immune reaction toward β-cells resulted into type 1 diabetes (Yoom and Jun, 

2005). Although, destruction of β-cells is less pronounced in type 2 diabetes, however, 

insensitivity of receptor toward insulin resulted into type 2 diabetes (Chen et al., 2017). 

2.5.3.1.2. Insulin  

Insulin is an anabolic hormone produced by β-cells of the pancreatic islets. This is a 

peptide hormone that regulates metabolism ensuring the absorption of glucose from blood to 

muscle, adipocyte and liver. The human insulin protein has a molecular weight of 5808 Da and 

consists of 51 amino acids. It is a dimer consisting of A-chain and B-chain interlinked by 

sulphide bonds (Mayer et al., 2007) (Fig. 2.5).  

 

 

Fig. 2.5. Diagrammatic representation of the structure of human insulin 

 

Some of the major actions of insulin involve; 

(a) It regulates blood sugar level by inducing muscle, fat and liver to take up excessive glucose 

and store it. For example, it promotes liver to store excessive energy (glucose) in the form of 

glycogen. 

(b) Circulating insulin catalyzes protein synthesis in several tissues 
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The autoimmune destruction of β-cells give rise to type 1 diabetes, where the pancreas 

is unable to produce insulin. Whereas, in type 2 diabetes, the pancreas produces insulin but the 

major organs become insulin insensitive which results into gradual loss of β-cell mass and 

function, one of the major cause of decreased insulin production in T2DM. 

2.5.3.1.3. Insulin release 

Insulin is primarily released by the β-cells stimulated by the elevated blood 

glucose after food intake. Glucose is transported into cells via facilitated diffusion through 

GLUT 2 transporter located on the surface of β-cells. Inside the β-cells, glucose undergoes a 

process of glycolysis resulting into adenosine triphosphate (ATP) generation and closure of 

ATP-sensitive K+-channels (KATP-channels) that in turn triggers membrane depolarization 

allowing the influx of Ca2+ ions from the voltage-gated calcium channels. The increased 

calcium triggers the fusion of insulin-containing granules with the membrane subsequently 

release insulin into the extracellular bloodstream (Fu et al., 2013) (Fig. 2.6). 

 

Fig. 2.6. Mechanism showing glucose-stimulated insulin release in pancreatic β-cells. 
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2.5.3.1.4. Cellular action of insulin 

At the cellular level, insulin regulates key metabolic events such as carbohydrate, lipid and 

amino acid metabolism and mRNA transcription and translation (Wilcox, 2005). 

2.5.3.1.4.1. Glucose metabolism 

 Insulin plays a major role in regulating glucose metabolism. Glucose liberated from 

dietary carbohydrate sources by their hydrolysis within the small intestine gets absorbed into 

the blood. Increased influx of glucose in the bloodstream stimulates the secretion of insulin 

which stimulates the uptake and utilization of glucose by adipose tissue, muscle and liver. 

Glucose is transported inside the cells by facilitated diffusion primed by hexose transporters. 

For example in muscles, GLUT4 is the major transporter that carries out glucose transport 

across the plasma membrane. Glucose absorbed from the small intestine is readily taken up by 

the hepatocytes in the liver and stored in the form of lipid and glycogen. Insulin activates 

hexokinase that in turn phosphorylates glucose and traps it within the cells. Insulin inhibits the 

activity of glucose-6-phosphatase. Also, simultaneously insulin inhibits gluconeogenesis and 

release of glucose from the liver.  Insulin activates series of transcription factors and co-

factors involved in glycolytic and fatty acid synthesis mechanism including PPARγ co-

activator 1 (PGC1), sterol regulatory element-binding protein (SREBP)-1, hepatic nuclear 

factor (HNF)-4, and the forkhead protein family (Fox) (Mounier and Posner, 2006). 

Moreover, enzymes like phosphofructokinase and glycogen synthase that are involved in the 

glycogen synthesis also get activated by insulin. The absence of insulin often results into the 

failure of glucose uptake by major organs. 

2.5.3.1.4.2. Lipid metabolism 

Insulin plays a key role in the synthesis of lipids and its storage in several major sites 

adipose tissue, liver and muscles. After dietary energy intake, insulin elicits the lipolysis of 

intravascular lipids via the action of lipoprotein lipase (LPL), VLDL and chylomicrons. The 

released fatty acids are taken up by adipose tissues and muscles where they get oxidized or 

esterified into the major form i.e. triglycerides. However, insulin signaling prevents the 

breakdown of these triglycerides inside the adipocytes. 

When there is an increased glucose uptake, these get stored as lipid in the adipocytes 

because of the activation of enzymes that synthesize lipids such as pyruvate dehydrogenase, 

acetyl-CoA carboxylase and fatty acid synthase and (Saltiel and Kahn, 2001). Insulin also 
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inhibits lipolysis in the adipocytes, by inhibiting the enzyme, hormone-sensitive lipase (HSL). 

This enzyme is activated by PKA-dependent phosphorylation and inhibited owing to a 

combination of negative regulation of the kinases and activation of phosphatases. Lipase 

inhibitory regulation of insulin is driven by the reduction of cAMP levels due to cAMP-

specific phosphodiesterase activation in the adipocytes. 

2.5.3.1.4.3. Protein metabolism 

Insulin facilitates protein synthesis in several tissues. Insulin indirectly regulates the 

transcription specific of mRNA encoding specific genes and translation of their respective 

proteins in the ribosomes. For examples, insulin enhances mRNA transcription for protein 

kinase, glucokinase, fatty acid synthase, and albumin in the liver and regulates the expression 

and expression of pyruvate carboxylase in the adipose tissue, amylase in the pancreas and 

casein in the mammary gland. Additionally, insulin decreases the transcription of mRNA 

encoding carbamoyl phosphate synthetase in the liver that is primarily involved in the urea 

cycle.  

2.5.3.1.5. Insulin signaling pathway 

The binding of insulin to the extracellular binding domain of its tyrosine kinase 

receptor (IR) results in its autophosphorylation at several tyrosine residues present inside 

the cell. These cascades of events result in the recruitment and phosphorylation of receptor 

substrates such as IRS and Shc proteins. Shc, in turn, activates the Ras-MAPK pathway 

while phosphorylated IRS proteins lead to activation of the PI3K-Akt pathway by recruiting 

a lipid kinase termed as phosphatidylinositol 3 kinases (PI3K) to the plasma membrane of 

the cell leading to the generation of second messenger Phosphatidylinositol (3,4,5)-

trisphosphate (PIP3). Activation of PI3K is essential for the regulation of protein, lipid and 

glycogen metabolism. Activated membrane-bound PIP3 recruits PKB (protein kinase B) 

which further activates PDK-1, that in turn phosphorylates Akt and atypical PKCs (Fig. 

2.7). Akt is crucial for glucose transport, gluconeogenesis, mediating insulin’s metabolic 

effect, amino acid transport, glycogen and lipid synthesis. Akt also has a control on cell 

cycle and survival. Insulin receptor substrate-1 (IRS-1) associated PI3K pathway mediates 

insulin-induced inhibition of lipolysis in adipocytes via inhibiting hormone-sensitive lipase 

(HSL).The Shc-Grb2-Sos-Ras-Raf-MAPK pathway is another insulin signaling pathway 

that controls the cell proliferation, gene expression, differentiation and apoptosis (Siddle, 
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2011; Boucher et al., 2014). Insulin resistance the characteristic feature of T2DM occurs 

primarily at the level of insulin-sensitive tissues like liver, skeletal muscle, fat and can be 

triggered by several cellular perturbations like lipotoxicity, glucotoxicity, inflammation, 

mitochondrial dysfunction, and ER stress that results in to deregulation of genes and inhibitory 

protein modifications, resulting in impaired insulin and IGF-1 action (Saltiel and Kahn, 2001; 

Boucher et al., 2014). 

 

Fig. 2.7. Schematic representation of insulin signaling pathway. 

2.5.3.2. Insulin resistance 

Insulin resistance is a characteristic feature of type 2 diabetes and plays a major role in 

the pathogenesis of the disease (Jain et al., 2013). Insulin primarily lowers blood glucose by 

stimulating glucose uptake by the major insulin-sensitive tissues like skeletal muscle, liver, 

adipocytes and heart. However, when these insulin-sensitive tissues fail to respond to the 
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action of insulin, the abnormal physiological response is known as insulin resistance. The 

characteristic features of insulin resistance are hyperglycemia in fasting condition, increased 

glycosylated haemoglobin (HbA1c), hyperinsulinemia, postprandial hyperglycemia,  

hyperlipidemia , impaired glucose tolerance, decreased glucose infusion rate, increased hepatic 

glucose production, hypoadiponectinemia, loss of first phase secretion of insulin, impaired 

insulin tolerance and increased inflammatory markers in plasma.  

Impaired insulin signaling pathway is the major reason of insulin resistance in type 2 

diabetes. Tyrosine phosphorylation is quite essential for IR/IGF-1R and IRS activation 

whereas serine and threonine phosphorylation of the insulin receptor or IRS proteins is 

negatively associated with insulin signal cascade activation. The reduction in tyrosine 

phosphorylation of IRS-1 and -2 with increased Ser/Thr  phosphorylation is elicited in 

response to hyperglycemia, fatty acids, cytokines, mitochondrial dysfunction and ER stress via 

activation of major kinases including c-Jun amino-terminal kinase (JNK), IKK, conventional 

and novel PKCs, mTORC1/S6K and MAPK (Fig. 2.8). In response to IRS serine/threonine 

phosphorylation, the PI3K levels are reduced mediating decreased activity of Akt and atypical 

PKC and results into decreased glucose uptake, due to reduced GLUT4 translocation (Agarwal 

et al., 2013; Boucher et al., 2014). 

 

Fig. 2.8. Negative regulation of Ser/Thr activation on insulin signaling molecules. 
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Reduced responses of peripheral target tissues including adipose tissue, muscles and 

liver to a physiological concentration of insulin are profoundly observed in T2DM. 

2.5.3.2.1. Adipocytes and insulin resistance 

Adipocytes are the one of the major organ involved in insulin resistance in T2DM condition. 

Several major predisposing factors that confer insulin resistance in obesity-linked type 2 

diabetes include, (a) Lipotoxicity (b) Inflammation (c) Mitochondrial dysfunction and (d) ER 

stress (Ye, 2013; Czech, 2017). 

2.5.3.2.1.1. Lipotoxicity 

Obesity is characterized by increased release of non-esterified fatty acids (NEFA), 

adiponectin, leptin and proinflammatory cytokines (Gastaldelli et al., 2017). Excessive caloric 

intake leads into metabolic overload and increased triglyceride input resulting into adipocytes 

enlargement (Smith and Kahn, 2016). Adipocytes from obese type 2 diabetic donors often 

shows reduced IRS-1 expression, resulting into decrease in IRS-1–associated PI3K activity. 

Also, FFA through its two intermediate metabolites DAG and ceramide, induce insulin 

resistance through an inflammatory response. DAG endogenously activates PKC (protein 

kinase C), which further activates IKKs and JNKs mediated inflammatory pathway to inhibit 

insulin sensitivity. 

2.5.3.2.1.2. Inflammation 

Hypertrophy of adipocytes due to metabolic overload increase the secretion of 

macrophage chemoattractants including secretion of monocyte chemoattractant protein-1 

(MCP-1) that recruits macrophages eliciting a pro-inflammatory response in adipocytes 

(Ohlsson et al., 2017). Macrophages secrete a large amount of tumor-necrosis factor-α through 

IKKβ-NF-κB (inhibitor of nuclear factor (NF)–Κb (IκB) kinase-β- NF-κB) and the JNK-AP1 

(Jun N-terminal kinase-4) that results into impaired TG deposition and increased lipolysis 

(Saltiel and Olefsky, 2017). Excessive circulating TGs and FFAs result in increased lipid 

accumulation in muscles. Thus ectopic lipid accumulation attenuate mitochondrial enzyme 

PPAR-γ coactivator-1 (PGC-1) expression, enhance the biosynthesis of ceramides and inhibit 

insulin-stimulated glucose transport through activation of protein kinase C (PKC), IKKβ and 

JNK. Also, TNF-α inhibits insulin-stimulated GLUT4 glucose transport in muscle through 

MAP4K4 and JNK activation (Guilherme et al., 2008). 
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2.5.3.2.1.3. Mitochondrial dysfunction 

Mitochondria are the major site for fatty acid oxidation and glucose metabolism. 

Reduction of mitochondrial function due to reduced number and size may contribute to FFA 

accumulation and lipid deposition favoring insulin resistance. In obese condition, lipid-induced 

mitochondrial over activation is needed due to increased demand of β-oxidation to disperse the 

excessive energy in muscle, liver and brown fat. Thus a large amount of ATP gets generated 

from fatty acid catabolism and when the ATP level surpasses the threshold limit, a negative 

feedback regulation is triggered for attenuation of the mitochondrial function (Szpigel et al., 

2018). Insulin-sensitizing substances can rescue the insulin resistance by inhibiting 

mitochondrial β-oxidation 

2.5.3.2.1.4. ER stress 

In obesity, chronic inflammation induced by activated JNK results in endoplasmic 

reticulum stress (ER stress) (Flamment et al., 2012). The aberrant accumulation of unfolded or 

misfolded proteins leads to ER stress that perpetuates the process of insulin resistance 

(Rieusset, 2017). 

2.5.3.2.2. Skeletal muscle and insulin resistance 

In the early stages of T2DM development, the impaired glycogen synthesis in muscle 

accounts for reduced insulin-stimulated glucose disposal and development of insulin resistance 

in skeletal muscle (Brøns and Grunnet, 2017). Also, chronic exposure of plasma FFA and 

mitochondrial dysfunction results into decreased fat oxidation in skeletal muscle which 

contributes to insulin resistance.  

2.5.3.2.3. Hepatocytes and insulin resistance 

In mammalian system, the liver plays a central role in modulation of fatty acid 

metabolism (Titchenell et al., 2017). The export of lipid in the form of triglycerides (TGs) 

deposited in the lipid droplets (LDs) within the hepatocyte depends on the synthesis as well as 

the availability of TGs (Zechner et al., 2012; Calo et al., 2016; Perry et al., 2014; 

Alves‐Bezerra and Cohen, 2011). Decreased turnover of hepatic lipid droplets leads to the 

development of NAFLD (Greenberg et al., 2011). Excessive accumulation of these TGs leads 

to oxidative and ER stress which in turn triggers hepatic insulin resistance (Farese Jr et al., 

2012) (Fig. 2.9).  
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Fig. 2.9. General scheme showing obesity-linked hepatic insulin resistance 

 

Several studies revealed the positive correlation between high-fat-diet-induced insulin 

resistance and its lipogenic effect, which leads to the fact that ectopic lipid accumulation can 

interrupt insulin signaling transduction (Samuel and Shulman, 2012). Importantly, ER stress 

recently emerges as another mechanism underlying insulin resistance (Samuel et al., 2004; Fu 

et al., 2012) (Fig. 2.10). Major regulators of unfolded protein response (UPR) pathways like 

protein kinase RNA-like endoplasmic reticulum kinase (PERK) and inositol-requiring enzyme 

1 (IRE1) can activate c-Jun N-terminal kinase (JNK)/inhibitory-B kinase (IKK), that are 

involved in the inhibition of insulin signal transduction by phosphorylation of insulin receptor 

substrate 1(IRS1) at serine sites (Urano et al., 2000; Aguirre et al., 2002; Liang et al., 2006).  
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Fig. 2.10. General scheme showing activation of the UPR and ER stress signaling pathways in 

the liver under normal and diabetic conditions. 

 

2.6. Treatment 

2.6.1. Conventional therapy 

 

The foremost step for prevention of T2DM is the control of diet and exercise (American 

Diabetes Association, 2018). If the blood sugar level deregulation still persists, the use of anti-

hyperglycemic agents is advisable. The conventional drug treatment includes four major 

classes of anti-hyperglycemic agents, either as monotherapy or in combination with one 

another. These therapies include the use of following agents that are (Sena et al., 2013; 

Chaudhury et al., 2017; American Diabetes Association, 2018); 
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 Insulin secretogogues 

 Insulin sensitizers 

 Insulin 

 α-glucosidase inhibitors 

2.6.1.1. Insulin secretagogues 

 

These compounds alleviate the hyperglycemia condition by stimulating insulin 

secretion. However, it is effective only if enough functional β-cells still exist. Their mode of 

action includes the closure of ATP-sensitive potassium channels in the β-cells which in turn 

increases insulin production. However, major side effects of these drugs are hypoglycemia and 

weight gain (Scheen, 2016). 

 

2.6.1.1.1. Sulfonylureas  

 

Sulfonylureas enhance insulin secretion by binding to a unique receptor on pancreatic 

β-cells and majorly affects fasting hyperglycemia (Kalra et al., 2015). 

 

2.6.1.1.2. Meglitinides   

 

It includes nateglinide, that binds to the same site of sulphonylurea receptor 1 and 

repaglinide, which binds to a nearby site of the receptor. However, both leads to rapid, short-

lived, insulin secretion and insulin release (Black et al., 2007). 

 

2.6.1.2. Insulin sensitizers 

 

Insulin sensitizers are a class of compounds that increase the sensitivity of target organs 

to insulin. 

 

2.6.1.2.1. Metformin 

 

Metformin lowers blood glucose concentration and thereby improves insulin 

sensitivity. The major action includes reduction of hepatic gluconeogenesis and improvement 
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of insulin-stimulated glucose uptake ((Marín-Peñalver et al., 2016). However major 

complications of this therapy are renal dysfunction, vitamin B12 deficiency and cardiac failure. 

 

2.6.1.2.2. Thiazolidinediones 

Thiazolidinediones reduce hyperglycemia and increase insulin sensitivity by 

ameliorating dyslipidemia and inflammatory responses in T2DM (Marín-Peñalver et al., 2016; 

Marathe et al., 2017). It majorly includes rosiglitazone and pioglitazone. It activates 

peroxisome proliferators-activated receptor -γ (PPAR-γ) expression and improves insulin 

sensitivity in muscle, adipose tissue and liver (Shrama and Singh, 2015). Major complications 

associated are weight gain, fluid retention causing edema and hepatotoxicity. 

2.6.1.3. Insulin 

 

Insulin is the most effective agent for restoring glycemic control and can effectively 

reduce the HbA1C level to the targeted range (American Diabetes Association, 2015; Raccah, 

2017). Insulin is usually administered through injections and is of two types; (a) intermediate-

acting or long-acting and given at bedtime (b) rapid-acting insulin administered before meals. 

However, insulin is typically administered subcutaneously and requires multiple injections per 

day. It results in weight gain and cardiovascular complications. 

 

2.6.1.4. α-glucosidase inhibitors 

 

The major α-glucosidase inhibitors include miglitol, acarbose, and voglibose that 

reduce the rate of oligosaccharide digestion and thereby reduce postprandial glucose levels and 

hyperinsulinemia. However, it is taken as multiple dosages per day, it gives rise to frequent 

gastrointestinal side effects and also is less potent than other oral anti-diabetic drugs. 

 

2.6.2. Novel anti-diabetic drugs 

 

As the conventional therapies do not address the issue of impaired β-cell function and 

reduction of β-cell mass in addition to no significant effect on insulin resistance, there has been 

a great research in the diabetes prevention and management field for developing novel anti-

diabetic drugs. Some of them are listed below; 
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2.6.2.1. Incretin system 

 

Increased postprandial insulin secretion in response to the gastrointestinal polypeptide 

(GIP) hormones after digestion of foods is generally regarded as the incretin effect. Two of the 

most important incretin hormones are GIP and GLP-1 (American Diabetes Association, 2018). 

The reduced insulinotropic action of GIP and reduced postprandial GLP-1 secretion majorly 

account for the deficiency of incretin effect in T2DM patients (Holst et al., 2009). In recent 

years investigators have shown that GIP or GLP-1 infusion in type 2 diabetic patients could 

improve the first phase insulin response indicating improvement in β-cell function. Also in 

animal models, GLP-1 has shown stimulated neogenesis of β-cells and inhibition of apoptosis. 

 

2.6.2.2. GLP-1 receptor agonists 

 

Exenatide is the only GLP-1 receptor agonist that is currently available in the market 

(Lovshin, 2017; Tran et al., 2017). These agents are administered subcutaneously and have 

proven to be successful in lowering the HbA1C concentration by 0.5–1.0% resulting into 

significant weight loss (Abdul-Ghani and DeFronzo, 2017). The patients having reduced 

glycemic control even after treatment with sulfonylureas, metformin and/or TZDs are treated 

with this class of compounds. However, complications like nausea and vomiting are common 

with this treatment. 

 

2.6.2.3. Dipeptidyl peptidase 4 inhibitors 

 

Inhibitors of DPP-4 enzymes are orally active agents mediating acute surge of 

postprandial plasma insulin levels and also have shown to decrease the HbA1C by 0.5-0.9% 

upon clinical administration. 

 

2.6.2.4. Pramlintide 

 

Pramlintide is an analogue of human amylin analogue and is currently approved in the 

USA for its use as an adjuvant to insulin therapy. Subcutaneous injections are administered 
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before meals and it lowers the postprandial meal glucose excursions by reducing glucagon 

secretion. 

 

2.6.3. Bariatric surgery 

Bariatric surgery is done to maintain weight loss and is the most effective way to get 

rid of the physiological complications due to obesity-linked T2DM. It is achieved through 

malabsorptive surgery and gastric bypass. It can reduce the blood sugar up to 55-95% in 

diabetic people. However, it is expensive and often leads to several other complications like 

nutritional deficiency, osteoporosis and even pose death risks (American Diabetes Association, 

2017). 

2.6.4. Current therapies 

In spite of the wide varieties of drug available for the treatment of diabetes mellitus, the 

severity of the disease yet persists with several concomitant physical aberrations like kidney 

failure, nerve damage, blindness and cardiovascular complications. Therefore to overcome the 

shortcomings of the conventional antidiabetic therapies, current research in the diabetes 

management and cure focuses on restoring the mass and functionality of β-cells either by 

differentiated stem cell therapy (Couri and Voltarelli, 2011; Hyo-Sup and Moon-Kyu, 2016) or 

by islet transplantation (Wang et al., 2015; Aly et al., 2013; Domı´nguez-Bendala et al., 2012). 

Several advanced therapeutics now focus on important aspects like (i) β-cell regeneration 

therapy (ii) non-pancreatic cell reprogramming (iii) proliferation of existing β-cell population 

and neogenesis (Domı´nguez-Bendala et al., 2012; Gianani, 2011).  

 

2.6.4.1. β-cell regeneration therapy 

 

Many researchers have designed several techniques to achieve β-cell regeneration (Chala   and 

Ali, 2016) such as; 

 

Induced pluripotent stem cells (IPSCs)  

 

Induced pluripotent stem cell preparation by retroviral transduction of reprogramming 

factors to human fibroblast cells is an effective way of achieving β-cell regeneration (Maehr et 

al., 2009; Zhu et al., 2011). The iPSCS have greater success rates as it can be used as an 
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autologous cell therapy avoiding the chance of immune rejections and ethical issues. Reports 

suggest that islet-like clusters responding to glucose and producing insulin have been 

developed from iPSCs (Shaer et al., 2015). 

 

Embryonic stem cells (ESCs) differentiation 

 

Recently embryonic stem cells are being investigated for their potential to differentiate 

into functional β-cells. The first ever β-like cells were generated from a mouse ESC earlier in 

2001(Lumelsky et al., 2001). However, an insufficient number of differentiation of ESCs to 

insulin-producing cells and low insulin content of the cells limit the clinical advancement of 

this technique. 

 

Adult mesenchymal stem cells (MSCs) 

 

Adult mesenchymal stem cells have better ability to differentiate into β-cells and also 

have low immunogenicity as well as have a low chance of tumor growth, these may be used 

for β-cell generation. For example, dental pulp-derived MSCs, amnion derived MSCs, 

umbilical cord blood MSCs, placenta-derived MSCs, Wharton’s jelly MSCs have been 

differentiated into glucose-responsive insulin-producing cells (Bhonde et al., 2014; Hashemian 

et al., 2015; Dang et al., 2017).  

 

2.6.4.2. Transdifferentiation/ reprogramming of various non-β-cells 

 

It has been recently reported that acinar cells can be transdifferentiated into β-cells in 

vitro and in vivo. Another study suggests that acinar cells were successfully reprogrammed to 

β-cells via viral expression of transcription factors like Ngn3, Pdx1 and MafA, and on 

transplantation, to streptozotocin-induced diabetic animals, it could rescue hyperglycemia. 

 (Akinci et al., 2012; Quaranta et al., 2014). 

 

α-cells to β-cells reprogramming 

 

As the α- and β-cells emerge from similar lineage and express similar transcription 

factors, there is an opportunity for transdifferentiation among these cell types. As a result, α 
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cell reprogramming could be another attractive option for β-cell regeneration (Osipovich and 

Magnuson, 2018). Fomina and co-workers have explored a potential small molecule that can 

induce insulin expression by human α-like cells (Fomina-Yadlin et al., 2010). 

 

 Transdifferentiation of other cells to β-cells 

Recently, cellular transdifferentiation of hepatocytes, gastrointestinal cells, biliary cells, 

keratinocytes neural cells and pancreatic ductal cells has been explored for developing 

functional β-cells suitable for cell replacement therapy (Wei and Hong, 2016). 

 

2.6.4.3. Induction of replication of existing β-cell and islet neogenesis 

 

Although the stem cell transplantation and cell reprogramming based therapies seem 

feasible, they pose many challenges and risk factors involving autoimmune rejections, 

repetitive usage of toxic immunosuppressive drugs and an insufficient number of β-cells for 

transplantation therapy.  

However, as β-cell deficit underlies the pathogenesis of T2DM, the concept of 

replicating β-cells and inducing the pancreatic islets to undergo neogenesis may be amended 

for successful therapeutic interventions. It is known that β-cell turnover is very slow during 

adult life that maintains β-cell mass and there is a remarkable plasticity of the endocrine 

pancreas in rodents and humans to increase proliferation under secretory demand. It has been 

demonstrated that β-cell replication approximately increases five- to tenfold after partial 

pancreatectomy, during chronic glucose infusion, pregnancy and after treatment with GLP-1 

analogues (Meier, 2008). Likewise, in rodents β-cell mass increases by ~2.5-fold towards the 

end of pregnancy but at the post-partum stage, there is a rapid decline in β-cell mass through 

increased apoptosis. The β-cell replication decreases from 20% per day in pups to over 10% at 

weaning stage and up to 2-5% in young adults and finally reaches 0.07% in one-year-old mice 

(Márquez-Aguirre et al., 2015). The replication of pre-existing pancreatic β-cells has been 

demonstrated in adult mice, rats and humans. Several reports have been published showing the 

proliferation in primary β-cells through a variety of pharmacologic and genetic interventions. 

Recently it has been demonstrated that aminopyrazine compounds have successfully 

stimulated β-cell proliferation in adult primary islets. Also, human islets treated with 

aminopyrazine retained their functionality in vitro and even after transplantation into diabetic 

mice (Nathalie et al., 2010; Shen et al., 2015). 
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2.6.4.4. Cytoprotection of apoptotic β-cells 

 

The major cause of onset and progression of T2DM is the loss of β–cell mass and 

function due to elevated levels of free fatty acids (lipotoxicity) and glucose (glucotoxicity) 

(Butler et al., 2003). In vitro, chronic exposure to free fatty acids (FFA) leads to pancreatic β–

cell’s apoptosis and impaired insulin secretion (Maedler et al., 2001; Lupi et al., 2002; Yuan et 

al., 2010). Therefore, protection of β-cells against lipid overload can be an effective strategy 

for counteracting obesity linked T2DM (DeFronzo and Abdul-Ghani, 2011; Song et al., 2015). 

As the conventional and antidiabetic drugs are expensive and have more side effects, it will be 

a better therapeutic stratagem to secure the existing pancreatic β-cell mass and restore its 

function. 

Recent studies have elucidated that in the presence of saturated fatty acids and 

hyperglycemic conditions, β-cells undergo apoptosis due to impairment of autophagic 

turnover. Exposure of human pancreatic islets and β-cell lines to fatty acids and glucose blocks 

autophagic flux which leads to apoptotic cell death (Mir et al., 2015). Type 2 diabetic patients 

and high-fat diet mice model often exhibit a dysregulated autophagic activity which further 

ascertains the implication of impaired autophagy in the pathophysiology of T2DM  (Masini et 

al., 2009; Codogno and Meijer, 2010). Therefore, restoring autophagy in β-cells in the diabetic 

condition has emerged as an effective therapeutic strategy to protect functional β-cell mass. 

 

2.7. Autophagy 

 

‘Autophagy’ was 1st termed by de Duve in 1963 from the Greek words αυτό (self) and 

φαγία (eating). This is a lysosomal pathway for cell survival used mostly by eukaryotes to 

degrade and reuse cellular proteins and other organelles. Cells do this in order to compensate 

ATP and other elemental building blocks during nutrient/oxygen deprivation (Kundu et al., 

2008).  For a long period, autophagy was merely considered as a stress-induced cellular 

recycling mechanism. However, research during the past 10 years has disclosed the 

iscellaneous role of autophagy; this process occurs virtually in all mammalian cells, from 

oocytes to neurons in order to maintain homeostasis and quality control. Autophagy may target 

entire cytoplasm or selective cargo, clearing damaged mitochondria (mitophagy) or 

peroxisomes (pexophagy) (Tyagi et al., 2010). Additionally, autophagy participates in various 
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cellular processes such as aging, inflammation, innate and acquired immunity as well as cell 

differentiation (Rosenfeldt and Ryan, 2011). Loss of autophagy comes with the introduction of 

numbers of diseases including cancer, neurodegeneration, obesity and diabetes (Ahn et al., 

2016; Rai et al., 2018). This is a highly conserved mechanism present in every eukaryotic cell 

from yeast to mammals having the same core autophagy machinery both morphologically as 

well as in protein constituents. 

2.7.1. Types of autophagy 

Autophagy is a well-conserved process from yeasts to mammals. There are three major 

types of autophagy i.e. macroautophagy, microautophagy and chaperone-mediated autophagy 

(CMA). Out of these three, macroautophagy is the most common form of autophagy and also 

referred to as “autophagy” in most of the cases. This process helps in delivering the 

cytoplasmic constituents to lysosomes for further degradation. All the three types of the 

autophagic process vary in the route of delivery of the cytoplasmic materials to the lysosomal 

lumen Fig. 2.11 shows the mechanism behind two major form of autophagy in yeasts. 

 

Fig. 2.11. Schematic representation of microautophagy and macroautophagy in yeast. 

2.7.1.1. Microautophagy 

Unlike macroautophagy and chaperone-mediated autophagy, microautophagy is 

mediated by direct lysosomal or vacuolar engulfment. In this process, the waste cytoplasmic 
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materials get trapped by the lysosome or vacuoles by membrane invagination. Along with 

macroautophagy, it is one of the necessary processes to encounter the nutrition recycling under 

starvation. Hence this pathway is vital for the cell survival in starvation as well as nitrogen 

deprivation condition. 

2.7.1.2. Chaperone-mediated autophagy (CMA) 

Chaperone-mediated autophagy is a secondary response to the nutrient starvation. In 

this mechanism, specific types of cytosolic proteins are targeted to lysosomes and eventually 

get degraded (Kaushik and Cuervo, 2012). In CMA, Chaperone Hsc70 bids to a consensus 

pentapeptide motif in the target protein. Hsc70 helps in targeting these proteins to the LAMP-

2A (lysosome-associated membrane protein type 2A) receptor in lysosome membrane 

(Reynolds and Macian, 2018). The receptor, in turn, translocates the protein into lysosome for 

degradation. 

2.7.1.3. Macroautophagy 

This is the best characterized and most prevalent form of autophagy in which the 

autophagic cargos are delivered to lysosomes through de novo synthesized double-membrane 

vesicles known as autophagosomes (Huang and Klionsky, 2007).  This type of autophagy is 

mainly triggered by the induction of a stress signal.  This mechanism is vital to recycle 

cytoplasm and to generate energy as well as macromolecular building blocks in stress 

condition. This process also helps in removing damaged and superfluous organelles which in 

turn helps in the adaption of cells during changing nutrient condition. The whole process of 

macroautophagy involves a battery of molecular players which helps in nucleation, elongation, 

maturation and degradation of the autophagosomes. 

2.7.1.3.1. Molecular mechanism of macroautophagy 

Low level of basal autophagy is observed constantly in the majority of mammalian 

cells. However, autophagy is induced due to starvation or certain stress like-ER stress, 

oxidative stress or hypoxia (He and Klionsky, 2009). The whole process can be divided into 

five different steps: initiation, autophagosome formation, fusion and degradation (Fig. 2.12). 

Initiation 
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The relation between ULK1, AMPK and mTORC1 was described by Kim et al., 2011. 

During energy sufficient conditions, mTORC1 is active in an RHEB-dependent manner and 

phosphorylates ULK1 on Ser757 due to which its interaction with AMPK is prohibited. 

However, in glucose-starved condition, AMPK phosphorylates tuberous sclerosis protein 2 

(TSC2) and RAPTOR which in turn inhibits mTORC1 and mTORC1-mediated ULK1 

phosphorylation. As a result of this ULK1 is free to interact with AMPK, which 

phosphorylates ULK1 at Ser317 and Ser777 and activates it. However, it should be noted that 

autophagy induction by RAPA treatment or amino acid starvation usually occurs in an AMPK 

independent manner. Irrespective of the nutrient conditions, the ULKs form a complex with the 

mammalian ATG13 (Atg13 homolog) and the focal adhesion kinase family-interacting protein 

200 i.e. FIP200 and Atg17 (Hara et al., 2008; Jung et al., 2009). Upon activation, ULKs 

phosphorylate and activate FIP200 and ATG13, and the activated ULK-ATG13-FIP200 

complex is recruited to the phagophores (Hosokawa et al., 2009). It has also been observed that 

mTOR directly phosphorylate and inactivate ATG13 in normal condition (Jung et al., 2009). 
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 Fig. 2.12. General scheme showing mechanism of macroautophagy 

Autophagosome formation 

Autophagosome formation begins with the nucleation of the phagophore. Nucleation 

process is triggered by the complex formation of clasIII PI3K Vacuolar protein sorting 34 

i.e.VPS34, VPS15 (Vanhaesebroeck et al., 2001; Lindmo and Stenmark, 2006) and BECLIN1 

(Atg6 yeast homolog) (Kihara et al., 2001; Liang et al., 1999). Recently, BECLIN1-associated 

autophagy-related key regulator (BARKOR) is found to have an interaction with the aforesaid 

complex and this regulator has 32% similar sequence with Atg14. Hence BAKROR is also 

renamed as ATG14-Like protein (ATG14L) in mammals.  As far as PI3K complexes are 

concerned, there are two PI3K complexes in yeast. First one is [Vps34-Vps15-Atg6]-Atg14, 

which participates in autophagy, and the later one [Vps34-Vps15-Atg6]-Vps38, is involved in 

the vacuolar protein-sorting pathway (Itakura et al., 2008). It is believed that the Atg14 and 
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Vps38 actually give a "tag" to complexes and hence determine to check their function and 

localization. Notably, in mammals, the core of the PI3K complex comprises of the VPS34-

VPS15-BECLIN1 and depending on the attachment of specific interactors, like ATG14L  or 

the UV irradiation resistance-associated gene (UVRAG; Vps38 yeast homolog) protein, the 

complex gains certain functions related to membrane trafficking. In the mammalian autophagy 

machinery, ATG14L targets the PI3K complexes 55 to an ER subdomain which is essential for 

autophagy (Itakura and Mizushima, 2010; Matsunaga et al., 2010). Accordingly, in both yeast 

and mammals, ATG14L is mediating the localization of the PI3K complexes to the locale 

where the autophagosome is formed. Furthermore, the function of the PI3K complex can be 

monitored via interaction of BECLIN1 with its interactor. The apoptosis regulator protein 

BCL2 can arrest autophagy with the help of BH3-like domain in BECLIN1 (Maiuri et al., 

2007). This interaction is, however, reversed during starvation which in turn allows BECLIN1 

to cause autophagy (Pattingre et al., 2005). It has also been seen that the BECLIN1 interacts 

with UVRAG in order to activate autophagy (Liang et al., 2006). Another BECLIN1 binding 

molecule is 'activating molecule in BECLIN1-regulated autophagy protein 1' (AMBRA1). The 

PI3K core complex is docked to the cytoskeleton via dyneins through a BECLIN1/AMBRA1 

interaction. Di Bartolomeo and colleagues proved that when autophagy is induced, AMBRA1 

gets phosphorylated by ULK1, disrupting the interaction with BECLIN1 (Di Bartolomeo et al., 

2010). This allows the PI3K complex to dissociate from dyneins and reach the ER which 

initiates the nucleation of the autophagosome. The origin of the autophagosomal membrane 

still needs to be solved. It has been suggested that either the ER or the Golgi is the source. 

However, others proposed that both ER and mitochondria or a de novo membrane generation 

are the sources of the autophagosomal membrane (Tooze and Yoshimori, 2010). The 

expansion of the phagophore which leads to the formation of the autophagosome relies on two 

ubiquitin-like (UBL) conjugation systems; the ATG12–ATG5 and the ATG8–PE 

(phosphatidylethanolamine) [ATG8 is also known as microtubule-associated protein 1 light 

chain 3 (LC3); Atg8 yeast homolog]. The proteins with UBL activity, ATG12 and ATG8, go 

through a series of coupling with different ATG binding partners ATG12-ATG5 system: 

ATG7, a homodimeric E1-like enzyme, activates ATG12. Additionally, ATG7 covalently 

conjugates ATG12 to ATG10 (E2-like enzyme) followed by ATG5. Then, the ATG12-ATG5 

complex associates to ATG16-like complex (ATG16L; Atg16 yeast homolog), which mediates 

the binding of the complex to the phagophore (Mizushima et al., 2003). Afterward, the 

ATG12-ATG5-ATG16L promotes the loading of the ATG8-PE on the nascent 
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autophagosomal membrane (Nakatogawa et al., 2009). LC3-PE system: There are three LC3 

isoforms (LC3A, -B, and -C) and four additional Atg8 yeast homologs (GABARAP, 

GEC1/GABARAPL1, GATE16/GABARAPL2, and GABARAPL3) identified in humans (He 

et al., 2003; Xin et al., 2001). Post-translational modification of LC3 is done by a cysteine 

protease called ATG4. This removes 22 amino acids from the C terminal of LC3, which 

exposes a glycine residue in order to generate the cytosolic form (LC3-I) (Kirisako et al., 2000; 

Kabeya et al., 2000). Once autophagy is induced, LC3 gets activated by ATG7 and transfers it 

to ATG3 (E2-like enzyme). At last, ATG12-ATG5 covalently binds PE to LC3-I (Fujita et al., 

2008; Hanada et al., 2007), which generates the lipidated form, LC3-II) (Kabeya et al., 2000). 

Autophagosomes contain double membrane having a different composition on both sides. 

LC3-II and ATG12 etc. seem to be the most indispensable building block for both inner and 

outer autophagic membranes. Some also suggest that the expanding autophagosomes engulf 

bulk cytoplasmic contents in a non-specific manner. Still, this process can be selective too; 

cargo receptors deliver ubiquitinated substrates for autophagic degradation. For example, 

mammalian protein p62/sequestosome 1 (SQSTM1), contains a C-terminal ubiquitin-

associated (UBA) domain which binds to ubiquitin along with a conserved peptide motif of 22 

acidic amino acids LC3-interacting region (LIR) that permits direct binding to human LC3 

family members (Pankiv et al., 2007; Jana, 2010). The selective identification and degradation 

of p62 through autophagy were shown by its accumulation in autophagy-deficient cells (Wang 

et al., 2006; Nakai et al., 2007). NBR1 (neighbor of BRCA1 gene 1) is another autophagy 

receptor which contains a UBA domain along with a LIR region (Kirkin et al., 2009). NBR1 

and p62 can work independently, or it can also interact and build oligomers. 

 

Fusion and degradation 

After complete autophagosome formation, ATG4 releases LC3 from the PE by 

disrupting the amide bonds (Geng and Klionsky, 2008). Though the complete mechanism of 

autophagosome fusion with lysosome in not fully understood, however, in mammals, the 

process requires LAMP-2, UVRAG and the small GTPase RAB7 (Jager et al., 2004; Tanaka et 

al., 2000). The complete lysis of cargo is done by cathepsins (Tanida et al., 2005). After lysis 

rest of the components are recycled to the cytosol for reuse. However, the process of 

autophagic recycling has yet to be identified. 
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2.7.2. Autophagy in diabetes 

Recent research reveals the positive correlation between the increased incidence of type 

2 diabetes and autophagy malfunction (Ebato et al., 2008; He et al., 2013; Jung et al., 2008; 

Rocchi and He, 2015). Sedentary lifestyle and intake of highly nutrient-rich food are the major 

factors contributing to the imbalance between energy intake and expenditure ratio which in 

result induce obesity and diabetes. As per some reports, physical exercises and fasting can 

induce autophagy (Grumati et al., 2011; He et al., 2012a; He et al., 2012b; Liu et al., 2009; 

Mizushima et al., 2004). Thus it is noteworthy to investigate the mechanism by which the 

autophagy can reduce the T2D and obesity. Recent evidence prove the link between autophagy 

and potential metabolic benefits but a lot of things are yet to be deciphered in terms of its 

therapeutic effect and the cell-specific requirement of autophagy. In addition, a proper 

coordination of insulin-producing β-cells and some organs like- liver, muscle and adipose 

tissues helps in the maintenance of glucose metabolism. However, very little is known about 

the role of autophagy in the coordination of these organs as well as glucose metabolism. 

Dysfunction of pancreatic β-cells can result in various forms of diabetes like type 1 diabetes, 

T2DM and maturity-onset diabetes in young. It has been observed that autophagy helps in the 

maintenance of the β-cells. In some recent evidence, a knockout of Atg7 gene in mice not only 

leads to impaired glucose tolerance and glucose-stimulated insulin secretion but also induced 

morphological abnormalities of islets and decreased β-cells (Ebato et al., 2008; Jung et al., 

2008; Quan et al., 2012). Ubiquitinated protein accumulation and induction of apoptosis may 

result in the reduced number of β-cells. 

 

2.7.3. Liver complications and autophagy 

 

It is observed that the level of autophagy is reduced in hepatocytes in case of obesity. 

There are several mechanisms for the decline of the autophagy. As per a study, the calcium-

dependent protease calpain 2 level is increased during obesity which results in down-regulation 

of Atg7 and a defective autophagy (Yang et al., 2010). Other important studies on the same 

theme also reveal that in obese mice, mTOR is up-regulated in liver and the over-activation of 

this autophagy inhibitor can result in muscle and insulin resistance probably due to 

phosphorylation of and inhibition of IRs1 by S6K (Tremblay and Marette, 2001; Um et al., 

2004; Tremblay et al., 2005). Although controversial but down-regulation of autophagy in 

obese mice may also be induced by hyperinsulinemia. However, overexpression of Akt/PKB, a 
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key regulator of insulin pathway decreases autophagy in the hepatic cells of the obese mice 

(Liu et al., 2009). Few studies also suggest that destruction of pancreatic β-cells by 

streptozotocin does not increase autophagy in obese mice in comparison to lean mice (Liu et 

al., 2009). Although the reasons for this kind of disparity is very unclear, however, in obesity, 

an obstruction in hepatic autophagy can cause severe complications like a decrease in the rate 

of lysosomal degradation and increase in ER stress due to nutrient assimilation. Hence, in this 

context, it is noteworthy to mention that insulin resistance may be triggered by the effect of the 

decline in autophagy and increased ER stress. 

 

Fig. 2.13. General scheme showing effect of autophagy in liver 

 

 

2.7.4. Hepatic steatosis and lipophagy 

 

Hepatic autophagy plays a vital role during nutrient deprivation condition in the liver. 

During the process, the lipid droplets are degraded to form free fatty acids for ATP production. 

This phenomenon of degradation of lipids is called lipophagy. Hence this process helps in the 

elimination and excess triglycerides and prevention of steatosis. In an experiment, inhibition of 

autophagy by genetic knockdown of Atg5 or by pharmacological inhibitors likes 3-

methyladenine significantly increases the triglycerides in the cultured cells. Retention of 

excessive triglycerides and cholesterols in the lipid droplets result in the reduction of fatty acid 

oxidation which in turn inhibits macroautophagy. A recent report proved the direct interaction 
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of LC3 with lipids droplets before autophagosome formation. As per the study the lysosomes 

fuse with the autophagosome having lipid droplets. It has also been observed that 16 weeks 

HFD fed mice have an impairment of autophagy in the liver which occurs due to the decreased 

mobilization of lipid into autophagic compartments (Singh et al., 2009). The possible 

mechanism of inhibition of macroautophagy by HFD is due to the alternations of membrane 

structures by lipid accumulation which in turn result in a decrease in fusion efficiency. The 

same study also suggests that liver of starved mice have increased lipid droplets, 

autophagosomes, autophagolysosomes and lysosomes (Singh et al., 2009). Another report 

states that Atg7 deficient knockout mice have significant enlargement of liver and 

accumulation of poly-ubiquitinylated proteins (Komatsu et al., 2005). An increase in hepatic 

triglycerides and cholesterol is also seen in these mice which prove the role of autophagy in the 

regulation of lipid metabolism. In obesity and fatty liver, autophagy is inhibited in liver cells. 

Fig. 2.14 gives a brief illustration of involvement of amino acids and/or insulin through 

Akt/PKB and mTOR signaling pathways. Obesity is directly or indirectly related to the 

inhibition of hepatic autophagic turnover by insulin resistance and hyperinsulinemia. As per a 

report, in obese mice having hepatic steatosis, a decrease in LC3-II and increase in p62 is 

observed, a protein degraded by autophagy (Liu et al., 2009). The same report also states that 

hyper-insulinemia activates Akt/PKB, which in turn inactivates FoxO1. FoxO1 regulates the 

expression of Vps34, Atg12 and Gabarapl1 at the mRNA level. Hence, preventing Akt/PKB 

will up-regulate these genes promoting autophagy. In contrast to this fact, hepatic autophagy is 

not affected and up-regulated in type 1 diabetic mice (Liu et al., 2009; Yang et al., 2010). The 

process is evaluated by the accumulation of LC3-II and decrease in p62 protein. As per a 

study, the activation of mTOR due to overnutrition and by elevated amino acid concentration 

can negatively regulate autophagy by inhibiting ULK1 (Codogno and Meijer, 2010). Several 

emerging reports prove the crosslink between ER-stress, obesity, insulin resistance and T2DM 

(Harding et al., 2001; Kaneto et al., 2005; Codogno and Meijer, 2010; Bhatia et al., 2014). 

However, the defective autophagy in the liver in case of obesity could promote insulin 

resistance and ER stress (Codogno and Meijer, 2010). Since mis/unfolded proteins are 

eliminated by autophagy, the deterioration of hepatic autophagy could lead to accumulation of 

these proteins and induction of ER stress. In some studies, it is found that overexpression of 

Atg7 in the liver of obese mice has significantly reduced ER stress, enhanced glucose tolerance 

and sensitivity to insulin. Hence a vicious cycle is maintained between hyperinsulinemia, 

hepatic autophagy, ER stress and obesity (Fig. 2.13). 
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Fig. 2.14. Schematic representation showing crosstalk between obesity, hyperinsulinemia and 

autophagy 

 

2.7.5. ER stress-induced hepatic insulin resistance 

ER stress can be caused by several ways such as dysfunction of calcium regulation, 

mutational load, nutrient deprivation and oxidative stress (Moon et al., 2014; Panigrahy et al., 

2017).  Most importantly, the ER stress as the name suggests is not localized to ER only and 

are spread to interacting organelles and whole cell as well also. At the initial stage of ER stress, 

prosurvival effects are observed to reduce the misfolded protein and restore cellular 

homeostasis. However cumulative unresolved ER stress results in a switch to programmed cell 

death. The pro-survival part of ER stress has some vital functions like- up-regulation of 

misfolded proteins clearance by ERAD pathway and increasing protein folding capacity. In 

most of the cases, molecular chaperones such as heat shock proteins, foldases and lectins are 

overexpressed in response to ER stress in order to enhance protein folding and expanding ER 

itself. Under normal condition, these molecular chaperones help in proper folding of proteins 

and later undergo modifications but in stressed condition these help in refolding of the 

misfolded proteins. As per some recent studies, the molecular chaperones recognize the 

misfolded proteins through the exposed hydrophobic regions which are usually hidden in their 
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native states (Schroder and Kaufman, 2005). A series of protein get activated and initiate 

compensatory response upon ER stress like ER kinase (PERK), inositol-requiring enzyme-1 

(IRE1) and activating transcription factor-6 (ATF6). During ER stress a series of signaling 

cascades operate and a collection of one of such sets is called Unfolded Protein Response 

(UPR). Proteins like PERK, IRE1 and ATF-6 are the key regulator of UPR. 

The core defect in T2DM is Insulin Resistance and it is associated with obesity and the 

metabolic syndrome. The metabolic effects of insulin are exerted on the whole body. It 

stimulates synthesis of fatty acids and glycogen, induces cell proliferation, causes a reduction 

in blood glucose and improves microcirculation. Under normal physiological conditions, when 

insulin binds to its membrane receptor it promotes receptor autophosphorylation. The adaptor 

molecules insulin receptor substrate 1 and 2 (IRS1 and 2) are phosphorylated by the activated 

receptor and then a complex cascade of signaling events is initiated. 

Insulin resistance is a condition where there is a decrease in insulin action on target 

tissues, like liver, skeletal muscle and adipocytes. In the liver, insulin resistance causes a 

decrease in glycogen synthesis and an increase in gluconeogenesis (Hatting et al., 2018). With 

respect to the adipose tissue, insulin action failure promotes lipolysis and results in the release 

of high levels of free fatty acids into the circulation. In skeletal muscle, in insulin-resistant 

state the insulin-stimulated glucose uptake is markedly reduced. Multiple factors determine 

insulin resistance, such as aging, inflammation, ER stress and mitochondrial dysfunction. Till 

now, there has been no consensus for a unifying mechanism of insulin resistance. Mechanisms 

contributing to insulin resistance are complex. It is generally considered that the hepatic insulin 

resistance is developed mainly by ER stress. The following may be the supporting evidences: 

(1) ER stress activates stress kinases that impair insulin signaling. During ER stress IRE1 

activation stimulates JNK and inhibitor of κ kinase (IKK), both inhibit insulin signaling by 

phosphorylating IRS1 on serine residues (Hu et al., 2006; Urano et al., 2000). Both 

gluconeogenesis and lipogenesis are paradoxically triggered, in insulin-resistant conditions. 

The transcription of critical hepatic enzymes implicated in gluconeogenesis or lipogenesis can 

be regulated by ER stress-activated transcription factors and hence participate in the abnormal 

stimulation of these pathways. (3) ER stress promotes fat accumulation in hepatocytes which 

may disrupt insulin signalling.Hepatic ER stress enhances degradation of apolipoprotein B100 

(apoB100) (Ota et al., 2008; Qiu et al., 2009) which impairs very low-density lipoprotein 

(VLDL) synthesis and export. In addition, the role of ER stress on insulin signaling in adipose 

cells and muscle cells has been identified. It has been demonstrated that ER stress could 
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decrease insulin signaling in 3T3-L1 adipocytes (Xu et al., 2010). Insulin receptor expression 

is down-regulated upon ER stress. It has also been shown that decrease in insulin signaling by 

the IRE1-JNK pathway in muscle cells (Hwang et al., 2012; Peng et al., 2011) is due to ER 

stress. It is well established that pivotal factor in causing insulin resistance is ER stress, yet the 

underlying mechanisms are not fully characterized. Nonetheless, recent studies on the 

regulation of insulin signaling that describe ER stress as the main factor have been performed 

only in vitro. To confirm that ER stress leads to IR, we need further in vivo research. Current 

studies indicate that defective autophagic response is another factor in the development of 

insulin resistance. Liver of obese mice is deficient in autophagy and its upregulation will be 

able to combat insulin resistance (Yang et al., 2010). Zhou et al. indicated that the down-

regulation of insulin receptors (Zhou et al., 2009) may be related to autophagy. Conversely, in 

the presence of insulin resistance autophagy activity is inhibited (Liu et al., 2009). Though 

studies show that autophagy is associated with insulin resistance, further investigation would 

be required to establish a direct causal relationship. 

 

2.7.6. Autophagy: a potential link between ER stress and insulin resistance 

Down-regulation of insulin receptor induced by ER stress may be an important factor in 

IR. The insulin receptor is a key molecule involved in cell metabolism and insulin signaling. In 

insulin-sensitive tissues of db/db mice and high-fat diet treated mice, the ER stress marker 

C/EBP homologous protein (CHOP) negatively influences the expression levels of insulin 

receptor (Zhou et al., 2009). In addition, ER stress-induced insulin resistance triggers 

autophagy in the peripheral insulin target tissues. Being a putative adaptive catabolic process 

and through its constitutive activity autophagy could generate energy for cells in starvation and 

also help to restore cellular homeostasis in nutrient-rich conditions. However, the role of 

autophagy is thought to be two way. ER stress-induced decrease in insulin receptor cellular 

levels was markedly ameliorated by the autophagy inhibitor 3-methyladenine (3- MA) (Zhou 

et al., 2009). Other reports at the same time show additional mechanisms involved in 

autophagy and insulin resistance. These authors have postulated that autophagy is a key 

modulator of insulin signaling and organelle function. Dysregulated autophagy is a major 

contributor to abnormal insulin action. In both genetic (ob/ob) and dietary (high-fat diet-

induced [HFD]) models of murine obesity, hepatic autophagy is severely depressed, 

particularly in Atg7 expression levels (Xu et al., 2010). It is verified that Atg7-deficient cells 

have defective autophagy. Inhibition of Atg7 led to the decreased insulin-stimulated Akt Ser-
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473 and insulin receptor β subunit phosphorylation both in the liver of intact lean mice and in 

murine hepatoma cells (Xu et al., 2010). By observations in both cellular systems and whole 

animals, the importance of autophagy in insulin signaling is clearly indicated. Nevertheless, the 

mechanisms of impaired autophagy in obesity are controversial. In obesity, insulin resistance 

and autophagy cause hyperinsulinemia that is negatively regulated by the activity of insulin-

mTOR pathway. With insulin resistance and hyperinsulinemia, the autophagy process and 

transcript levels of several pivotal autophagy genes such as vps34, atg12, and gabarapl1 genes 

were decreased in the livers of mice. Autophagy can be inhibited by insulin by suppressing the 

expression of crucial autophagy genes in a FoxO1-dependent manner directly or indirectly (Liu 

et al., 2009). Conversely, according to a study, the downregulation of Atg7 and defective 

autophagy (Yang et al., 2010) is caused due to the increase in calpain 2 rather than the high 

insulin levels seen in obese mice. Mechanisms involved in the autophagy suppression in case 

of obesity are still under intensive research. Additionally, as evident by the stimulation of 

eIF2α and PERK phosphorylation, loss of autophagy could cause ER stress in the liver tissue 

of lean mice. 

In vitro cell models Inhibition of autophagy added to impaired insulin action and 

increased ER stress. Conversely, overexpression of Atg7 in liver contributed to improved 

insulin sensitivity, dampened ER stress, and systemic glucose tolerance (Codogno and Meijer, 

2010). In concise, autophagy is must for promoting cell survival by eliminating damaged 

organelles and misfolded large molecules. Down-regulation of autophagy leads to the 

accumulation of these molecules and aged organelles which can be the cause of IR and ER 

stress. A study showed that down-regulated autophagy can cause degeneration of β-cells, by 

allowing intracellular accumulation of dysfunctional mitochondria (Gonzalez et al., 2011). 

Nevertheless, it is yet not clear if autophagy plays a protective or harmful role in diabetes. 

Autophagy could show different defects depending on the types of tissues or cells and 

environmental context. This relates to insulin action and ER stress in the liver with autophagy 

and confirms the systemic metabolic impact of hepatic autophagy deficiency in vivo. 

Furthermore, it has been demonstrated that 4-PBA and tauroursodeoxycholic acid (TUDCA), 

can decrease ER stress, which are two different chemical structures having chemical chaperone 

activity in common. The increase in ER stress may promote insulin receptor correct folding 

and membrane targeting, contributing to improved insulin action. In the pathophysiology of 

diabetes, the observations suggest a relevance of autophagy and ER stress. 
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2.7.7. Autophagy and β-cell  

In obesity, the β-cell acclimatizes to insulin resistance by augmenting the production 

and secretion of insulin (Leibowitz et al., 2009). The perpetual impetus for the β-cell to secrete 

copious amounts of insulin for maintaining euglycemia is concomitant with an elevated 

protein-folding load in the endoplasmic reticulum (ER) which may cause accretion of 

misfolded proteins, notably proinsulin, ensuing ER stress (Scheuner and Kaufman, 2008; 

Eizirik et al., 2007). The ER stress, along with the oxidative stress stimulated by excessive 

reactive oxygen species (ROS) generated from mitochondria, causes β-cell dysfunction 

(Poitout and Robertson, 2007; Prentki and Nolan, 2006; Gerber and Rutter, 2017); which is the 

major cause for the affliction of glycaemic control in diabetes over the time. T2D is 

accompanied by a raised level of hyperglycemia, non-esterified fatty acids (NEFA) and 

inflammation which escalates cellular stress, as a consequence generating a feed-forward 

vicious cycle that affects β-cell function, and may induce apoptosis and possibly β-cell 

dedifferentiation (Talchai et al., 2012; Hameed et al., 2015). 

Autophagy may protect the stressed β-cell by eradicating impaired organelles (e.g. 

endoplasmic reticulum i.e. reticulophagy and mitochondria i.e. mitophagy (Kroemer et al., 

2010; Mizushima and Komatsu, 2011) and/or misfolded proteins, particularly proinsulin (Fig. 

2.15). This notion is supported by a number of reports and put forward that lysosomal 

degradation pathways, including autophagy and crinophagy, are imperative for β-cell 

homeostasis both in physiology as well as in diabetes. 
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Fig. 2.15. Autophagy in the context of β-cell dysfunction 

In β-cell, various key roles are played by autophagy; for instance, aiding in β-cell function 

(Riahi et al., 2016) and apropos differentiation during development (Ren et al., 2017). Notably, 

autophagy promotes survival under conditions of β-cell stress that can lead to cell death, 

including nutrient depletion, ER stress, oxidative stress, mitochondrial damage, and hypoxia 

(Kroemer et al., 2010; Hayes et al., 2017). Loss of autophagy in the β-cell was pronounced a 

long time ago in the mice with a beta-cell-specific deficiency for the enzyme ATG7 in 

autophagosome biogenesis. A reduced insulin secretion and impaired glucose tolerance were 

observed in atg7 knockout mice and it was unveiled that the mice were having reduced β-cell 

mass due to increased apoptosis and decreased proliferation (Jung et al., 2008).  

So, induced autophagy is an adaptive response to insulin resistant condition. Although 

autophagy has gained importance in the recent past, our understanding of the same is still 

growing and thus pre-emptive interpretation can easily mislead about the role of autophagy in 

various disease models. Some in vitro studies have also reported that the induction of 

autophagy in palmitic acid (PA)-challenged pancreatic β-cells, isolated rat, and human 
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pancreatic islets, exerts the protective effect against PA-induced apoptosis (Choi et al., 2009; 

Martino et al., 2012). Some recent studies asserted that prolonged exposure of β-cell to FFAs 

leads to increase in autophagosomes due to suppressed autophagic turnover which is clearly 

evident from increased LC3-II as well as p62 accumulation. Autophagy turnover was 

drastically impaired in the presence of fatty acids which subsequently lead to pancreatic β-cell 

death (Masini et al., 2009; Bartolomé et al., 2014; Mir et al., 2015).  

On the basis of this pre-notion, rapamycin (a mTOR inhibitor and known activator of 

autophagy) has been validated to exert the cytoprotective effect on PA-induced β-cell by 

reducing the blockage of autophagic turnover (Mir et al., 2015). Similarly, other well-known 

antidiabetic drugs like rosiglitazone and metformin were also found to rescue β-cells from PA-

induced apoptosis through modulation of autophagy (Wu et al., 2013; Jiang et al., 2014). Thus, 

induction of autophagy could be a potential target to combat saturated fatty acid-mediated 

apoptotic cell death (Stienstra et al., 2014). 

Apart from its role in β-cell survival, autophagy is also reported to play an active role in 

the regulation of insulin homeostasis. Acute inhibition of β-cell autophagy by siRNA–

mediated knockdown of atg5/7 led into elevated levels of insulin as well as proinsulin (Riahi et 

al., 2016). However, reduced insulin secretion from mouse and human islets was observed 

when the autophagy was stimulated by rapamycin-mediated inhibition of mTORC1 (Blandino-

Rosano et al., 2017). The significance of commensurate regulation of autophagy for β-cell 

survival is further underlined by the observations that both activation and inhibition of 

autophagy through knockout or hyperactivation of mTORC1, respectively, lead to enhanced β-

cell apoptosis and a drop in β-cell mass (Blandino-Rosano et al., 2017; Bartolomé et al., 2014). 

Cumulatively, all these data indicate that autophagy plays a crucial role in the maintenance of 

β-cell survival and function through diversified mechanisms. 

2.7.7.1. Autophagy in the resolution of β-cell ER stress 

A functional ER is critical for stimulus-secretion coupling in the β-cell, allowing the β-

cell to secrete insulin in response to an exogenic stimulus. The immense demand of β-cells to 

produce and secrete insulin in response to environmental variations makes them vulnerable to 

ER stress. The β-cell must quickly ramp up insulin synthesis in response to upsurges in glucose 

while sustaining the ability to appropriately convert proinsulin to the insulin. Interruptions to 

this delicate steadiness can cause β-cell dysfunction. Under these conditions, if normal ER 

homeostasis is not reinstated, then cells eventually undergo apoptosis which is prompted by the 
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unfolded protein response. Chronically raised glucose and fatty acids associated with T2D 

have been found to trigger β-cell ER stress (Elouil et al., 2007; Cnop et al., 2007; Laybutt et 

al., 2007; Kharroubi et al., 2004; Karaskov et al., 2006), and mutations in components of the 

unfolded protein response pathway have been linked to the development of diabetes in rodents 

and humans (Eizirik et al., 2007; Cnop et al., 2012). ER stress has been implicated as one of 

the mechanisms contributing to the development of human islet amyloid polypeptide (hIAPP) 

oligomers (Abedini and Schmidt, 2013), probably through defects in the processing of the 

protein precursor, ProhIAPP, to hIAPP.  

IAPP is co-secreted with insulin and plays a crucial role in glycemic regulation. It can 

form amyloid aggregates that have been associated with β-cell death and the subsequent 

development of T2D in humans, however, the same is not reported for mice and rats (Saafi et 

al., 2001; Matveyenko and Butler, 2006; Kahn et al., 1999). Some recent studies have shown 

that autophagy is important for ameliorating the cytotoxic effects of hIAPP. In β-cells, 

blocking autophagy augmented the toxicity of hIAPP (Shigihara et al., 2014). Moreover, mice 

expressing hIAPP in autophagy-deficient β-cells developed diabetes, whereas neither hIAPP 

nor loss of autophagy alone was sufficient to induce the disease (Kim et al., 2014). This 

suggests that autophagy plays a vital role in clearing hIAPP oligomers, thus precluding 

cytotoxicity, β-cell failure/death, and the development of diabetes. 

ER stress results from the amassing of misfolded and unfolded proteins can trigger 

apoptosis if the stress conditions are not resolved. Stimulation of autophagy can degrade the 

misfolded proteins or dysfunctional regions of the ER, thus restoring structural and functional 

integrity (Bernales et al., 2006; Ogata et al., 2006, Hamaeher-Brady et al., 2006). Recent 

reports suggest that ER stress itself stimulates autophagy, perhaps as a feedback mechanism to 

protect the cell. For instance, Kong et al., 2017 observed that obstructing ER stress blocked 

autophagy and blocking autophagy increased ER stress. Quan et al., 2012 witnessed that loss 

of autophagy in the β-cell compromised the unfolded protein response, as a consequence an 

increased incidence of diabetes. Even though the mechanisms by which autophagy responds to 

ER stress are not completely understood, some connections are becoming clear. Activation of 

ER stress leads to the phosphorylation and inactivation of the eukaryotic translation initiation 

factor eIF2α, consequently inhibiting ribosome assembly which results in the global down-

regulation of protein translation. Apart from this, the expression of some transcription factors 

and protein chaperones like ATF4 and CHOP is up-regulated. ATF4 and CHOP have been 

found to regulate the expression of autophagy genes, increasing the transcription of genes 
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required for autophagosome formation and function (Maurin et al., 2016). Furthermore, 

Takatani et al., 2016 have found that signaling through eEF2K, which phosphorylates eEF2, 

thus contributing to the translation block induced by ER stress, also regulates autophagy. These 

findings provide insight into the potential molecular links between ER stress and the 

stimulation of autophagy. However, further research is needed to comprehend the mechanisms 

by which autophagy promotes cell survival under conditions of stress. 

2.7.7.2. Extracellular Signals That Regulate β-cell Autophagy 

Numerous factors such as dietary components, cytokines, and GLP-1 have been 

reported to stimulate autophagy in the β-cell. Importantly, although the context is important, all 

of these factors may contribute to the regulation of β-cell autophagy during the pathogenesis of 

both T1D and T2D. Starvation and deprivation of amino acids are eminent activators of 

autophagy in multiple cell types. However, mixed reports are there whether nutrient 

deprivation induces β-cell autophagy. Autophagy is found to be stimulated by fasting and 

calorie-restricted diet both in vitro and in vivo in some reports (Sun et al., 2016; Fujimoto et 

al., 2009; Ebato at al., 2008; Liu et al., 2017) but not in others (Goginashvili et al., 2015; Ebato 

at al., 2008). These incongruities in the findings could be due to differences in the length of 

starvation and in the type of autophagy that is stimulated. Reports witnessing stimulation of 

autophagy by nutrient deprivation used longer periods of starvation than the reports that did 

not observe induction of autophagy. However, according to a study by Goginashvili et al., 

2015, starvation may actually inhibit autophagy and, instead, stimulate crinophagy, in which 

insulin granules directly fuse to lysosomes. Therefore, conceivably shorter duration of nutrient 

deprivation may stimulate β-cell crinophagy, whereas lengthier periods of starvation may be 

required to trigger classical macroautophagy in the β-cell. 

Excess lipids are also known to play a role in autophagy regulation, with varying 

effects that are context dependent. For instance, autophagy protects against β-cell apoptosis 

induced solely by fatty acids such as palmitate and cholesterol in vitro (Choi et al., 2008; 

Martino et al., 2012; Wu et al., 2017), whereas excess fatty acids and glucose which generate 

circumstances of glucolipotoxicity can inhibit β-cell autophagic flux and lead to cell death (Mir 

et al., 2014; Las et al., 2011; Trudeau et al., 2016). This inhibition of autophagy is probably 

due to the lysosomal defects under these conditions, as reacidification of lysosomes using 

photoactivatable nanoparticles was able to bring back the autophagic flux in cells exposed to 

lipotoxicity (Trudeau et al., 2016). Numerous studies on rats and mice have shown up-
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regulated autophagy in the β-cell when the animals were fed high-fat diets (HFDs), and 

inhibition of β-cell autophagy aggravated the metabolic defects instigated by a combined high-

fat and high-glucose diet (Sheng et al., 2017). Collectively, these data propound that chronic, 

excessive exposure to fatty acids and glucose may block the endogenous adaptive mechanism 

by which β-cell protect themselves from these sources of stress and toxicity, which then 

contributes to the development of diabetes. 

 

Fig. 2.16. Schematic representation showing regulation of β-cell autophagy 
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2.7.8. Novel therapeutic approaches to target autophagy in endocrine and metabolic 

disorders 

Nowadays, modulation of autophagy has gained immense importance in the area of 

metabolism and endocrinology. Many of the known pro-autophagic drugs which were not 

originally designed or developed to induce autophagy may exert their beneficial effects via 

autophagy-mediated regulation. The various classes of autophagy modulators affecting 

different stages of autophagy signaling in metabolic disorders can be categorized as follows: 

2.7.8.1. mTORC1 inhibitors and rapalogs 

mTORC1 is a master negative regulator of autophagy and its inhibition has been used 

to initiate autophagy in mammalian cells. Concerning this, the classical MTORC1 inhibitor, 

rapamycin, has shown promising outcomes in various pre-clinical studies on treating metabolic 

diseases. For instance, rapamycin treatment was found to reduce diabetic nephropathy (DN) in 

streptozotocin-treated animals (Lloberas et al., 2006; Sakaguchi et al., 2006; Ding and Choi, 

2014). This protection was accompanied with the diminutions in glomerular α-smooth muscle 

actin expression, renal hypertrophy and mesangial matrix accumulation in streptozotocin-

induced diabetes. Apart from this, reduced expression of several pro-proliferative cytokines 

and monocyte chemoattractant protein-1 was also recorded (Yang et al., 2007). Similar effects 

were also witnessed with MTORC1 inhibition in DN models using db/db mice (Mori et al., 

2009). Unluckily, chronic rapamycin treatment is found to be associated with the insulin 

resistance and hyperglycemia in both the animals and humans (Di Paolo et al., 2006). The 

induction of diabetes by rapamycin mimics “starvation diabetes” and may not be pathological. 

However, due to its potential side effects, the usage of rapamycin for diabetes management is 

still under investigation and remains controversial. There have been positive results for the use 

of MTORC1 inhibitors to induce autophagy in NAFLD. In various animal models of NASH 

and NAFLD, Rapamycin exhibited beneficial effects in reducing hepatic steatosis by 

increasing autophagy (Farah et al., 2016; Lin et al., 2013; Nakadera et al., 2016). Other 

MTORC1 inhibitors such as caffeine have also exhibited progressive effects on liver fat 

clearance via autophagy. 

2.7.8.2. AMPK/SIRT1 activators 

AMPK is a nutrient-sensing kinase which is activated under energy-depleted conditions 

and is, in contrast to the mTORC1 pathway, a positive regulator of autophagy. Several 
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hormones, natural compounds, and drugs that induce AMPK activity have increased islet β-cell 

survival (Wu et al., 2013; Pichiah et al., 2011; Han et al., 2010) and protected against diabetic 

complications (Tanaka et al., 2011; Mellor et al., 2011; Dagon et al.,2015; Yerra and Kumar, 

2017; Yao et al., 2016). AMPK activators also showed beneficial effects in reducing lipid 

accumulation in non-adipose tissues by inducing autophagy in animal models of obesity (Kim 

et al., 2013; Liu et al., 2014; He et al., 2016). Similar to the direct AMPK activators, SIRT1 

activators also exhibited beneficial metabolic outcomes by activating AMPK and inducing 

autophagy (Wang et al., 2014; Colak et al., 2014; Zhang et al., 2016; Li et al., 2016). In this 

regard, both resveratrol as well as metformin protected against diet-induced NAFLD and tissue 

injury (Colak et al., 2014; Wang et al., 2014; Li et al., 2015; Song et al., 2015). 

2.7.8.3. Other strategies to modulate autophagy in metabolic disorders 

Recently, calcium channel blockers were shown to prevent the pathological 

manifestations of NAFLD and NASH (Park and Lee, 2014; Park et al., 2014). The rationale for 

their use was the restoration of autophagy that was blocked by induction of hepatic calcium 

flux during obesity. This increase in intracellular calcium concentration inhibited 

autophagosome-lysosome fusion and autophagic flux. Interestingly, impairment of 

autophagosomal-lysosomal dynamics also has been implicated in several lysosomal storage 

diseases (Lieberman et al., 2012). In this regard, induction of autophagic flux by increasing the 

activity of TFEB (transcriptional master regulator of autophagy-lysosomal genes) has shown 

promising beneficial effects (Spampanato et al., 2013). Recently, several small molecule 

activators of TFEB were discovered that may be potentially effective in the treatment of 

genetic and metabolic diseases that have impairments in autophagy (Song et al., 2016). 

Tatbeclin- 1 peptide represents a highly specific and targeted pro-autophagy inducer which has 

potential efficacy in the treatment of autophagic defects in human diseases (Shoji-Kawata et 

al., 2013). 

Since autophagy often is increased in cancer, autophagy inhibitors have been proposed 

as therapeutic adjuncts. However, in endocrine and metabolic disorders, autophagy usually is 

impaired either in the endocrine gland or the target tissues. So far, only autophagy inhibitors 

have been evaluated for cancer treatment in clinical trials; however, further work is needed in 

order to develop highly specific and less toxic autophagy inducers for clinical use in metabolic 

diseases (Levine et al., 2015). In endocrine glands such as the pituitary or pancreatic islets, 

deficiencies in autophagy may lead to decreased polypeptide hormone secretion and their 
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increased degradation by crinophagy. In target tissues such as fat, heart, muscle and liver, 

impaired autophagy can lead to abnormal lipolysis or decreased β-oxidation of fatty acids. 

Additionally, autophagy can protect against glucotoxicity, lipotoxicity, and ROS damage in the 

cell. Over time, these defects often lead to insulin resistance, inflammation, and secondary 

damage in target tissues. Thus, understanding autophagy in both endocrine glands and their 

target tissues may lead to novel therapeutic approaches to increase hormone secretion as well 

as enhance sensitivity to hormones and tissue viability. For example, it is possible that 

autophagy induction, either by hormones or pharmacologically, may lead to increased 

secretion of insulin from islet β-cells or confer protection against lipotoxicity, glucotoxicity, or 

inflammation to increase their viability (Barlow and Thomas, 2015). Likewise, increasing 

lipophagy and mitophagy in the liver could lead to decreased hepatosteatosis in NAFLD and 

lysosomal storage diseases (Yan et al., 2018). Indeed, a number of hormone and drug therapies 

have shown initial promise for this condition (Farah et al., 2016; Mao et al., 2016; Ward et al., 

2016). Thus, harnessing the beneficial powers of autophagy in the endocrine system and 

targeting them to appropriate tissues to improve hormone secretion, hormone sensitivity, 

and/or intracellular metabolism will be an exciting challenge that holds great promise for the 

future. 

 

2.8. Conventional versus herbal medicines 

 

Due to the increased demand for combating diabetes, many synthetic drugs have 

been developed such as biguanides, sulfonylurea, thiazolidinediones, meglitinide derivatives 

and α-glucosidase inhibitors but these are not fully effective, expensive and also have many 

side effects such as weight gain, hypoglycemia, abdominal discomfort, gastrointestinal 

adverse effects, liver failure and increased risk of congestive heart failure (Marín-Peñalver 

et al., 2016). 

As the knowledge of heterogeneity of this disorder increases, there is a need to search 

for more efficacious agents with lesser side effects. Although the modern medicines and 

therapies can mitigate diabetes to some extent, there are several unprecedented complications 

that have to be taken care may be by a holistic approach through validation of our traditional 

knowledge of Ayurveda and combining it with the modern scientific approach. The traditional 

plant-based medicines are safe, effective, economical, non-toxic with no or lesser side effects 

(Mukherjee et al., 2015). Hence these plant resources are considered to be excellent and 
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alternative candidates in diabetes management.  Thus, as the prevalence of the disease is 

progressing unabated, there is an urgent requirement of identifying effective natural sources in 

order to develop new effective therapeutics (Gupta et al., 2016). 

Some scientifically validated and popular anti-diabetic plants include Aegle 

marmelos, Aloe vera, Allium cepa, Allium sativum, Azadirachta indica, Eugenia jambolana, 

Ficus religiosa, Mangifera indica, Momordica charantia, Morus alba, Ocimum sanctum, 

Opuntia streptacantha, Phyllanthus amarus, Silibum marianum, Trigonella foenumgraecum 

(Mukherjee et al., 2013; Prakash et al., 2015; Kar et al., 2015). 

The fundamental mode of action of natural plant resources and phytochemicals for their 

antidiabetic activity can be summarized as follows (Awasthi et al., 2016); 

 Protection of pancreatic β-cell mass and function 

 Stimulation of insulin secretion and insulin sensitivity 

 Promoting glucose uptake and utilization in muscles, adipose tissues 

 Lowering glucose absorption in the intestine (α-glucosidase inhibitor) 

 Inhibition of gluconeogenesis and glycogenolysis in liver 

 Stimulation of glycogenesis 

 Reduction of inflammation and oxidative stress 

 

2.8.1. Phytochemicals 

 

Phytochemicals are the natural plant-derived compounds that are produced for their 

own defense and protection, against various environmental stresses such as bacteria, fungi, 

insects, pollution, weather change and various diseases (Romeo, 2012). Though 

phytochemicals are considered as non-essential nutrients as they are not required to sustain 

life, but recent research has revealed that they can also protect humans against several diseases 

such as oxidative damage (Lee et al., 2017; Zhang et al., 2015), inflammation (Yenuganti et 

al., 2014; Vashisht et al., 2018), diabetes (Firdous, 2014), cancer (Parihar et al., 2012; Agarwal 

et al., 2013; Amin et al., 2014; Shukla et al., 2015; Li et al., 2016; Sirohi et al., 2017), 

cardiovascular disorders (R Vasanthi et al., 2012), neurodegenerative disorders (Venkatesan et 

al., 2015; Chakraborty et al., 2015) and aging (Larsson and Sonny, 2009). There are more than 

thousand known phytochemicals but most studied include polyphenols and carotenoids. 
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Among polyphenols, flavonoids and isoflavones are well-known subclasses found to be 

beneficial in combating various health disorders. 

In the past few decades, food and nutrition have been recognized as critical factors in 

the management of diseases and their cure. Since time immemorial, by virtue of traditional 

knowledge, the indigenous people utilized various herbs and medicinal plants for the treatment 

of several disorders. Since the new generation of treatment modalities to mitigate dreadful 

diseases is constrained to use synthetic drugs, which are costly and may sometime end up with 

unpredictable side effects, major research focus is on identifying novel phytochemicals that 

can modulate and maintain physiological functions. Also phytochemicals because of their 

lesser side effects, more reliable pharmacological action and cost-effectiveness are emerging as 

the new generation’s therapeutic strategy to combat various diseases like cancer, diabetes, 

cardiovascular disease, bone disorders and neurodegeneration. 

Phytochemicals are considered as important nutraceuticals employing several aspects 

of health benefits. Phytochemicals play role as substrates for biochemical reactions, act as 

cofactors/inhibitors of enzymatic reactions, ligands for surface/intracellular receptors as 

agonist/antagonist, scavengers of reactive or toxic substances, as enhancers of bioavailability 

of essential nutrients and selective growth factors for beneficial gastrointestinal microbiota or 

selective inhibitors of deleterious intestinal bacteria (Dillard et al., 2000). 

Classification     

The phytochemicals can be classified based upon their chemical structures. The major 

classifications could be alkaloids, aromatic acids, phenolics, lactones, terpenoids, fatty acids 

and organosulfur compounds.  

2.8.1.1. Phenolics 

Phenolic phytochemicals have a phenol ring with different functional groups attached 

to it. These are the largest category of phytochemicals and are distributed widely throughout 

the plant kingdom. Based on the functional group side chains, phenolic compounds can be 

further classified as- phenolic acids, phenolic aldehydes, phenolic glucosides, flavonoids, 

lignans etc. The structural diversity of these groups of phytochemicals is mainly due to 

hydroxylation patterns, stereochemistry and different patterns of methoxylation and 

glycosylation (Koleckar et al., 2008). 
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2.8.1.1.1. Flavonoids 

The term “Flavonoid” is derived from the Greek word flavus meaning yellow (Miranda 

et al., 2001; Procházková et al., 2011). These are ubiquitous secondary metabolites which are 

also responsible for red, blue and purple pigmentation in plants (Winkel-Shirley, 2001). This 

clearly indicates that these molecules are linked to pigmentation in plants. In earlier days, 

flavonoids were thought to be the metabolic waste of plants that are toxic and are therefore be 

stored away in vacuoles. Some authors also described the same to be an evolutionary remnant 

having no current functions.  However, due to their wide range of biological activities, major 

research focus has shifted to decipher their medicinal properties and mode of actions in cellular 

level.  

 

Classification of flavonoids 

 Flavonoids can be mainly classified based upon their chemical structures. The basic 

skeleton of almost all flavonoids is same i.e., 2-phenylbenzopyrone. They differ from one 

another in the pattern of hydroxylation or methylation, degree of unsaturation and type of 

sugars attached. In general, flavonoids can be classified into following types: (a) flavonols, (b) 

flavones, (c) flavanols, (d) flavanones, (e) anthocyanidins and (f) isoflavones.  

O

O

 

Fig. 2.17. Structure of 2-phenylbenzopyrone 

2.8.1.1.1.1. Flavonols 

 

 These groups of flavonoids have 3-hydroxyflavone backbone. The different positions of 

–OH group in the backbone is the only reason for the chemical diversity of this group. As far 

as flavonols in human diets are concerned, these are mainly found in vegetables, fruits and 

beverages like tea and wine (Favre et al., 2018; De Beer et al., 2017; Tsanova-Savova et al., 

2018). Some of the widely studied flavonols are discussed below. 
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Fig. 2.18. Hydroxyflavone as a basic flavone structure 

2.8.1.1.1.1.1. Quercetin 

 

 According to IUPAC system quercetin is known as 2-(3,4-dihydroxyphenyl)-3,5,7-

trihydroxy-4H-chromen-4-one. It is the most abundant dietary flavonoid found in fruits, green 

leafy vegetables, olive oil, red wine and tea. Structurally, quercetin contains 5 hydroxyl groups 

and the position of the same determines its diversity. Glycosides and ethers are the major 

derivatives of the compound. However, sulfate and prenyl substituents are also observed but 

less frequently (Harborne and Williams., 2000; Williams and Grayer, 2004). Normally, 

quercetin is not found in free form; rather form a complex with phenolic acids, sugars and 

alcohols. After ingestion, the derivatives of the quercetin are hydrolyzed in the gastrointestinal 

tract and then absorbed in the body (Scalbert et al., 2000; Walle, 2004). This group of 

flavonols also exhibit diverse pharmacological effects like antiviral (Falcó et al., 2018; Wong 

et al., 2017), anti-carcinogenic (Kashyap et al., 2018; Tang et al., 2018) and anti-inflammatory 

effects (Lesjak et al., 2018; Lee et al., 2018; Lin et al., 2017). Recent evidence prove the 

efficacy of the compound in diabetes and obesity. It is found to increases plasma insulin level 

and decrease blood glucose level, decrease oxidative stress and inflammation by inhibiting Ikk-

β and TNFα expression in STZ-nicotinamide induced diabetic rats (Roslan et al., 2017). As per 

another study, quercetin induces a significant decrease in blood glucose level through an 

increase in GLUT 4 expression and exhibition of antioxidant activity in alloxan-induced type 2 

diabetic mice (Alam et al., 2014). 
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Fig. 2.19. Structure of Quercetin 
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2.8.1.1.1.1.2. Rutin 

 

The IUPAC name of Rutin is 2-(3,4-dihydroxyphenyl)-5,7-dihydroxy-3-[α-L-

rhamnopyranosyl-(1→6)-β-D-glucopyranosyloxy]-4H-chromen-4-one.  It’s mainly formed by 

the combination of glycoside with quercetin and the disaccharide rutinose.  It is mainly found 

in the citrus foods.  However, the name rutin originates from the plant Ruta graveolens where 

it is found abundantly.  As per some recent reports, rutin has been proved as an effective agent 

against various ailments but these are still under preliminary clinical research for their potential 

biological effects. However, the only problem in this compound is its poor bioavailability due 

to poor absorption, high metabolism, and rapid excretion. In terms of diabetes and obesity, the 

compound seems to be potent both in vitro as well as in vivo systems. As per a study, the 

compound exhibits antihyperglycemic activity, improves oral glucose tolerance and oral 

sucrose tolerance in alloxan-induced type 2 diabetic rats (Calzada et al., 2017). Rutin also 

found to restore HFD-induced elevation in ER stress markers in epididymal fat, as well as 

altered p-JNK, PPARγ, and DsbA-L protein expression under obese conditions (Chen et al., 

2016). As per another report, rutin reduces blood glucose and increases insulin levels and 

stimulates adipocyte differentiation and adiponectin secretion in 3T3-L1 cells (Naowaboot et 

al., 2015). 
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Fig. 2.20. Structure of Rutin 
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2.8.1.1.1.1.3. Myricetin 

 

 IUPAC name of Myricetin is 3,5,7-Trihydroxy-2-(3,4,5-trihydroxyphenyl)-4-

chromenone. Myricetin is found throughout the plant kingdoms but mostly found in the species 

of the families Myricaceae (Patel et al., 2017; Jones et al., 2010), Polygonaceae (Abd El-kader 

et al., 2013) and Pinaceae (Saab et al., 2018). Structurally, myricetin (Fig. 2.21) is closely 

related to kaempferol, quercetin, morin and fisetin. Due to its structural closeness with 

quercetin, it is also referred as hydroxyquercetin. Myricetin was first isolated from Myricanagi 

Thunb (from family Myricaceae) (Perkin, 1896).  These are mainly found in vegetables, 

berries, nuts, tea (Corell et al., 2018) and mostly in wine (Basli et al., 2012). This compound 

possess various pharmaceutical activities like- anti-cancer (Sun et al., 2012; Kim et al., 2014,) 

anti-diabetic (Li et al., 2017; Sobeh et al., 2017), anti-inflammatory (Hou et al., 2018; Tan et 

al., 2018), anti-oxidant (Mendes et al., 2018) and hepatoprotective (Zakaria et al., 2018) 

activities. In terms of diabetes and obesity, recent evidence proved the anti-diabetic activity of 

the compound in both in vitro as well as in vivo systems. In an experiment in High-fat, high-

sucrose (HFHS) diet-induced mice, myricetin alleviates insulin resistance, improves obesity 

and reduces serum proinflammatory cytokine levels (Choi et al., 2014). Another report proves 

the inhibitory activity of α-Glucosidase in STZ-induced diabetic rats (Kang et al., 2015). It is 

also observed that the compound acts as a GLP-1R agonist and exerts glucoregulatory activity 

in isolated islets and GLP-1R–deficient mice (Li et al., 2017). 
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 Fig. 2.21. Structure of Myricetin 
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2.8.1.1.1.1.4. Kaempferol 

 

 IUPAC name of kaempferol is- 3,5,7-Trihydroxy-2-(4-hydroxyphenyl)-4H-chromen-4-one. 

These are very common in plants and are widely distributed throughout the plant kingdom. As 

per a review article by Montano et al., 2011, 400 plant species from various families are listed 

along with types of kaempferol isolated (M Calderon-Montano et al., 2011).  Kaempferol is 

found either in its native form or may be bound to glucose, galactose and rhamnose to form the 

glycosides. However, as far as dietary kaempferol is concerned, it is abundantly found in tea, 

broccoli, apples, strawberries and beans (Somerset et al., 2008). Kaempferol exhibits various 

therapeutic activities and is supposed to be a potent drug against various ailments. The biggest 

advantage of this phytochemical is its selective cytotoxicity to cancerous cells (Yang et al. 

2018; Kim et al., 2013; Mylonis et al., 2010) rather than normal cells (Zhang et al., 2008). 

Apart from this, kaempferol also has potential therapeutic activity against diabetes (Zang et al., 

2014; Lima et al., 2018; Zhang et al., 2011), inflammation (Kong et al., 2013; Rho  et al., 

2011) and cardiovascular diseases (Vishwakarma et al., 2018). In terms of diabetes and 

obesity, several pieces of evidence prove the efficacy of the compound. It is also observed that 

kaempferol also alleviates insulin resistance by inhibiting the phosphorylation of insulin IRS-1, 

Ikβ kinase α, and Ikβ kinase β in HFD induced rats (Luo et al., 2015). Kaempferol also 

ameliorates hyperglycemia, glucose tolerance, and blood insulin levels and islet β-cell mass via 

increased Glut4 and AMPK expressions in HFD –induced mice (Alkhalidy et al., 2015). 
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Fig. 2.22. Structure of Kaempferol 
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2.9. The problem addressed in the present thesis    

  

Keeping in mind all the above mentioned recent strategies and targets, in the present thesis, the 

major research focus was on identifying natural autophagy modulators which can protect β-cell 

mass and function as a principal approach in the prevention of obesity-linked T2DM and 

further understanding the mechanism of action in detail. The initial part of this thesis dealt with 

a screening of some flavonoids for their anti-obesity, anti-diabetic and autophagy stimulatory 

activities. In the next phase of the study, the major emphasis was on to determine the 

underlying mechanism and signaling pathways involved in cross-talk between anti-diabetic 

and autophagy stimulatory effects of kaempferol, the flavonoid found most potent out of all 

flavonoids tested in the initial screening. In another part of this study, the role of kaempferol-

mediated autophagy was elucidated in the lipid deposition and insulin resistance in lipid-

induced hepatocytes.  
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Chapter 3. Materials and Methods 

 

3.1. Introduction 

 

This chapter represents the detail in vitro and in vivo experimental procedures carried 

throughout the thesis to establish the effect of potent flavonoids against obesity-linked type-2 

diabetes. It also deals with several techniques that are used to decipher the underlying 

molecular pathways of action of these flavonoids. 

 

3.2. Materials  

 

All cell culture reagents including RPMI-1640, DMEM medium, trypsin, fetal bovine serum 

(FBS), and antibiotic solution (penicillin-streptomycin) were purchased from GIBCO (BRL, 

Inchinnan, UK)). Dimethyl sulphoxide (DMSO), MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide], cell culture grade palmitic acid (PA) and analytical grade 

chemicals were purchased from HiMedia (Mumbai, India). LysoTracker red DND-99 was 

obtained from Life Technologies, USA. Kaempferol, wortmannin, chloroquine, compound C, 

temsirolimus, metformin mono dansylcadaverine (MDC), Hoechst 33342, Collagenase V, 

DAPI (4',6-Diamidino-2-Phenylindole) were procured from Sigma-Aldrich (St. Louis, MO, 

USA). All the reagents for RT-PCR were purchased from NEB (New England Biolabs, USA). 

BCA Protein Assay Kit was purchased from Pierce (Pierce Biotechnology, USA). All primary 

antibodies and secondary antibodies were purchased from Santa Cruz (Santa Cruz, CA, USA) 

while antibody against Caspase-3 was from Cell Signaling Technology (Danvas, MA, USA). 

ECL detection kit was purchased from Santa Cruz (Santa Cruz, CA, USA). Insulin enzyme 

immunoassay kit was procured from SPI-Bio (Bertin Pharma, Montigny-le-Bretonneux, 

France). Accu-chek active glucometer and glucose strips were from Roche Diagnostics 

(Barcelona, Spain). Rat/human-specific predesigned siRNA for Atg7 and negative control 

siRNA were purchased from Qiagen (Valencia, CA, USA) while AMPK siRNA was obtained 

from Ambion (Life Technologies GmbH, Darmstadt, Germany). The plasmid for EGFP-LC3 

(Addgene plasmid # 11546) was acquired from Addgene Plasmid Repository (Cambridge, 

MA, USA) which was donated to the repository by Dr. Karla Kirkegaard (Stanford University, 

USA). The pcMX-PPARα and co-regulator plasmid were kind gift from Professor Ronald M. 

Evans (The Salk Institute for Biological Studies, California, USA) and Professor Michael R. 
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Stallcup (University of Southern California, Los Angeles, CA, USA). Insulin enzyme 

immunoassay kit was procured from SPI-Bio (Bertin Pharma, Montigny-le-Bretonneux, 

France).  

 

3.3. In vitro experimental models 

 

3.3.1. Cell lines and cell culture  

 

Rat pancreatic beta cell line RIN-5F; Human liver cancer cell line (HepG2 cells); Murine 

preadipocyte cell line (3T3-L1 cells); Rat skeletal muscle cell line (L6 cells) were used in this 

study. All the cell lines were purchased from National Centre for Cell Science (NCCS), Pune, 

India.  

HepG2 cells (from passage number 30-35) were grown in DMEM with 10% fetal bovine 

serum (heat inactivated) and 1% antibiotic (100 U/ml of penicillin and 100μg/ml streptomycin) 

mix at 37°C in a humidified atmosphere in a 5% CO2 incubator. The medium of the cells was 

changed after every alternate day to avoid nutrient stress. 

3T3-L1 cells (from passage number 10-15)  were cultured in DMEM supplemented with 

10% fetal bovine serum, 2 mM L-glutamine, 0.1 mM nonessential amino acids and 1 mM 

sodium pyruvate along with 1% antibiotic (100 U/ml of penicillin and 100μg/ml 

streptomycin). Cells were maintained at 37°C in a humidified atmosphere in a 5% CO2 

incubator. 

L6 cells (from passage number 40-45) were grown in DMEM with 10% fetal bovine serum 

(heat inactivated) and 1% antibiotic (100 U/ml of penicillin and 100μg/ml streptomycin) mix 

at 37°C in a humidified atmosphere in a 5% CO2 incubator. 

RIN-5F (from passage number 30-38) were grown in RPMI with 10% fetal bovine serum 

(heat inactivated) and 1% antibiotic (100 U/ml of penicillin and 100μg/ml streptomycin) mix 

at 37°C in a humidified atmosphere in a 5% CO2 incubator. 
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3.4. Isolation and culture of rat pancreatic islets for ex vivo studies 

The rat pancreatic islets were isolated as described elsewhere with some modifications 

(Martino et al., 2012). Briefly, the female Sprague-Dawley rats of age 8–10 weeks were 

sacrificed by cervical dislocation and the pancreas was removed aseptically. The harvested 

pancreas was then cut into small pieces and washed with Hanks’ balanced salt solution 

(HBSS). Thereafter, the resulting pancreatic pieces were then digested in collagenase V 

(Sigma–Aldrich, USA) in HBSS for 10 min at 37°C with gentle shaking. The digested samples 

were then rinsed thrice with cold HBSS. Finally, the islet purification was performed by 

centrifugation at 800 x g for 15 min at 4°C on Ficoll density gradient centrifugation (density: 

1.100, 1.077) (Sigma Chemical Co., St Louis, MO, USA).  After being washed with HBSS 

containing 2% BSA, the islets were cultured in RPMI 1640 supplemented with 10% FBS 1% 

streptomycin–penicillin and L-glutamine (2 mM) at 37°C in a humidified atmosphere 

containing 5% CO2.  

 

3.4.1. Identification of pancreatic islets  

 

The purified islets were tested for their specificity by dithizone (DTZ) staining. For DTZ 

staining, the culture dishes were incubated at 37°C for 15 min in the DTZ solution. After the 

incubation period, dishes were rinsed three times with HBSS and subsequently monitored 

under a microscope to identify clusters of stained crimson red as islets. After examination, the 

dishes were replenished with culture media. The stain completely disappeared from the cells 

after 4 h. For treatment, DTZ-stained islets were counted and divided into various groups and 

were given the respective treatments. 

 

3.5. In vivo experimental models  

 

Male laboratory mouse: 

Phylum: Chordata 

    Subphylum: Vertebrata 

        Class: Mammalia 

            Order: Rodentia 

                 Family: Muridae 

                    Genus: Mus 

                            Species: musculus 

                                     Strain: C57BL/6 
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All the animal experiments were performed as per CPCSEA guidelines with prior approval 

from Institutional Animal Ethics Committee  (approval number BT/IAEC/2017/02). Male 

C57BL/6 mice of age 7 weeks old were procured from CSIR-Institute of Microbial 

Technology, Chandigarh, India. Female Sprague-Dawley rats of age 8–10 weeks old were 

procured from National Institute of Pharmaceutical Education and Research, Mohali, India 

with the approval of Institutional Animal Ethics Committee (MMCP/IAEC/16/05). Animals 

were housed under standard conditions (temperature 23±2°C and 12 h dark-light cycle) in a 

well-maintained animal house and acclimatized for two weeks prior to start of the experiments. 

The animals were fed ad libitum with either standard chow-fed or a high-fat diet and allowed 

free access to water.  

 

3.5.1. Experimental design  

 

After acclimatizing, the mice were divided into different groups mentioned in respective 

chapters. 

3.5.2. Model development 

 

Obesity-linked type 2 diabetes was induced in mice of all the groups; except for group I 

(Normal control group) by feeding mice with HFD  that  contained approximately 60% kcal 

fat, 20% kcal protein and 20% kcal carbohydrate wherein soybean oil and lard were used as 

the fat source (D12492, Research Diets, New Brunswick, NJ, USA) for 10 weeks.  While 

normal control group was fed with standard chow diet which contained approximately 7.5% 

kcal fat, 17.5% kcal protein, 75% kcal carbohydrate (RM1, Special Diet Services, Witham, 

Essex, UK). Weight gain was monitored after every two weeks. After 10 weeks of HFD 

feeding, obese mice were fasted overnight and intraperitoneally injected with a low dose of 

STZ [35 mg/kg dissolved in freshly prepared 0.1 M cold citrate buffer (pH 4.5)], while normal 

control mice from the group I were given the same volume of 0.1 M cold citrate buffer (pH 

4.5). After one week, mice with fasting glucose > 240 mg/dl were considered as diabetic and 

then allowed to stabilize for one more week. The mice from all the groups were continued with 

respective diet till 16 weeks of the whole experiment. 
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3.5.3. Experimental treatment 

After two weeks of STZ injection (after 12 weeks of HFD), diabetic mice from group III and 

IV were injected intraperitoneally with metformin (25 mg/kg/day) and rapamycin (2 

mg/kg/day) respectively. While group V and VI were injected intraperitoneally with low (10 

mg/kg body weight/day) and high dose (25 mg/kg body weight/day) of kaempferol 

respectively. The mice from the group I and II were injected with sterile 10% ethanol: 40% 

PEG 400: 50% PBS as vehicle control. All the compounds i.e., metformin, rapamycin and 

kaempferol were dissolved in same solvent i.e., sterile 10% ethanol: 40% PEG 400: 50% PBS 

for experimental uniformity within each group. The mice were then allowed to continue to 

feed on their respective diets until the end of the study (total 16 weeks). 

 

3.5.4. Autophagy flux determination 

 

For autophagic flux determination, mice from Group VII and Group VIII were given an 

intraperitoneal injection of chloroquine (25 mg/ kg body weight/day) for last 10 days before 

completion of the experiment. 

 

3.6. Preparation of palmitic acid-containing media  

 

 The RPMI media and DMEM media containing 0.5 mM PA was prepared as described 

elsewhere (Tu et al., 2014). Briefly, 100 mM PA stock solution was prepared in DMSO, which 

was subsequently diluted to 5 mM in 10% BSA (BSA dissolved in RPMI media/DMEM 

media). The resultant mixture was further diluted with pre-warmed (37°C) incomplete RPMI 

media/DMEM media supplemented with 1% streptomycin–penicillin solution to attain 0.5 mM 

PA concentration in the media. The final concentration of BSA in PA-containing media was 1 

%, thus RPMI media/DMEM media supplemented with 1% BSA was used as vehicle control 

for experiments. 

 

3.7. MTT assay for cell viability 

 

The cytotoxicity as caused by several test compounds was measured according to the protocol 

reported by Mosmann [1983], which is described below in details. A sub-confluent monolayer 

of cells was trypsinized and collected in the respective culture media. In brief, 5 X 103 
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cells/well were seeded in 96 well plates (NEST, Korea). After 24 of attachment and respective 

treatment period MTT [3-(4, 5-Dimethyl-2-thiazolyl)-2, 5-diphenyltetrazolium bromide] 

solution in PBS was added at a final concentration of 0.5 mg/ml along with the fresh media 

and the cells were further incubated in the CO2 incubator at 37°C for 4 h. Thereafter, the media 

was aspirated from each well and the formazan product formed was dissolved in 200 µl 

DMSO. The absorbance was measured at 570 nm using Fluostar Optima Plate Reader (BMG 

Labtech, Germany). The percentage of cell viability was calculated by the following formula; 

Percentage Cell Viability = (Mean OD of treated cells / Mean OD of untreated cells) X 100 

 

3.8. Adipocyte differentiation 

 

The pre-adipocyte cell line (3T3-L1 cells) were grown as 100% confluent monolayer in 

DMEM supplemented with 10% FBS and 1% antibiotic (100 U/ml of penicillin and 100 μg/ml 

streptomycin). Post-confluency, the DMEM was replaced with adipogenic differentiation 

inducing media (DMEM containing 1 μg/ml insulin, 0.5 mM IBMX and 1 μM dexamethasone 

cocktail) for 2 days and then followed by an induction media (DMEM media with 1 μg/ml 

insulin) for the next 6 days in presence or absence the test compounds for guiding the complete 

maturation of pre-adipocytes. The media was replenished along with the test compounds in 

every alternate days.  

 

3.9. Oil Red O staining for lipids 

 

The detection of neutral lipids was observed and quantified with Oil Red O staining. The cells 

were seeded in 6 well plates (approximately 5 X 105 cells/well). After 24 h, the cells were 

treated with kaempferol with or without various inhibitors i.e., wortmannin, chloroquine and 

compound C in presence of 0.5 mM PA. The cells incubated with only PA and without PA 

were taken as positive and negative controls respectively. After 48 h of incubation, the cells 

were washed with sterile phosphate buffer saline and fixed with 10% formalin in phosphate 

buffer saline for 30 min at RT. Subsequently, the cells were washed with phosphate buffer 

saline and incubated with 60% isopropanol for 10 min then stained with 0.5% freshly prepared 

Oil Red O solution in 60% isopropanol for 15 min. The cells were then washed thrice with 

distilled water and imaged under an inverted light microscope (Zeiss, Axiovert 25, Germany). 
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Meanwhile accumulated lipids were extracted with 100% isopropanol and absorbance was 

estimated at 510 nm using a plate Reader (Fluostar Optima, BMG Labtech, Germany). 

 

3.10. Measurement of intracellular triglyceride content 

 

Intracellular triglyceride levels were measured to estimate the content of lipoprotein particles. 

For the estimation of cellular triglyceride content, cells were seeded in 6 well plates at a 

density of 5 X 105 cells in each well and treated with test compounds with or without various 

inhibitors for 48 h. On completion of the incubation, the cells were harvested and washed with 

cold phosphate buffer saline. Further, the cells were homogenized in 1 ml of 5% NP-40 and 

slowly heated to 80°C in water bath for 5 min and then cooled down to room temperature, the 

heating and cooling steps were repeated again to solubilize all triglycerides. Thereafter, the 

samples were centrifuged at 12000 x g for 2 min and supernatant of each sample was diluted 

10-fold with distilled water before proceeding with the quantification. The triglyceride level 

was estimated in each sample using the commercially available kits (Erba, Germany) 

according to the manufacturer’s instructions. The content of protein in each sample was 

determined by BCA Protein Assay Kit (Pierce Biotechnology, USA). The intracellular 

triglyceride content was represented as μg/mg cellular protein. 

 

3.11. Labeling of lipid droplets with BODIPY stain 

 

BODIPY or boron dipyrromethene is a class of strong ultraviolet-absorbing dyes for staining 

neutral lipids in live or fixed cells. For labeling lipid droplets, cells were seeded onto 

coverslips at a density of 2.5 X 105 cells/ coverslip and treated with respective treatments. 

After 48 h of treatment, the cells were washed with phosphate buffer saline and fixed with 4% 

formaldehyde for 10 min at room temperature. Further, the cells were washed with phosphate 

buffer saline and incubated with BODIPY 493/503 at a working concentration of 5 µg/ml in 

phosphate buffer saline for 20 min at room temperature. After incubation, the cells were 

washed twice with phosphate buffer saline and counterstained with DAPI. The slides were 

prepared and the cells were imaged under confocal laser scanning microscope (LSM 780, Carl 

Zeiss, Germany) at excitation and emission wavelengths of 493 and 503 nm, respectively. 
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3.12. L6 cell differentiation 

 

The L6 cells were maintained in high glucose DMEM supplemented with 10% heat-inactivated 

FBS and 1% streptomycin–penicillin solution at 37℃ in a humidified atmosphere with 5% 

CO2. To differentiate the L6 cells, once they attained 80% confluency, the cells were 

supplemented with myogenic differentiation media (DMEM supplemented 2% horse serum 

and 1% penicillin/streptomycin solution) for 7 days. 

 

3.13. Glucose uptake assay 

 

After differentiation of L6 cells, the differentiating media was replaced with DMEM 

containing 0.2% BSA and the differentiated myotubes were incubated with different 

concentration of quercetin, rutin, myricetin and kaempferol in presence or absence of 0.5 mM 

PA for 24 h. The cells were then washed with Krebs-Ringer bicarbonate (KRB) buffer and 

then placed in KRB buffer containing 0.2% BSA and 20 mM glucose for 1 h incubation. The 

cells were incubated with or without insulin (100 nM) in the presence of quercetin, rutin, 

myricetin and kaempferol up to 60 min. Then aliquots of 25 µl were removed from incubation 

mixture and glucose concentration was determined using GOD-POD glucose estimation kit 

(ERBA Diagnostics Mannheim GmbH, Germany). 

 

3.14. Bromo-2'-deoxyuridine (BrdU) incorporation assay 

 

The incorporation of thymidine analog BrdU (5-bromo-2’-deoxyuridine) into freshly 

synthesized DNA and then anti-BrdU antibody labeling, quantitatively measure the cell 

proliferation. Briefly, 5×103 cells/well were seeded in poly-D-lysine coated black/clear bottom 

96 well plates and incubated for 24 h, thereafter treated with respective treatments for another 

48 h. On completion of incubation, the cells were supplemented with 10 μM BrdU (Himedia, 

Mumbai, India) for 24 h. At the end of incubation period, the cells were briefly rinsed with 

PBS and fixed with 4% paraformaldehyde in PBS at 4°C for 30 min. Further, the cells were 

washed with PBS, followed by permeabilization with 0.2% Triton X-100 for 10 min. The 

resulting cells were then incubated with 2 N HCl for 20 min at RT to denature the DNA and 

then neutralize with 0.1 M sodium borate (pH 8.5) for 5 min. After an additional wash with 

PBS, the cells were incubated with mouse monoclonal FITC conjugated anti-BrdU antibody 
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(sc-32323 FITC, Santa Cruz Biotechnology, CA, USA) at 1:200 dilutions in PBS at 4°C for 

overnight. The cells were then gently washed with PBS and counterstained with DAPI and 

visualized under a fluorescence microscope (Zeiss, Axiovert 25, Germany). The fluorescent 

intensities for BrdU uptake were measured by Fluostar Optima Plate Reader (BMG Labtech, 

Germany) at respective excitation and emission wavelengths of 488/520 nm for FITC and 

350/461 nm for DAPI (Kiyota et al., 2015). 

 

3.15. Hoechst 33342 staining for monitoring nuclear morphology of apoptotic cells 

 

Hoechst 33342 is a cell permeable dye which stains the nucleus. For nuclear staining, cells 

were seeded in 12 well plates (5X 104 cells/well) in complete media with 10% FBS. After 24 h 

of seeding, the cells were supplemented with media containing 0.5 mM PA and subsequently 

treated with the test compounds and with or without specific inhibitors. After 48 h of 

treatment, the cells were stained with Hoechst 33342 (1 µg/ml in PBS) for 5 min. Thereafter, 

the cells were visualized and imaged under the Confocal Laser Scanning Microscope (LSM 

780, Carl Zeiss, Germany) equipped with 405 nm excitation laser. 

 

3.16. DNA ladder assay 

 

The fragmentation of chromosomal DNA into multiple nucleosomal units of approximately 

180 bp length observed as DNA laddering is considered as a hallmark of apoptosis. The 

pattern of DNA cleavage due to cell cytotoxicity by compounds was assessed by extracting 

genomic DNA from treated cells and visualizing it on an agarose gel. For this assay, cells were 

seeded in 6-well plate at a seeding density of 5X105 cells/well in media with 10% FBS. After 

24 h of seeding, the cells were treated with test compounds in presence or absence of various 

inhibitors in 0.5 mM PA-containing media. At the end of 48 h of incubation, the cells were 

harvested and centrifuged at 1000 X g for 5 min. The cells in the resultant pellet were lysed 

with lysis buffer (10 mM Tris–HCl pH 8.0, 10 mM EDTA and 0.5% Triton X-100) and treated 

with DNase-free RNase (0.1 mg/ml) for 1 h at 37°C to digest the RNA content. After this, the 

proteins were digested with Proteinase K (0.2 mg/ml) for 2 h at 50°C. The cellular DNA was 

extracted with a mixture of phenol, chloroform, and isoamyl alcohol (25:24:1). Thereafter, the 

DNA was selectively precipitated by adding an equal volume of isopropanol. The samples 

were then stored overnight at -20°C and then centrifuged at 12,000 rpm for 15 min. The 
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resultant DNA pellets were air dried and resuspended in 20 μl Tris-EDTA buffer. The 

extracted DNA was then  quantified using DS-11 spectrophotometer (Denovix, Wilmington, 

DE, USA) and the equal amount of each sample DNA was electrophoretically separated on a 

1.5% agarose gel containing 0.5 μg/ml ethidium bromide and visualized and photographed 

under Gel Documentation system (Bio-Rad, USA) (Kotamraju et al., 2000). 

 

3.17. Labeling of autophagic vacuoles and lysosomes with MDC and LysoTracker 

 

MDC is widely used as a probe to label autophagic vacuoles while LysoTracker Red DND-99 

is used to specifically tag lysosomes. After 48 h of treatment, the cells were washed with PBS 

and stained with 0.5 mM MDC in PBS for 15 min at 37°C. On completion of the incubation, 

the cells were rinsed with PBS and further treated with 50 nM of LysoTracker Red DND-99 in 

PBS for 15 min at 37°C. The cells were then rinsed with PBS and fixed with 2% 

glutaraldehyde and further analyzed and imaged under confocal laser scanning microscope 

(LSM 780, Carl Zeiss, Germany) at 355 nm and 577 nm excitation and 460 nm and 590 nm 

emission wavelengths for MDC and LysoTracker respectively. Similarly, the isolated rat islet 

cells after treatment were stained with MDC and LysoTracker stains as mentioned earlier and 

images were acquired at different depths by using the z-stack option in confocal laser scanning 

microscope (LSM 780, Carl Zeiss, Germany). The acquired images were then overlaid to 

generate a composite 3D image of islet clusters. 

 

3.18. Cell transfection and stable cell line establishment 

 

For LC3 puncta assay, an importance assay to monitor the status of autophagy in cells, EGFP-

LC3 expressing stable RIN-5F cell line were established. To generate stable EGFP-LC3 

expressing cells, 2 µg EGFP-LC3 plasmid was transfected to 70 - 80% confluent cells using 

Polyfect transfection reagent (Qiagen, USA) according to the manufacturer’s instructions. The 

transfected cells were screened with 500 µg/ml G418 (Sigma) until stable cell lines were 

established. 
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3.19. LC3 puncta assays 

 

The cells undergoing autophagy can be marked by visualizing fluorescently labeled LC3 

puncta. The cells stably expressing EGFP-LC3 were treated with or without test compounds in 

the presence or absence of chloroquine for 48 h. After incubation, the cells were fixed with 2% 

formaldehyde and observed under Confocal Laser Scanning Microscope (LSM 780, Carl 

Zeiss, Germany) for EGFP-LC3 puncta formation. The cells with more than ten EGFP-LC3 

punctate dots were considered as positive and were counted.  

 

3.20. Flow cytometer analysis for autophagy quantification 

 

Flow Cytometer Analysis was performed as described elsewhere (Eng et al., 2010). For this 

assay, the stable RIN-5F cells expressing the EGFP-LC3 plasmid were adapted to monitor 

autophagy by flow cytometry. Around 5 X 104 cells were seeded in a six-well plate and were 

treated with the test compound with or without inhibitor in the presence of PA. On completion 

of the treatment, the cells were harvested by trypsinization and the resultant cells in the 

suspension were subsequently fixed with 2% glutaraldehyde for 2 min. The excess 

glutaraldehyde in the fixation step was removed by washing the cells twice with PBS. After 

glutaraldehyde fixation, the cells were consequently permeabilized by briefly treating them 

with 0.05% saponin in PBS in order to selectively remove soluble cytoplasmic non-

autophagosome associated EGFP-LC3 from the cells. The cells were then washed again with 

PBS and resuspended in 100 µl PBS prior to being analyzed by flow cytometer 

(BD FACSVerse™, BD Biosciences, USA). Around 10,000 cell’s fluorescence was acquired 

for each sample which was further analyzed using suitable software (BD FACSuite™ software 

BD Biosciences, USA) and the results were represented as histogram between normalized 

frequency percentages versus EGFP-LC3 fluorescence intensity.  

 

3.21. Transmission electron microscopy analysis  

 

Samples for TEM analysis were prepared according to the standardized protocol developed by 

‘‘Sophisticated Analytical Instrument Facility’’ of All India Institute of Medical Sciences, 

New Delhi, India. For sample preparation, the cells were harvested after treatment. For in vivo 

study, the pancreas and liver tissues were isolated from mice and sliced into 2 mm2 sections. 
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These samples were fixed with 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M 

phosphate buffer (pH 7.4) for 6 h at 4°C and then washed with 0.1 M phosphate buffer. 

Further, samples were post-fixed with 1% OsO4 in Sorensen phosphate buffer (0.05 M 

Sorensen phosphate buffer, 1% OsO4, and 0.25 M glucose) for 1 h and subsequently washed 

with distilled water twice.  The samples were then double stained with uranyl acetate and lead 

citrate solution for 12 h. Finally, the samples were analyzed by the TECNAI 200 KV TEM 

(Fei, Electron Optics) transmission electron microscope at All India Institute of Medical 

Sciences, New Delhi, India.  

 

3.22. Insulin secretion and content analysis 

For measurement of total insulin content, pancreas slices were lysed with acid/ethanol (0.18 N 

HCl in  70%  ethanol) overnight at 4°C and further homogenized.  After centrifugation, the 

lysates were neutralized to pH 7.2 with 0.4 M Tris buffer pH 8.0. Further, the insulin levels in 

each lysate were measured with insulin enzyme immunoassay kit (SPI-Bio, Bertin Pharma, 

Montigny-le-Bretonneux, France). 

 

3.23. Bacterial transformation and plasmid preparation 

 

DH5α strain of E.coli was grown at 37°C and 250 rpm in shaker incubator to an OD600 of 0.8. 

Then culture was allowed to chill at 4°C in a pre-chilled falcon tube. These cells were pelleted 

at 5000 rpm for 10 min at 4°C and re-suspended in 40 ml of pre-chilled 80mM CaCl2 and 

20mM MgCl2 solution. The cells were then centrifuged and suspended in 2-3 ml of 0.1ml 

CaCl2 to obtain the competent cells. Small aliquots of competent cells (150-200μL) were 

added with 5 ng of plasmid DNA, mixed gently and incubated for 30 min at 4°C. Proper 

negative and positive controls with no plasmid and known plasmids respectively were 

included to ascertain the transformation procedure. On completion of the incubation period, 

the cells were given a heat shock at 42°C for 90 sec and immediately transferred to ice. LB 

broth was mixed with each sample and incubated at 37°C for 45 min. The transformed cells 

were finally spread plated on antibiotic containing plates corresponding to the antibiotic 

resistant gene in the plasmid. The culture plates were then incubated overnight at 37°C. 
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3.24. Plasmid isolation 

 

The transformed bacteria were inoculated into 5 ml of LB broth containing respective 

antibiotic and placed overnight in a shaker incubator at 37°C and 250 rpm. A small aliquot of 

1.5 ml culture was centrifuged at 10,000 rpm for 3 min and the bacterial pellet was suspended 

in lysis buffer and stepwise methodology was opted for plasmid preparation according to the 

protocol provided in the instruction manual (ZIPPYTM plasmid miniprep, Zymo Research, 

USA). Finally, the plasmid DNA was eluted with elution buffer. The quality of the eluted 

plasmid DNA was confirmed by running the DNA on the agarose gel. 

       For quantification of DNA, 1 µl of each sample was loaded on to the spectrophotometer 

(Nanodrop 2000 spectrophotometer, Thermo Scientific, USA). The OD was determined at 

260nm and 280nm setting nuclease free as blank. The ratio of the OD260/280 was considered 

to check the purity of the recovered nucleic acid. 

 

3.25. Transfection of DNA into mammalian cell lines 

 

 The day before transfection, cells were seeded in a 12-well plate at a density of 4×104 

cells/well and incubated overnight at 37oC in a 5% CO2 incubator. Then the cells were 

incubated in serum-free DMEM for 6 h before performing transfection. Subsequently, the cells 

were transiently transfected with 200 ng/well of PPREx3-tk-Luc reporter plasmid and 25 ng 

pcMX-PPARα plasmid using Polyfect transfection reagent (Qiagen), according to the protocol 

provided by the manufacturer. As an internal control for transfection, the β-gal plasmid was 

also transfected with the luciferase reporter plasmids. Briefly, 15 µl of polyfect reagent 

(Superfect transfection reagent, Qiagen, USA) was mixed with the DNA solution and pipetted 

up and down for 5-6 times. The samples were then placed at RT for 5 to 10 min to allow the 

complex formation. During the incubation, the cell medium was aspirated from the petri plate 

and the cells were rinsed twice with PBS. To the plate, fresh medium was added and then 

allowed to stand. After the incubation of the transfection mix, complete growth medium was 

added to it and gently mixed. The whole transfection mix was then added to the petri plate. 

The plate was gently whirled for uniform distribution of the complexes and incubated in a 

37°C and 5 % CO2 incubator for next 24 h. The transfected cells were then exposed to various 

concentrations of kaempferol in the PA-containing medium and incubated for 24 h.  
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3.26. Luciferase assay  

  

Luciferase assay was done to investigate the promoter activity of a gene at the transcription 

level (Voleti et al., 2012). For this assay, the transfected cells were lysed with the lysis buffer 

containing 0.6 NaCl, 0.1 M EDTA, 0.2 M DTT, 0.1% Triton-X, 0.8 M tricine and 0.2 M 

MgSO4. The cell lysates were then analyzed for the relative luciferase activity using luciferin 

as substrate. The values of luciferase activity for each lysate were normalized to the β-gal 

activity of the respective lysates. Each experimental condition was repeated thrice. The value 

of luciferase for each lysate was normalized to the luciferase inductions in response to treated 

cells and was expressed as fold luciferase activity with respect to vehicle-treated cells. 

 

3.27. siRNA transfections 

 

Species-specific predesigned siRNA were purchased from Qiagen (Valencia, CA, USA) and 

Ambion (Life Technologies GmbH, Darmstadt, Germany). Negative control siRNA for the 

respective genes were procured from Qiagen. Then 50 nM of each siRNA were transfected 

into cells. For this, Attractene transfection reagent (Qiagen) was used for transfection, 

according to the protocol mentioned by the manufacturer. Briefly, 5 X 105 cells were seeded in 

6 well plates. After 24 h, the cells were transfected with 50 nM of each siRNA in respective 

wells with the transfection reagent according to manufacturer’s protocol and incubated in a 

CO2 incubator at 37°C. After 24 h of incubation, the cells were treated with or without 10 µM 

kaempferol in presence of 0.5 mM PA for another 48 h. 

 

3.28. RNA isolation 

 

The total RNA was extracted from the treated cells with Trizol reagent (Sigma-Aldrich, St. 

Louis, MO, USA) according to the instructions given by the manufacturer. Briefly, 1 X 104 

cells were seeded in a 6-well plate. After the respective drug treatment, the cells were rinsed 

with 1 ml of 1xPBS (pH 7.4) and the cell pellets were collected by centrifugation at 200g. 

Subsequently, the cell pellets were homogenized in 1 ml of Trizol reagent and 200 μl 

chloroform was added to each of the samples. The samples were then agitated vigorously for 

15 sec and left for 5 min at room temperature for achieving phase separation. The aqueous and 

organic phases were separated by a centrifugation of the samples at 12000g for 15 min at 4°C. 
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The upper aqueous phase containing total RNA was removed carefully and transferred to a 

fresh tube. The RNA from each sample was precipitated by adding an equal volume of 

isopropyl alcohol, incubated for 10 min at room temperature followed by a centrifugation 

at12000g for 10 min at 4°C. To avoid the residual salt and impurities, the pellets were washed 

with 75% ethanol twice for 5 min each at 7500g. Finally, the obtained RNA was dissolved in 

nuclease-free water and stored at -80°C. The extracted total RNA was finally quantified with 

Nanodrop 2000 spectrophotometer (Thermo Scientific, USA) and a ratio of OD260: OD280>1.8 

was further considered for RT PCR analysis. 

 

3.29. Semi-quantitative reverse transcription polymerase chain reaction (RT PCR)  

 

3.29.1. First strand cDNA synthesis (reverse transcription) 

 

The total RNA quantified with a ratio of OD260: OD280>1.8 was taken for first strand cDNA 

synthesis. 2 µg of total RNA of each sample was transcribed to cDNA with the help of RT-

PCR kit from New England Biolabs, USA. Approximately 2 µg of RNA was taken in a 0.2ml 

vial and to this 2 µl of Oligo (dT)18 primer and nuclease-free water were added to make the 

final volume to 13.7 µl. The vials were incubated at 65°C for 10 min and then immediately 

shifted in the ice. Then the following reagents were added in the reaction mixture; 

4 µl RT buffer (5X) 

2 µl dNTP mix (30mM) 

0.3 µl M-MuLV reverse transcriptase (50U/ µl) 

The solutions were mixed properly and then incubated at 42°C for 1 h. Subsequently, the 

RNA-cDNA hybrids were denatured at 95°C for 3 min. The samples were then spun down and 

quickly stored at -40°C for further processing. 

 

3.29.2. PCR amplification 

 

PCR amplification for a 25 µl reaction volume was set with the desired number of cycles by 

preparing a PCR cocktail consisting of the following components from New England Biolabs, 

USA ; 

12.75 µl sterile water 

5 µl 10X PCR buffer 
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1 µl 30 mM dNTP mixes 

1 µl Forward primer (100 ng/ µl) 

1 µl Reverse primer (100ng/ µl) 

0.25 µl Taq DNA polymerase (3U/ µl) 

4 µl cDNA (obtained above) 

Once the PCR mixture was ready, PCR was performed in the thermocycler machine (PTC-200 

thermal cycler, MJ Research, USA) using the following program; 

Steps                                           Temperature           Time  

Step 1 (Denaturation)                       94°C                   2 min 

Step 2 (Denaturation)                       94°C                   45 sec 

Step 3 (Annealing)                           **°C                   30/45 sec 

Step 4 (Extension)                            72°C                   2 min 

Step 5 Go to step 2 for 30-35 cycles                       

Step 6 (Final Extension)                  72°C                    10 min 

Step 7 (End)                                       

Step 8 (Product storage)                   4°C                     infinite                          

   

** annealing temperature varies according to the primer length and base composition. β-actin 

was used as endogenous control to normalize the gene expressions. The amplified PCR 

products were stored at -40°C refrigerator and finally were resolved on 1.5% agarose gel. The 

details of the primer sequences and PCR conditions are presented in Table 3.1. All the primers 

used were purchased from Eurofins Scientific, USA. 

 

Table 3.1. List of primers used in semi-quantitative RT-PCR  

 

Primers Sense (5’-3’) Antisense (5’-3’) Annealing 

temp. 

(°C) 

Product 

(bp) 

β-actin 

(Human/ 

Mouse/Rat) 

TCACCCACACTGTGC

CCCATCTACGA  

CAGCGGAACCGCTCA

TTGCCAATGG 

58 300 

p62 

(Sqstm1) 
(Rat) 

CCTCAGCCCTCTAGG

CATCG 

 

GTACAGGGCAGCTTC

CTTCA 

 

60 415 

Map1lc3b 

(Rat) 

GCCTGTCCTGGATAA

GACC 

TTGGGAGGCATAGAC

CATGT 

56 217 
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Atg7 

(Rat) 

TGTCAGCCTGGCATTT

GATAA 

TCACTCATGTCCCAGA

TCTCA 

60 183 

Atg5 

(Rat) 

ACGTGTGGTTTGGAC

GGATT 

TTTCAGGGGTGTGCCT

TCAT 

60 206 

Ulk1 

(Rat) 

CATGACCTCCCTTGCA

TGTAAC 

ACCAGGTGGTGGGTA

AGGAAC 

60 106 

Becn1 

(Rat) 

GTGCTCCTGTGGAAT

GGAAT 

CCACTTGAGATTCGTC

AGCA 

56 431 

Casp3 

(Rat) 

GAAACCTCCGTGGAT

TCAAA 

AGCCCATTTCAGGGTA

ATCC 

56 124 

Bad 

(Rat) 

CAGTGATCTGCTCCA

CATTC 

TCCAGCTAGGATGAT

AGGAC 

60 340 

Bax 

(Rat) 

CCAGGACGCATCCAC

CAAGAAGC 

TGCCACACGGAAGAA

GACCTCTCG 

60 136 

Bcl2 

(Rat) 

ATCGCTCTGTGGATG

ACTGAGTAC 

AGAGACAGCCAGGAG

AAATCAAAC 

60 134 

Bcl-xl 

(Rat) 

TCTAACATCCCAGCTT

CAT 

GCAATCCGACTCACC

AATA 

58 180 

Plin2 

(Rat) 

TCCGCAATGTTACCTC

CTTC 

AAGGGACCTACCAGC

CAGTT 

60 145 

Plin3 

(Rat) 

GGAACTGGTGTCATC

AACAG 

GGTCACATCCACTGCT

CCTG 

60 109 

ACOX1 

(Human) 

CCTCTGGATCTTCACT

TGGGC 

 

TGGGTTTCAGGGTCAT

ACG 

 

188 58 

PPARα 

(Human) 

CTATCATTTGCTGTGG

AGATCG 

 

AAGATATCGTCCGGG

TGGTT 

 

121 57 

HSL 

(Human) 

GTGCAAAGACGGAGG

ACCACTCCA 

 

GACGTCTCGGAGTTTC

CCCTCAG 

 

298 60 

ATGL 

(Human) 

ACCAGCATCCAGTTC

AACCT 

 

ATCCCTGCTTGCACAT

CTCT 

 

97 61 

 

 

3.29.3. Agarose gel electrophoresis 

 

Agarose gel electrophoresis was done to visualize RNA/DNA.1.5% the agarose gel was 

prepared by dissolving 1.5g agarose in 100 ml of 1X TAE buffer [24.2g Tris base, 5.7ml 

glacial acetic acid, 2ml of 0.5mM EDTA (pH 8.0)]. The mixture was then heated in a 

microwave oven until the agarose was dissolved completely and the solution was clear. Then 5 

µl EtBr (10mg/ml stock) was added to this solution when it became lukewarm and casted into 

the gel cast tray fitted with an appropriate comb and further allowed to solidify. The comb was 
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carefully removed from the solidified gel and then the gel was submerged in the 

electrophoresis chamber filled with 1X TAE. The DNA samples or isolated plasmid samples 

were mixed with 6X gel loading dye (10mM TrisCl pH. 7.6, 60 mM EDTA pH 8.0, 0.03% 

xylene cyanol FF, 0.03% bromophenol blue, 60% glycerol) and carefully loaded in the wells. 

The samples were electrophoresed at 7-8V/cm for 1 h and visualized under UV visible 

transluminator (Gel documentation system, Bio-Rad, USA).             

 

3.30. Western blot analysis 

 

The total proteins from cells and tissue samples were prepared by using RIPA lysis buffer (150 

mM NaCl, 50 mM Tris pH 7.6, 0.5% sodium deoxycholate, 0.1% SDS, 1% Triton X-100 and 

1X protease inhibitor cocktail). Briefly, 5×105 cells were plated on to a 6-well plate and 

exposed to respective treatments. Then the cells were harvested in RIPA lysis buffer. The 

tissue samples were chopped in small pieces and were homogenized in RIPA lysis buffer with 

a precooled mechanical tissue homogenizer. The prepared lysates were then centrifuged at 

12,000 rpm for 15 min. The resulting supernatants containing total proteins were quantified by 

BCA protein estimation kit and 50 µg of total protein samples were resolved with 8, 10 or 15% 

polyacrylamide gel (depending on the molecular size of proteins to be analyzed). 

Subsequently, the immunoblot analysis was performed. Briefly, the resolved proteins were 

transferred to PVDF membrane in transfer buffer for 1 h at 90 V. Further, the membranes were 

blocked with 5% skimmed milk in TBST (20 mM Tris–HCl, pH 7.5, 150 mM sodium 

chloride, 0.05% Tween 20) for 1 h and then washed thrice with TBST for 10 min each, 

followed by incubation with primary antibodies (1:500 in TBST) for overnight at 4°C. Details 

of the antibodies used are mentioned in Table 3.2. The membranes were then washed thrice 

with TBST for 15 min each and incubated with anti-rabbit secondary antibodies (1:10,000 in 

TBST) conjugated to horseradish peroxidase for 1 h at room temperature. The blots were then 

developed in dark by using ECL detection kit (Santa Cruz, CA, USA). The developed blots 

were then subjected to densitometry analysis by Image J 1.45 software (NIH, USA) and 

normalized with β-actin as internal control.  
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Table 3.2. List of primary antibodies used in western blotting  

 

 

Primary antibody 

 

 

 

Catalogue 

Number 

 

Dilutions 

 

Secondary 

antibody 

 

Dilutions 

 

Chromogen 

β actin 

 

sc-130656 

 

1:500 Anti-rabbit 1:10000 

 

ECL 

 

p62 sc-514790 

 

1:500 Anti-mouse 1:10000 

 

ECL 

 

p-AMPK 

α1/2(Thr172) 

sc-33524 1:500 Anti-rabbit 1:10000 ECL 

 

BrdU (FITC 

conjugated) 

sc-32323 

 

1:500 Anti-mouse 1:10000 ECL 

 

APG7 

 

sc-376212 

 

1:500 Anti-mouse 1:10000 ECL 

 

pmTOR sc-293133 1:500 Anti-mouse 1:10000 ECL 

 

MAP LC3b sc-271625 1:500 Anti-mouse 1:10000 ECL 

 

SQSTM1 

(ADRP/PLIN 2) 

sc-32888 1:500 Anti-rabbit 

 

1:10000 ECL 

 

GADD153 

(CHOP 10) 

sc-575 1:500 Anti-rabbit 

 

1:10000 ECL 

 

PPARγ 

 

sc-7273 1:500 Anti-mouse 

 

1:10000 ECL 

Caspase 3 

 

sc-7148 1:500 Anti-rabbit 1:10000 ECL 

p-IRS1(Ser307) 

 

CST#2381 1:500 Anti-rabbit 1:10000 ECL 

pAkt (Ser473) 

 

sc-7985 1:500 Anti-rabbit 1:10000 ECL 

Akt 

 

sc-1619 1:500 Anti-goat 1:10000 ECL 

pJNK 

 

sc-6254 1:500 Anti-mouse 1:10000 ECL 

Insulin sc-8033 1:500 Anti-mouse 

 

1:10000 ECL 

 

 

3.31. Immunofluorescence study 

 

For immunofluorescence study, 1 X 105 cells were seeded on each sterile coverslip and 

incubated for 24 h, thereafter treated with respective test chemicals for another 48 h. On 

completion of the incubation, the cells were fixed with 4% formaldehyde for 15 min followed 
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by three PBS washes for 5 min each. The fixed cells were then permeabilized with 0.1% Triton 

X-100 for 10 min, thereafter the cells were washed thrice with PBS for 5 min each and then 

blocked with 2% BSA in PBS for 1 h at room temperature. After blocking, the cells were 

incubated with primary antibody (1: 200 in PBS) overnight at 4°C. The cells were then washed 

three times with PBS followed by incubation with the FITC-labeled secondary antibody (1:500 

in PBS) for 1 h at room temperature. Further, the cells were washed with PBS and incubated 

with Hoechst 33342 stain for 5 min to stain the nucleus. Then coverslips were mounted on 

slides and visualized under the confocal microscope equipped with 488 nm and 405 nm laser 

under FITC and DAPI filters respectively (LSM 780, Carl Zeiss, Germany).  

 

3.32. Double immunofluorescence and co-localization studies 

 

For studying co-localization of LC3 protein with LDs, the cells were seeded on sterile 

coverslips at a density of 2.5 X 105 cells/ coverslip and incubated for 24 h, thereafter treated 

with respective test chemicals for another 48 h. On completion of incubation, the cells were 

fixed with 4% formaldehyde for 15 min followed by washing with phosphate buffer saline 

thrice for 5 min each. The fixed cells were then permeabilized with 0.1% Triton X-100 for 10 

min, thereafter the cells were washed and blocked with 2% bovine serum albumin for 1 h at 

room temperature. After blocking, the cells were incubated with primary antibody (1:250) 

overnight at 4oC followed by incubation with the Texas red-conjugated secondary antibody 

(1:500) for 1 h at room temperature. Further, the cells were washed and incubated with 

BODIPY (5 µg/ml in phosphate buffer saline) for 20 min at room temperature. Then, the cells 

were counterstained with DAPI for 5 min to stain the nucleus.  

For double immunofluorescence labeling, after blocking the cells were incubated with 

primary antibody (1:250) for 2 h at room temperature and subsequently washed and then 

incubated with fluorescein isothiocyanate (FITC)-conjugated respective secondary antibody 

for 1 h. Thereafter, the cells were washed and incubated with another primary antibody (1:250) 

for 1 h at room temperature. The cells were then incubated with Texas red-conjugated 

appropriate secondary antibody for next 1 h. Then coverslips were mounted on slides and 

visualized under the confocal microscope equipped with 405 nm, 488 nm and 543 nm lasers 

(LSM 780, Carl Zeiss, Germany).  
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3.33. Measurement of lipid profile 

 

To measure the total cholesterol, triglyceride, LDL and NEFA content, the serum was isolated 

from blood samples of the animals and further analyzed with the help of commercially 

available kits (Erba, Germany) according to the manufacturer’s instructions. 

 

3.34. Estimation of fasting blood glucose (FBG) and glucose tolerance test (GTT) 

 

On completion of 16 weeks of the experiment, the fasting blood glucose of each mouse was 

recorded with a glucometer (Accu-chek active, Roche Diagnostics, Barcelona, Spain). For 

intraperitoneal glucose tolerance test (IPGTT), the mice fasted for 6 h and then, each mouse 

received an intraperitoneal injection of glucose (1 g/kg body weight). Thereafter, the blood 

glucose of each mice was monitored at 15, 30, 60, 90 and 120 min after glucose injection 

while baseline blood glucose measurements were estimated just before glucose administration. 

The results were represented in terms of milligrams per deciliter of blood (mg/dl). 

 

3.35. Insulin tolerance test 

For insulin tolerance test, the mice were fasted for 6 h and further administered an 

intraperitoneal injection of insulin (0.75 U/kg body weight).  Blood glucose of each mice was 

then monitored at 15, 30 and 60 min after insulin injection while blood glucose measurements 

for 0 min were taken just before insulin administration. The results were represented in terms 

of milligrams per deciliter of blood (mg/dl). 

 

3.36. Fasting and glucose-stimulated insulin secretion 

On completion of treatment, the mice were fasted for 6 h and intraperitoneally injected with 

glucose (1 g/kg body weight). The blood was withdrawn from the tail vein at 0, 15, 30, 45 and 

60 min. Thereafter, plasma was separated and insulin level was checked with insulin enzyme 

immunoassay kit (SPI-Bio, Bertin Pharma, Montigny-le-Bretonneux, France). 

 

3.37. Pancreatic insulin content analysis 

For measurement of total insulin content, pancreas slices were lysed with acid/ethanol (0.18 N 

HCl in  70%  ethanol) overnight at 4°C and further homogenized.  After centrifugation, the 
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lysates were neutralized to pH 7.2 with 0.4 M Tris buffer pH 8.0. Further, the insulin levels in 

each lysate were measured with insulin enzyme immunoassay kit (SPI-Bio, Bertin Pharma, 

Montigny-le-Bretonneux, France). 

 

3.38. Histopathological studies 

 

For histopathological studies, the tissues were removed and immediately fixed in 10% neutral 

buffered PBS. After fixation, the tissues were dehydrated with upgrading from 30 to 70% 

series of alcohol for 1 h each then incubated in xylene for next 1 h followed by embedding in 

paraffin wax at 60°C (changed twice). The tissues were then sectioned to 4 µm thickness and 

fixed on glass slides. The sections were then deparaffinized in xylene followed by hydration in 

gradations of alcohol (100-70% ethanol) for an incubation of 2 min each. Thereafter, these 

slides were stained with Harry’s hematoxylin for 30 sec, washed with tap water for 1 min and 

again dehydrated in 70-90% ethanol for 2 min. Then the sections were counterstained with 

eosin for 2 min followed by dehydration again in 90% and absolute ethanol for 2 min each. 

These sections were finally cleaned through xylene for 1 min and mounted with DPX as 

described elsewhere (Ebato et al., 2008).  

 

3.39. Immunohistochemistry 

 

The paraffin-embedded tissues were sectioned at a thickness of 4 µm and mounted on positive-

charged slides. The slides were transferred into boiling citrate buffer for 15 min and then 

incubated with 3 % hydrogen peroxide and blocking serum. The tissue sections were incubated 

with the primary antibody (1:100 in PBS) overnight at 4°C. The sections were washed with 

PBS followed by incubation with texas red-conjugated secondary antibody for 2 h at room 

temperature. The slides were examined and images were taken under a confocal microscope 

(LSM 780, Carl Zeiss, Germany). 
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3.40. Statistical analysis 

 

 Quantitative data are presented as means ± standard deviation (SD) of three independent 

experiments and statistically evaluated by one-way ANOVA followed by Tukey’s post hoc 

test using Graph Pad Prism 6 software (Graph Pad Software, San Diego, CA, USA). For the 

data analysis, p < 0.05 was considered to be statistically significant. 
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Chapter 4. Screening of various flavonoids for their anti-obesity and 
antidiabetic activities: an in vitro and in vivo study 

 

4.1. Introduction 

 

Obesity is a major risk factor associated with various diseases such as diabetes, cardiovascular 

disease, hypertension, bone disorders and cancer (Formiguera and Cantón, 2004). Obesity is an 

ailment in which adipocytes become large by accumulating an enormous amount of lipids. At the 

cellular level, it is characterized by a surge in number and size of differentiated adipocytes in 

adipose tissue. The adipocytes are the primary site which stores energy in form of lipids and 

indirectly responsible for insulin sensitivity (Smith and Kahn, 2016). Adipocytes are formed from 

pre-adipocytes which are undifferentiated fibroblasts cells. This differentiation process involves a 

series of steps which progresses in a particular pattern regulated by a wide variety of transcription 

factors such as peroxisome proliferator-activated receptor (PPAR-γ) and CCAAT/enhancer-

binding proteins (C/EBPs) which further regulates various adipocyte-specific genes (Guo et al., 

2014). 

In obese condition, the elevated level of circulating free fatty acids (FFA) is one of the 

predisposing factors in the development of insulin resistance and hyperglycemic conditions linked 

with type 2 diabetes mellitus (T2DM) (Giacca et al., 2010). Skeletal muscle accounts for the major 

portion of glucose uptake thus skeletal muscle insulin resistance is a primary risk factor for T2DM 

(DeFronzo and Tripathy, 2009). It is well-known that saturated fatty acids, such as PA, has been 

implicated in impairment of insulin signaling which, in turn, is associated with the pathogenesis of 

insulin resistance and compromised glucose disposal in muscle cells (Hirabara et al., 2010). 

GLUT4 is the most abundant glucose transporter expressed in skeletal muscle which facilitates 

glucose uptake inside cells and primarily regulated by insulin. A cascade of events comprising of 

classical insulin signaling PI3K/Akt pathway and GLUT4 translocation to the membrane of 

muscle cells are involved in insulin-stimulated glucose entry into cells (Ijuin and Takenawa, 

2012). Additionally, activation of AMPK has been shown as an alternative mechanism to promote 

translocation of GLUT4 to the membrane, thus stimulating glucose uptake (O’Neill, 2013). 

Numerous studies have reported that well-known anti-diabetic drug, metformin, enhances glucose 

uptake through AMPK activation (Kim et al., 2016; Kristensen et al., 2014).  
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Autophagy is a lysosomal degradation process involved in cell quality control during 

adverse conditions like starvation and stress (Mizushima, 2007). The role of autophagy in 

sustaining pancreatic β-cell mass and function is well established and its failure has been 

linked to the pathophysiology of type 2 diabetes (Codogno& Meijer, 2010). Recent studies 

showed that dysfunctional autophagy is involved in the loss of β-cell mass and function hence 

pathophysiology of obesity-linked diabetes (Masini et al., 2009; Bartolomé et al., 2014; Mir et al., 

2015). On the basis of this pre-notion, rapamycin (a mTOR inhibitor and known activator of 

autophagy) has been reported to exert the cytoprotective effect on PA-induced β-cell by reducing 

the blockage of autophagic turnover (Mir et al., 2015). Thus, identifying agents that could 

modulate autophagy in pancreatic β-cells in lipid-excess stressful conditions could be a 

better target in developing therapies for obesity-linked T2DM. 

Flavonoids are the largest group of phytochemicals and are abundantly found in various 

vegetables, fruits, grains, spices, beverages and medicinal plants (Kozlowska and Szostak-

Wegierek, 2014). Numerous investigations have reported a wide range of biological activities of 

this class of phytochemicals and their role in prevention and cure of various diseases such as 

obesity, diabetes, cancer, heart diseases and bone disorders (Kumar and Pandey, 2013; Chen et al., 

2014).  The flavonoids are considered to be excellent and alternative candidates for diseases 

management as these plant-based phytochemicals are safe, effective, economical, non-toxic with 

no or lesser side effects.  Therefore, flavonoids have recently been gaining importance for 

developing therapeutics for obesity and diabetes management (Kawser et al., 2016). 

In the present study, we have selected four flavonoids namely: quercetin, rutin, myricetin 

and kaempferol, extensively present in various plant sources, to determine their anti-obesity and 

antidiabetic activities and underlying mechanism (Kozlowska and Szostak-Wegierek, 2014; 

Panche et al., 2016). There are some pre-existing reports which showed anti-hyperlipidemic and 

anti-hyperglycemic effects of these flavonoids (Unnikrishnan et al., 2014; Vinayagam and Xu, 

2015); however, their precise mode of action still remains elusive. Additionally, in this study, we 

have made a comparative analysis of tested flavonoids for their effects on adipogenesis and insulin 

resistance in adipocyte and muscle cells respectively. 

 

 

 



            Chapter 4. Screening of various flavonoids for their anti-obesity and antidiabetic activities 

 

91 
 

4.2. Brief methodology 

 

4.2.1. Cell culture and treatment 

3T3-L1 (undifferentiated fibroblastic cells), L6 (undifferentiated muscle cells) and RIN-5F 

(Clonal pancreatic β-cells) cell lines were procured from National Centre for Cell Science 

(NCCS), Pune, India and were cultured according to the protocol mentioned in materials and 

methods section (chapter 3) of this thesis. 

 

4.2.2. MTT assay for determination of cell viability 

 

The cytotoxicity as caused by several test compounds was measured according to the protocol 

described in chapter 3. 

 

4.2.3. Adipocyte differentiation assay 

 

The pre-adipocyte cell line (3T3-L1 cells) were grown as 100% confluent monolayer in DMEM 

supplemented with 10% FBS and 1% antibiotic (100 U/ml of penicillin and 100 μg/ml 

streptomycin). Post-confluency, the DMEM was replaced with adipogenic differentiation inducing 

media (DMEM containing 1 μg/ml insulin, 0.5 mM IBMX and 1 μM dexamethasone cocktail) for 

2 days and then followed by an induction media (DMEM media with 1 μg/mL insulin) for the next 

6 days in presence or absence the test compounds for guiding the complete maturation of pre-

adipocytes. The media was replenished along with the test compounds in every alternate day.  

 

4.2.4. Estimation of intracellular lipid contents 

 

The accumulated neutral lipids in differentiated 3T3-L1 cells were observed and quantified with 

Oil Red O staining. Further, intracellular triglyceride content was measured according to the 

protocol mentioned in chapter 3 of this thesis. 
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4.2.5. Preparation of palmitic acid (PA)-containing media 

 

The media containing 0.5 mM PA was prepared as discussed in chapter 3. Briefly, 100 mM PA 

stock solution was prepared in DMSO, which was subsequently diluted to 5 mM in 10% BSA. 

The resultant mixture was further diluted with pre-warmed (37℃) incomplete media 

supplemented with 1% streptomycin–penicillin solution to attain 0.5 mM PA concentration in the 

media. The final concentration of BSA in PA-containing media was 1%. Thus, media 

supplemented with 1% BSA was used as vehicle control for further experiments. 

 

4.2.6. L6 cell culture and differentiation 

 

The L6 cells were maintained in high glucose DMEM supplemented with 10% heat-inactivated 

FBS and 1% streptomycin–penicillin solution at 37℃ in a humidified atmosphere with 5% CO2. 

To differentiate the L6 cells, once they attained 80% confluency, the cells were supplemented with 

myogenic differentiation media (DMEM supplemented 2% horse serum and 1% 

penicillin/streptomycin solution) for 7 days. 

 

4.2.7. Glucose uptake assay 

 

After differentiation of L6 cells, the differentiating media was replaced with DMEM containing 

0.2% BSA and the differentiated myotubes were incubated with different concentration of 

quercetin, rutin, myricetin and kaempferol in presence or absence of 0.5 mM PA for 24 h. The 

cells were then washed with Krebs-Ringer bicarbonate (KRB) buffer and then placed in KRB 

buffer containing 0.2% BSA and 20 mM glucose for 1 h incubation. The cells were incubated with 

or without insulin (100 nM) in the presence of quercetin, rutin, myricetin and kaempferol up to 60 

min. Then aliquots of 25 µl were removed from incubation mixture and glucose concentration was 

determined using GOD-POD glucose estimation kit (ERBA Diagnostics Mannheim 

GmbH, Germany). 
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4.2.8.. Experimental animals  

 

All the animal experiments were performed as per CPCSEA guidelines with prior approval from 

Institutional Animal Ethics Committee with approval number ˝BT/IAEC/2017/02˝. For this, the 

male C57BL/6 mice of age 7 weeks old were procured from CSIR-Institute of Microbial 

Technology, Chandigarh, India. They were housed under standard conditions (temperature 

23±2°C and 12 h dark-light cycle) in a well-maintained animal house and acclimatized for two 

weeks prior to start of the experiment. Mice were fed ad libitum with either standard chow-fed or a 

high-fat diet and allowed free access to water.  

 

4.2.9. Experimental design 

 

After acclimatizing, mice were divided into eight groups (n=6) as follow; 

Group I - Standard normal chow-fed mice (Normal Control)                                                 

Group II - HFD fed mice + streptozotocin (STZ) (Diabetic control)                                                   

Group III - HFD fed + streptozotocin + treated with metformin 25 mg/kg body weight (bw)/day 

(Positive control)  

Group IV -HFD fed + streptozotocin +  treated with 25 mg/kg bw/day quercetin  

Group V -HFD fed + streptozotocin +  treated with 25 mg/kg bw/day rutin 

Group VI - HFD fed + streptozotocin +  treated with 25 mg/kg bw/day myricetin 

Group VII - HFD fed + streptozotocin +  treated with 25 mg/kg bw/day kaempferol  

 

4.2.10. Model development 

 

Obesity-linked type 2 diabetes was induced in mice of all the groups [except for group I (Normal 

control group)] by feeding mice with high-fat diet that contained approximately 60% kcal fat, 20% 

kcal protein and 20% kcal carbohydrate wherein soybean oil and lard were used as the fat source 

(D12492, Research Diets, New Brunswick, NJ, USA) for 10 weeks.  The normal control group 

was fed with standard chow diet which contained approximately 7.5% kcal fat, 17.5% kcal 

protein, 75% kcal carbohydrate (RM1, Special Diet Services, Witham, Essex, UK). Weight gain 
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was monitored after every two weeks. After 10 weeks of HFD feeding, obese mice were fasted 

overnight and intraperitoneally injected with a low dose of streptozotocin (35 mg/kg dissolved in 

freshly prepared 0.1 M cold citrate buffer (pH 4.5), while normal control mice from  group I were 

given the same volume of 0.1 M cold citrate buffer (pH 4.5). After one week, the mice with fasting 

glucose > 240 mg/dl were considered as diabetic and were then allowed to stabilize for one more 

week.  The mice from all the groups were continued with respective diet till 16 weeks of the whole 

experiment. 

 

4.2.11. Experimental treatment 

 

After two weeks of STZ injection (after 12weeks of HFD), diabetic mice from group III, IV, V, VI 

and VII were injected intraperitoneally with 25 mg/kg/day dose of metformin, quercetin, rutin, 

myricetin and kaempferol respectively. Mice from the group I and II were injected with sterile 

solvent mixture of 10% ethanol: 40% PEG 400: 50% PBS as vehicle control. All the compounds 

were dissolved in the same solvent i.e., sterile 10 % ethanol: 40 % PEG 400: 50 % PBS for 

experimental uniformity within each group. The mice were allowed to continue to feed on their 

respective diets until the end of the study (total 16 weeks). 

 

4.2.12. Estimation of blood parameters 

 

On completion of 16 weeks of the experiment, fasting blood glucose of each mouse was recorded 

with a glucometer (Accu-chek active, Roche Diagnostics, Barcelona, Spain). The other blood 

parameters such as serum cholesterol, triglycerides, low-density lipoprotein (LDL) and Non-

esterified fatty acids (NEFA) levels were quantified by using commercially available kits as 

discussed in chapter 3 in detail. 

 

4.2.13. Glucose tolerance test (GTT) and insulin tolerance test (ITT) 

 

Glucose and insulin tolerance test were performed according to the protocol mentioned in chapter 

3. 
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4.2.14. Statistical analysis 

 

All the experimental results were represented as the mean ± standard deviation (SD) of three 

independent experiments. The comparison between groups was done by one-way/ two-way 

ANOVA followed by Turkey’s post hoc test using Graph Pad Prism 6 software (Graph Pad 

Software, San Diego, CA, USA). The statistical significance of the experimental results was 

considered for a p-value< 0.05.  

 

4.3. Results 

 

4.3.1 Anti-adipogenic activity of flavonoids on 3T3-L1 cells 

 

In order to determine if the selected flavonoids pose any toxicity to 3T3-L1 cells, MTT assay was 

carried out. The 3T3-L1 cells were treated with (1, 10, 50 µM concentrations of each flavonoid for 

48 h. As shown in Fig. 4.1a, all tested flavonoids except quercetin were found to be non-cytotoxic 

till 50 µM concentration. Henceforth, these three doses (1, 10, 50 µM) were used for further 

experiments. 

To determine the role of flavonoids in adipogenesis, cell differentiation assay was 

performed in 3T3-L1 cells in presence of selected flavonoids. As shown in Fig. 4.1b, the tested 

flavonoids were found to be effective in inhibiting the differentiation of pre-adipocytes to mature 

adipocytes as evidenced by a reduction in the level of Oil Red O staining in response to the test 

flavonoids albeit with varying efficiency by different flavonoids. Further, lipid quantification 

study exhibited that all tested flavonoids showed a significant dose-dependent decrease in lipid 

and triglyceride contents in differentiated 3T3-L1 cells, among them, kaempferol and rutin had the 

strong inhibitory effects on lipid and triglyceride deposition (p<0.05) (Fig. 4.1c and d).  

 



            Chapter 4. Screening of various flavonoids for their anti-obesity and antidiabetic activities 

 

96 
 

 

 

Fig. 4.1. Effects of flavonoids on cell viability and 3T3-L1 pre-adipocyte differentiation. The 
3T3-L1 cells were differentiated according to the protocol described in the methods section and 
treated with varying concentrations of quercetin/ rutin/ myricetin or kaempferol throughout 
differentiation (Day 0-8) followed by (a) MTT assay after 48 h; (b) Representative images 
showing Oil Red O staining after 8 days of differentiation. Histogram representing (c) lipid 
content and (d) intracellular triglyceride content of treated cells. Results are mean ± SD of three 
independent experiments. a, p<0.05 versus undifferentiated control group; b, p < 0.05 versus 
differentiated control group. D, differentiated; Rosi, Rosiglitazone; Q, quercetin; R, rutin; M, 
myricetin; K, kaempferol; ns, non-significant. 
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4.3.2 Flavonoids alter genes involved in pre-adipocyte differentiation 

 

In order to assess the role of test flavonoids on the anti-adipogenic activity at the genetic level, 

RT-PCR analysis of selected genes involved in adipocyte differentiation was performed. 

Adipocyte differentiation is regulated by a transcriptional cascade, the key regulator of which is 

peroxisome proliferator-activated receptor gamma (PPAR-γ), a member of the nuclear receptor 

family. PPAR-γ is highly expressed in adipose tissue and plays a major role in regulating genes 

involved in adipocyte differentiation, among them, Cebpa and Fabp4 are the key factors involved 

in adipogenesis and serve as markers of adipocyte differentiation process (Guo et al., 2014). The 

results showed that exposure of 3T3-L1 pre-adipocytes to the flavonoids led to down-regulation of 

Pparg, Cebpa and Fabp4 in a dose-dependent manner (Fig. 4.2a). As expected, rosiglitazone (the 

positive control of adipogenesis) showed marked up-regulation in adipocyte-specific genes. 

Among all tested flavonoids, kaempferol and rutin, at 10 µM concentration, exhibited promising 

down-regulation of most of the adipocytes specific genes if not all (p<0.05) (Fig 4.2a.). 

Kaempferol inhibited the adipogenic genes by almost 50% at 10 µM concentration (p<0.05). This 

data corroborates well with the lipid and triglyceride quantification data. Likewise, immunoblot 

analysis showed down-regulation of PPAR-γ protein in response to all tested flavonoids, out of 

which, kaempferol showed maximum down-regulation (~2-fold) at 10 µM concentration (p<0.05) 

(Fig. 4.2b). Together, it could be speculated that all tested flavonoids were found to be anti-

adipogenic in nature. 
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Fig. 4.2. Effects of flavonoids on adipocyte-specific genes in differentiated 3T3-L1 
adipocytes. Representative (a) RT-PCR analysis of genes involved in adipogenesis; (b) 
Immunoblot of PPAR-γ protein in response to 10 µM concentration of quercetin/ rutin/ myricetin 
or kaempferol. The histogram below (Fig. 4.2a)/ in the right panel (Fig. 4.2b) represents the mean 
relative arbitrary pixels intensities of mean ± S.D. of three independent experiments expressed as 
fold change with respect to differentiated control group (Fig. 4.2a)/ undifferentiated control group 
(Fig. 4.2b). a, p<0.05 versus undifferentiated control group; b, p < 0.05 versus differentiated 
control group. D, differentiated; Rosi, Rosiglitazone; Q, quercetin; R, rutin; M, myricetin; K, 
kaempferol.  
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4.3.3. Flavonoids instigate glucose uptake in PA-induced L6 muscle cells 

 

In our subsequent study, we attempted to explore the antidiabetic activity of the selected 

flavonoids. As was discussed in the introduction section, muscle insulin resistance is one of the 

major pathophysiology involved in obesity-linked type 2 diabetes (DeFronzo and Tripathy, 2009). 

It has been well reported that PA treatment induces insulin resistance through impaired insulin 

signaling and thus diminished glucose uptake (Dimopoulos et al., 2006; Powell et al., 2004; Olsen 

and Hansen, 2002; Li et al., 2015; Wu et al., 2015). Thus, to mimic obesity-linked insulin 

resistance in vitro, differentiated L6 muscle cells were incubated with PA and the effects of 

flavonoids on glucose uptake were determined. In order to execute this study, firstly, various 

concentrations of each flavonoid were initially screened for their cytotoxic activity on L6 muscle 

cells in normal and PA-treated condition. As shown in Fig. 4.3a and b, all tested flavonoids were 

found to be non-cytotoxic to L6 cells till the maximum dose tested i.e., 50 µM both in presences 

and absence of PA (p<0.05). Based on this data, three doses i.e., 1, 10, 50 µM were selected for 

further studies. 

As expected, we found that PA treatment prominently decreased insulin-stimulated glucose uptake 

in L6 myotubes (p<0.05) (Fig. 4.3c). However, flavonoids treatment significantly abrogated PA-

inhibited glucose uptake in a dose-dependent manner (p<0.05) (Fig. 4.3c). At 10 µM 

concentration, quercetin, rutin, myricetin and kaempferol exhibited around 1.35-, 1.28-, 1.24- and 

1.38-fold increase in glucose uptake as compared to PA-induced L6 myotubes (p<0.05) (Fig. 

4.3c). Among all the test flavonoids quercetin and kaempferol showed the highest activity in 

instigating glucose uptake.  
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Fig. 4.3. Role of flavonoids on cell viability and insulin-stimulated glucose uptake in 
differentiated L6 muscle cells. L6 muscle cells were differentiated as per the protocol described 
in the methods section. The differentiated L6 cells were treated with various concentration (1, 10, 
50 µM) of quercetin/ rutin/ myricetin/ kaempferol for 24 h. Representative histogram showing  
MTT assay in (a)  absence and  (b)  presence of PA (0.5 mM) along with respective flavonoids for 
24 h; (c) Glucose uptake in insulin-stimulated differentiated L6 cells in presence of PA treatment. 
The differentiated L6 cells were treated with various concentration of quercetin/ rutin/ myricetin/ 
kaempferol along with 0.5 mM PA for 24 h. Cells were stimulated with 100 nM insulin just before 
1 h of completion of the experiment. Results are mean ± SD of three independent experiments 
expressed as a percentage of the vehicle-treated control group. a, p<0.05 versus vehicle-treated 
control group; b, p<0.05 versus only PA-treated group. Ns, non-significant; Q, quercetin; R, rutin; 
M, myricetin; K, kaempferol; PA, palmitic acid. 
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4.3.4. Flavonoids stimulate GLUT4 expression and related insulin signaling pathway in PA-

induced L6 muscle cells 

In our subsequent studies, gene and protein expression analysis of glucose transporter 4 (GLUT4) 

were performed. GLUT4 is a major glucose transporter present in muscle cells and involved in 

glucose uptake inside cells under the control of insulin. As shown in Fig. 4.4a, the tested 

flavonoids, except myricetin, significantly up-regulated Glut4 gene expression in a dose-

dependent manner (p<0.05). Furthermore, to elucidate the specific mechanisms involved in 

flavonoids-mediated enhanced glucose uptake, we detected key proteins involved in the insulin 

signaling pathway. As described earlier, PA treatment impaired insulin signaling by 

phosphorylating IRS-1 at serine residue with a concomitant decrease in Akt phosphorylation 

which leads to inhibition of GLUT4 translocation and glucose uptake. In our study too, PA 

treatment significantly increased IRS-1 phosphorylation at ser307 in insulin-stimulated L6 

myotubes which were interestingly found to be significantly abrogated in presence of each tested 

flavonoids at 10 µM concentration (p<0.05) (Fig. 4.4b). Additionally, GLUT4 protein expression 

(like mRNA expression as shown earlier) was found to be up-regulated in response to all tested 

flavonoids where kaempferol exhibited maximum activity at 10 µM concentration (~2-fold 

increase) as compared to PA-treated L6 myotubes (p<0.05) (Fig. 4.4b). 

In order to determine whether the classical signaling pathway was involved in the 

flavonoids-mediated increase in glucose uptake, protein expression analysis of p-AKT was 

performed in presence of PA in insulin-stimulated myotubes. As shown in Fig. 4.4b, only 

myricetin and rutin exhibited a significant increase in Akt phosphorylation (ser473) at 10 µM 

concentration as compared to PA-treated myotubes while kaempferol and quercetin exhibited only 

a marginal increase in p-Akt expression (p<0.05). It is well established that the AMPK pathway is 

an alternative route which may be involved in glucose uptake inside muscle cells (Olsen and 

Hansen, 2002; Wu et al., 2015). Therefore, the p-AMPK (phosphorylation at Thr172) expression 

was analyzed in response to flavonoids. Kaempferol and quercetin, at 10 µM concentration, 

significantly increased p-AMPK expression (~2-fold) as compared to PA-treated insulin-

stimulated cells (p<0.05) (Fig.4.4b). Myricetin and rutin showed a marginal increase in p-AMPK 

expression at 10µM concentration (Fig. 4.4b). Together, based on the current data it could be 

speculated that rutin and myricetin exhibited their increased insulin activity primarily through Akt 
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stimulation while AMPK signaling was involved in kaempferol and quercetin-mediated increase 

in glucose uptake in PA-stressed insulin resistant L6 myotubes. However, further detailed studies 

are needed using in vitro and in vivo setups to validate this finding. 

 

 

Fig. 4.4. Effects of flavonoids on insulin signaling pathway in PA-induced insulin resistant 
L6 myotubes. The differentiated L6 cells were treated with various concentrations of quercetin/ 
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rutin/ myricetin/ kaempferol along with 0.5 mM PA for 24 h. The cells were stimulated with 100 
nM insulin just before 1 h of completion of the experiment. Representative (a) RT-PCR analysis 
of Glut4 gene; (b) Immunoblots of proteins involved in insulin signaling pathway and glucose 
uptake. The histogram below (Fig. 4.4a)/ in the right panel (Fig. 4.4b) represents the mean relative 
arbitrary pixels intensities of mean ± S.D. of three independent experiments expressed as fold 
change with respect to vehicle-treated control group. a, p<0.05 versus vehicle-treated control 
group; b, p < 0.05 versus only PA-treated group. Ns, non-significant; Q, quercetin; R, rutin; M, 
myricetin; K, kaempferol; PA, palmitic acid. 

 

4.3.5. Flavonoids improve body weight and lipid profile in HFD-STZ-induced diabetic mice 

 

To investigate the anti-hyperlipidemic and anti-hyperglycemic role of flavonoids, HFD-STZ 

induced mice were developed and were subjected to 4 weeks of daily treatment of each flavonoid 

(25 mg/kg bw) in respective groups. As shown in Fig. 4.5a, the HFD-STZ-induced diabetic mice 

displayed a significant increase in body weight as compared to normal control group (p<0.05). 

However, among all the test flavonoids, kaempferol-treated diabetic mice showed significantly 

decreased body weight which was comparable to that of the normal control group (p<0.05) (Fig. 

4.5a). Conversely, quercetin, rutin, myricetin and metformin (the positive control drug for 

diabetes) treated mice demonstrated marginally reduced body weight as compared to HFD-STZ 

group (p<0.05) (Fig. 4.5a). Furthermore, flavonoids-treated mice showed a significant decrease in 

serum triglycerides, cholesterol, LDL and NEFA levels as compared to diabetic mice with varying 

potentiality (p<0.05) (Fig. 4.5b, c, d and e). Out of all, kaempferol exhibited most prominent 

effects in improving body weight and lipid profiles (almost close to 2-fold reduction) in HFD-STZ 

diabetic mice (p<0.05). 
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Fig. 4.5. Effects of flavonoids on metabolic profile in diabetic mice. The experimental mice 
were fed with normal chow diet (control) or with high-fat diet for 10 weeks followed by injection 
with streptozotocin (35 mg/kg bw) and successive treatments with quercetin/ rutin/ myricetin/ 
kaempferol (25 mg/kg bw i.p. daily) for 4 weeks. Histogram showing (a) Body weight; (b) Total 
cholesterol;  (c) Triglycerides; (d) LDL and (e) NEFA level in serum of treated mice. Blood 
glucose concentrations measured (f) during fasting condition; after administration of (g) glucose 
for glucose tolerance test (GTT) and (h) insulin for insulin tolerance test (ITT) after 16 weeks of 
the experiment. Data are mean ± SD of n = 6 for each group. a, p<0.05 versus normal control; b, 
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p<0.05 versus HFD-STZ control. HFD, high-fat diet; STZ, streptozotocin; Met, metformin; Q, 
quercetin; R, rutin; M, myricetin; K, Kaempferol; LDL, Low-density lipoprotein; NEFA, Non-
esterified fatty acids. 
 

4.3.6. Flavonoids improve fasting blood glucose level, glucose tolerance and insulin 

sensitivity in HFD-STZ-induced diabetic mice 

 

After 16 weeks of the experiment, HFD-STZ control mice had a high baseline fasting blood 

glucose level of ~ 272 ± 17 mg/dl as compared to normal control group (~ 107 ± 12 mg/dl) 

(p<0.05) (Fig. 4.6a). However, this level was reduced down significantly when the mice were 

treated with quercetin/ rutin/ myricetin/ kaempferol at 25 mg/kg bw respectively albeit with a 

varying degree of effectiveness (p<0.05) (Fig. 4.6a). As expected, metformin also showed a 

significant decrease in fasting blood glucose level with respect to HFD mice (p<0.05) (Fig. 4.6a).  

Since type T2DM is characterized by impaired glucose intolerance and insulin 

resistance, the glucose and insulin tolerance test were performed at end of the experiment by 

injecting glucose and insulin intraperitoneally respectively to evaluate the beneficial metabolic 

effects of selected flavonoids. As shown in Fig. 4.6b, HFD mice displayed hyperglycemia at 0 

min which was exacerbated by glucose load. The augmented glucose level of HFD mice did not 

decrease significantly even at 120 min, indicating impaired glucose tolerance. However, 

administration of flavonoids to diabetic mice resulted in significant improvement in glucose 

tolerance within 60 min of glucose load (p<0.05) (Fig. 4.6a). Further, to check the effect of 

flavonoids on insulin sensitivity, insulin tolerance test was performed by injecting insulin 

intraperitoneally.  As shown in Fig. 4.6c, all tested flavonoids significantly enhanced insulin 

sensitivity in diabetic mice as indicated by a decline in glucose level with increasing time 

(p<0.05). Interestingly, among all tested flavonoids, kaempferol had the most promising effects on 

improving blood glucose level, glucose tolerance and insulin sensitivity (p<0.05) (Fig. 4.6a, b and 

c).  
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Fig. 4.6. Effects of flavonoids in the improvement of glucose and insulin tolerance in diabetic 
mice. Mice were fed with normal chow diet (control) or with high-fat diet for 10 weeks followed 
by injection with streptozotocin (35 mg/kg BW) and successive treatments with quercetin/ rutin/ 
myricetin/ kaempferol (25 mg/kg bw i.p. daily) for 4 weeks. (a) Histogram showing fasting 
glucose levels of mice from different treatment groups. Blood glucose concentrations measured 
after administration of (b) glucose for glucose tolerance test and (c) insulin for insulin tolerance 
test after 16 weeks of the experiment. Data are mean ± SD of n = 6 for each group. a, p<0.05 
versus normal control; b, p<0.05 versus HFD-STZ control. HFD, high-fat diet; STZ, 
streptozotocin; Met, metformin; Q, quercetin; R, rutin; M, myricetin; K, Kaempferol.  
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4.3.7. Effects of flavonoids in autophagy induction in RIN-5F clonal pancreatic β-cells 

 

Recent studies showed that dysfunctional autophagy is involved in the loss of β-cell mass and 

function hence pathophysiology of obesity-linked diabetes (Masini et al., 2009; Bartolomé et al., 

2014; Mir et al., 2015). Thus, identifying agents that could restore autophagy in degenerated β-

cells are of great importance under the current therapeutic regime. In the next phase of our study, 

we intended to determine whether these flavonoids could enhance autophagy in PA-stressed RIN-

5F clonal pancreatic β-cells. In order to determine the effects of flavonoids on clonal pancreatic β-

cells, firstly, various concentrations of each flavonoid were initially screened for their cytotoxic 

activity on RIN-5F cells in PA-treated condition. All tested doses i.e., 1, 10, 50 µM of each 

flavonoid were found to be non-cytotoxic to the cells, rather, kaempferol at 10 and 50 µM 

exhibited increased cell viability (p<0.05) (Fig. 4.7a). Hence, to determine regulation of 

autophagy, 10 µM concentrations of each flavonoid were selected and MDC-LysoTracker co-

staining was performed. MDC selectively stains autophagosomes whereas LysoTracker stains 

lysosomes and both collectively determine the status of autophagy in cells. The mTOR inhibitor, 

temsirolimus, was considered as a positive control of autophagy in these set of experiment. As 

shown in Fig. 4.7b, PA treatment exhibited a marginal increase in MDC stained regions while 

limited lysoTracker stained regions indicative of impaired autophagy. Surprisingly, all tested 

flavonoids exhibited an increase in a combined MDC-LysoTracker staining, out of which, 

kaempferol was found to be most promising autophagy activator as evidenced by increased 

autophagosomes as well as lysosomes formation (Fig. 4.7b). Based on this data it could be 

hypothesized that kaempferol-mediated promising antidiabetic effects may be attributed to 

autophagy stimulatory activity of this phytochemical. Hence this aspect needs further detailed 

deliberation as was taken up in the remaining part of the thesis. 
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Fig. 4.7. Role of flavonoids in instigating autophagy in PA-induced RIN-5F clonal β-cells. 
RIN-5F cells were treated with various concentrations of quercetin/ rutin/ myricetin/ kaempferol 
with 0.5 mM PA for 24 h followed by (a) MTT assay, Results are the mean ± S.D. of three 
independent experiments. a, p<0.05 versus vehicle-treated control group; b, p < 0.05 versus only 
PA-treated group. (b) Representative confocal images of MDC-LysoTracker stained cells to 
selectively stain autophagosomes and lysosomes in response to 10 µM concentration of quercetin/ 
rutin/ myricetin/ kaempferol or 200 nM temsirolimus (positive control) in presence of 0.5 mM PA 
for 24 h. Images are representative of three independent experiments. Ns, non-significant; Q, 
quercetin; R, rutin; M, myricetin; K, kaempferol; PA, palmitic acid; Tem., temsirolimus. 
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4.4. Discussion 

 

The prevalence of T2DM is increasing worldwide, the incidence of which correlates in most of the 

cases with development of obesity (Al-Goblan et al., 2014). Obesity is an ailment in which 

adipocytes become large by accumulating an enormous amount of lipids. At the cellular level, it is 

characterized by a surge in number and size of differentiated adipocytes in adipose tissue 

(Schwartz et al., 2017). In obese condition, the elevated level of circulating FFA is one of the 

predisposing factors in the development of insulin resistance and hyperglycemic conditions linked 

with diabetes (Giacca et al., 2010). In this study, we attempted to screen some flavonoids namely: 

quercetin, rutin, myricetin and kaempferol, which are abundant in various dietary sources, for their 

anti-obesity and antidiabetic activities. Firstly, we elucidated the role of flavonoids in the 

inhibition of adipocyte differentiation. To determine the anti-adipogenic activity, the mouse pre-

adipocytes 3T3-L1 cells were used as it has been widely used as a cellular model of adipose 

biology. Our study revealed that all the tested flavonoids were found to be effective in inhibiting 

the differentiation of pre-adipocytes 3T3-L1 cells to mature adipocytes which were confirmed by 

Oil Red O staining and lipid quantification assays. The marked decrease in the lipid accumulation 

was further confirmed by down-regulation of genes involved in adipocyte differentiation (Pparg, 

Cebpa and Fabp4) as evidenced by transcriptional analysis by RT-PCR. Further, the immunoblot 

analysis of PPAR-γ expression strengthened the findings. These findings are consistent with the 

reports which showed that quercetin, rutin, myricetin and kaempferol exhibited anti-

hyperlipidemic effects, however, the precise mode of action is still elusive (Roslan et al., 2017; 

Calzada et al., 2017; Kang et al., 2015; Zhang and Liu, 2011). Besides, to the best of our 

knowledge, this is the first evert report which showed the comparative analysis of anti-obesity and 

anti-diabetic effects of these major dietary flavonoids that are abundant in various plants mainly 

fruits and vegetables and principally involved in the prevention of a large number of diseases/ 

disorders. This in vitro data revealed that among all tested flavonoids, kaempferol and rutin had 

the strongest inhibitory effects on adipogenesis.  

In the next phase of our study, antidiabetic effects of flavonoids were determined by using 

L6 muscle cells. Insulin resistance in skeletal muscles plays a major role in hyperglycemic 

conditions associated with type 2 diabetes (DeFronzo and Tripathy, 2009). It is already reported 

that excess FFAs leads to insulin resistance in muscle cells by impairing insulin signaling 
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(Kraegen and Cooney, 2008; Martins et al., 2012). In order to mimic obesity-linked insulin 

resistance in vitro, differentiated L6 muscle cells were incubated with PA, a cell-based model that 

has been widely used to determine the antidiabetic role of compounds (Dimopoulos et al., 2006; 

Wu et al., 2015; Sinha et al., 2004). The stimulatory effects of flavonoids on glucose uptake along 

with the determination of expression patterns of GLUT4, a marker for glucose uptake, in insulin-

stimulated PA-treated L6 cells were demonstrated. All tested flavonoids were found to be effective 

in significantly up-regulating insulin-stimulated glucose uptake which was found to be abrogated 

in PA conditions. PA-treatment also showed impaired insulin signaling as evidenced by increased 

phosphorylation of ser307 in IRS-1 and decreased p-Akt which was further linked to decreased 

GLUT4 expression which were significantly improved by the test flavonoids. Our data is in line 

with the studies which showed that PA treatment impaired insulin-stimulated glucose uptake 

(Dimopoulos et al., 2006; Powell et al., 2004; Olsen and Hansen, 2002; Li et al., 2015; Wu et al., 

2015). However, the PA-mediated impaired glucose uptake was restored by all tested flavonoids, 

out of which, kaempferol and quercetin showed profound activity. Further, the specific 

mechanisms involved in glucose uptake stimulatory activity of flavonoids were elucidated. Our 

study revealed that myricetin and rutin treatment exhibited increased expression of p-Akt and thus 

restore the classical signaling pathway. Our this observation is in line with the study which 

showed restoring p-AKT in PA-induced insulin resistant muscle cells led to improved insulin 

signaling (Li et al., 2015). Conversely, there was no significant difference in p-Akt expression in 

response to kaempferol and quercetin, although there was an increase in GLUT4 expression which 

suggested that probably kaempferol and quercetin exerted their effects through a different 

pathway, which needs further validation. In recent years, studies have shown that AMPK pathway 

is an alternative pathway of glucose uptake activated in muscle cells (Olsen and Hansen, 2002; 

Kundu et al., 2014; Wu et al., 2015). In our studies, we found that kaempferol and quercetin 

showed a significant increase in the expression of AMPK phosphorylation (Thr172) indicative of 

the role of AMPK in inducing glucose uptake. These are consistent with the report showing that 

the commonly used antidiabetic drug, metformin, exerted their stimulatory effect on glucose 

uptake through AMPK activation (Wu et al., 2015). Taken together, it can be speculated that 

kaempferol and quercetin are the most potent anti-hyperglycemic agents out of all tested 

flavonoids to be taken up further as therapeutic agents. 
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In the next phase, in order to validate the earlier obtained in vitro data in more 

physiologically relevant in vivo model, HFD-STZ-induced diabetic model was developed. This 

model has been extensively used in various studies to test anti-obesity and antidiabetic effects of 

various compounds (Skovsø, 2014). The type 2 diabetes in the induced HFD-STZ mice was 

characterized by hyperglycemia, glucose intolerance, insulin resistance and decreased insulin 

secretion. To test anti-obesity and antidiabetic effects of these flavonoids, the developed diabetic 

mice were treated with these phytochemicals.  Our in vivo data revealed that all of the flavonoids 

showed a marked reduction in serum triglyceride, cholesterol and LDL levels of HFD-STZ-

induced diabetic mice, however, only kaempferol was found to significantly improve serum 

profile at the dose tested. Furthermore, all tested flavonoids significantly improved blood glucose 

level, glucose and insulin tolerance in diabetic mice. Interestingly, among all tested flavonoids, 

kaempferol had the most promising effects on blood glucose level, glucose tolerance and insulin 

sensitivity. Collectively, in vitro and in vivo data demonstrated that out of all tested flavonoids, 

kaempferol exhibited most promising anti-obesity and antidiabetic effects.  

Recent studies showed that dysfunctional autophagy is involved in the loss of β-cell mass 

and function hence pathophysiology of obesity-linked diabetes (Mir et al., 2015; Masini et al., 

2009; Bartolome et al., 2014). Thus, identifying agents that could restore autophagy in 

degenerated β-cells are of great importance presently. Our MDC-LysoTracker data revealed that 

PA treatment exhibited a marginal increase in MDC stained regions and limited lysoTracker 

stained regions indicative of impaired autophagy and this is consistent with a recent study which 

showed that PA impairs autophagy in pancreatic β-cells (Mir et al., 2015). Surprisingly, all tested 

flavonoids exhibited an increase in MDC-LysoTracker staining, out of which, kaempferol was 

found to be most promising autophagy activator as evidenced by maximally increased 

autophagosomes and lysosomes formation with increased co-localization of both as compared 

other three tested flavonoids (quercetin, rutin and myricetin). This data is in line with the study 

which showed that kaempferol treatment increased autophagy and protected neurons in animal 

models of rotenone-mediated acute toxicity (Filomeni et al., 2012). Therefore, it can be 

hypothesized that the superior antidiabetic activity of kaempferol may also be due to the 

restoration of kaempferol-mediated autophagy which in turn may improve the diabetic condition 

in vitro and in vivo. The present study thus suggested that among above-selected flavonoids 

kaempferol had potent anti-obesity, antidiabetic, and autophagy stimulating activities as obtained 
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from initial screening tests. Therefore, kaempferol was chosen for further detailed and mechanistic 

studies for next phase of our study to confirm the role of kaempferol-mediated autophagy in the 

protection of functional β-cell mass and improvement of insulin sensitivity as it is well established 

that β-cell mass and insulin resistance are the two pathophysiological abnormalities associated 

with obesity-linked diabetes (Al-Goblan et al., 2014). All these aspects have been discussed in the 

successive chapters of this thesis to establish the exact cross-talk between kaempferol and 

autophagic processes. About the involvement of other flavonoids (quercetin, rutin and myricetin) 

for the cure and management of diabetes and obesity further in detailed studies are warranted 

where these data would provide a base to take them forward.   
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5.1. Establishment of RIN-5F-EGFP-LC3 expressing stable cell line 

 

5.1.1. Introduction 

 

Electron microscopic assessment of autophagic vacuoles is an expensive, tedious and time-

consuming process that requires tremendous specialized expertise. Currently, it is being 

replaced by light microscopic observation and biochemical methods that are more convenient 

and easily accessible to the researchers (Klionsky et al., 2016; Mizushima et al., 2010). The 

mammalian autophagy protein, LC3, is a marker of autophagosomes. The LC3 protein is found 

in two forms i.e. cytosolic LC3-I form and autophagosome membrane localized LC3-II form. 

After its synthesis, the nascent LC3 is processed at its C-terminus by Atg4, a protease involved 

in autophagic prcess, and becomes LC3-I. Further, LC3-I is conjugated to 

phosphatidylethanolamine, an event also called as lipidation of LC3-I to become LC3-II (LC3-

PE) by a ubiquitination-like enzymatic reaction. Lipidated LC3 is subsequently recruited to 

autophagosomal membranes during the ensuing events of autophagy and leads to the formation 

of LC3 puncta which serves as a reliable marker to monitor autophagosomes formation 

(Klionsky et al., 2012). LC3-II is localized both on the outer and inner membranes of the 

autophagosome (Fig. 5.1.1). The event of lysosomal fusion results in the cleavage of LC3 on 

the outer membrane by Atg4 whereas lysosomal enzymes degrade LC3 on the inner membrane 

resulting in very low LC3 content in the autolysosome. Therefore, endogenous LC3 or GFP-

LC3/EGFP-LC3 (LC3 protein tagged with a fluorescent protein EGFP at its N terminus) is 

visualized through indirect immunofluorescence or direct fluorescence microscopy either as a 

diffuse cytoplasmic pool or as punctate structures representing autophagosomes (Larsen et al., 

2010).  However, the endogenous protein expression depends on the ability to detect it in the 

system of interest. When the endogenous amount is below the level of detection, the 

exogenous constructs are used. Additionally, EGFP-LC3, and probably even endogenous LC3, 

if overexpressed or co-expressed with other aggregate-prone proteins, can be easily aggregated 

and is often indistinguishable from true autophagosomes by fluorescence microscopy 

observation. Additionally, in the case of transient transfection using EGFP-LC3 construct, 

often high levels of expression results in artificial aggregation for which a great caution needs 

to be exercised while using the system.  
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Fig. 5.1.1. Schematic representation showing EGFP-LC3 puncta formation in response to 
autophagy induction in EGFP-LC3 transfected cells. The cells are transfected with EGFP-
LC3 plasmid and stable cell line expressing EGFP-LC3 is developed. EGFP-LC3 positive cells 
exhibit diffused EGFP fluorescence which after induction of autophagy shows puncta 
formation due to the localization of LC3-II onto autophagosomes membrane. These punctas 
can be used as a reliable marker for autophagy induction. 

 

Thus to exclude the possibility of artificial aggregation, use of stable EGFP-LC3 transformants 

is widely recommended where clones expressing appropriate levels of EGFP-LC3 can be 

selected. The homogeneous protein expression in the stably-transfected cell lines along with 

decreased variability of signal intensity and size within a cell population is an additional 

advantage. Due to the lower protein expression, the stable transformants often have reduced 

background. It is also advantageous over transient transfection as it eliminates artifacts 

resulting from recent exposure to transfection reagents. Also, with stable transfection, nearly 

95-100% of the population will express tagged LC3, thus, more transformed cells can be 

evidently analyzed.  

 The current study thus deals with the establishment of a stable cell line expressing 

EGFP-LC3 that was used further to access the process of autophagy in the concurrent study. 
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5.1.2. Methodology 

 

5.1.2.1. Cell line and culture 

 

RIN-5F cells were cultured in RPMI media with 10% fetal bovine serum and 1% antibiotic 

(100 U/ml of penicillin and 100μg/ml streptomycin) mix at 37°C in a humidified atmosphere 

in a 5% CO2 incubator. 

5.1.2.2. Bacterial transformation and plasmid preparation 

 

The DH5α strain of E.coli was grown and transformed with EGFP-LC3 plasmid. The detail 

culture conditions and transformation protocols have been described in Chapter-3 (3.26). 

 

5.1.2.3. Plasmid isolation 

 

The transformed bacteria were subjected to isolation of transformed plasmid (in this case 

EGFP-LC3). The plasmid for EGFP-LC3 (Addgene plasmid # 11546) was acquired from 

Addgene Plasmid Repository (Cambridge, MA, USA) which was donated to the repository by 

Dr. Karla Kirkegaard (Stanford University, USA). The detail procedure has been described in 

Chapter-3 (section 3.27).  

 

5.1.2.4. Cell transfection and stable cell line establishment 

 

To generate stable EGFP-LC3 expressing cell line, ~ 5X 105 RIN-5F cells were seeded in 60 

mm cell culture dish in RPMI media containing 10% FBS. After reaching 70-80% confluency, 

cells were transfected with 2 µg EGFP-LC3 plasmid using Polyfect transfection reagent 

(Qiagen, USA) according to the manufacturer’s instructions. The transfected cells were 

screened with 500 μg/ml G418 (Sigma) for around 15 days. When a number of resistant cell 

clones was observed, the cells were further trypsinized and transferred to new culture flasks for 

further culture. Subsequently, the subcultured cells were maintained in RPMI media 

supplemented with 500 μg/ml G418 for next 15 days. Only the fluorescent cells were picked 

and maintained as stale cell line for EGFP-LC3 and were named as RIN-5F-EGFP-LC3 cells. 

 



                                        5.1. Establishment of RIN-5F EGFP-LC3 expressing stable cell line 

 

116 
 

 

5.1.3. Results 

 

We have successfully developed RIN-5F-EGFP-LC3 cell line for detection of LC3 puncta in 

response to kaempferol with or without inhibitors. After 48 h of transfection, around 60-70% 

cells were found positive for EGFP-LC3 expression as observed under a fluorescent 

microscope (Fig. 5.1.2). Further, stably expressing EGFP-LC3 cells were screened in RPMI 

media supplemented with G418 (500 µg/ml) for the next 15 days and routinely evaluated for 

the screening of GFP-LC3 clones. The EGFP-LC3 clones were then subcultured and 

maintained in media containing G418. After 15 days of screening, it was observed that the 

percentage of EGFP-LC3 positive cells were increased to about 80-85% (Fig. 5.1.2). 

Interestingly, around 90-95 % of GFP-positive cells were obtained after 30 days which were 

further subcultured and maintained for longer periods (Fig. 5.1.3). As shown in the data (Fig. 

5.1.3), the cells were stably expressing LC3 till passage 10 without any compromise in 

fluorescent patterns. This level of fluorescent intensity was available till 30 passages (data not 

shown). 
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Fig. 5.1.2. Phase contrast and fluorescent microscopic images of EGFP-LC3 transfected 

RIN-5F cells at different time intervals. Scale bar 400 µm. 
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Fig. 5.1.3. Phase contrast and fluorescent microscopic images of RIN-5F-EGFP-LC3 cells 

stably expressing EGFP-LC3 at different passage numbers in culture. Scale bar 400 µm. 

 

5.1.4. Discussion 

 

The role of autophagy was recently identified as a key regulatory mechanism involved in 

several disorders including cancer, inflammation, neurodegeneration and obesity-linked type 2 

diabetes (Jiang and Mizushima, 2014). Autophagy is an intracellular lysosomal degradative 

process of defective proteins, macromolecules, damaged organelles and toxic aggregates, 
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which plays a pivotal role in maintaining cell homeostasis (Mizushima, 2007). Autophagy is a 

dynamic cellular process; hence, accurate detection methods are essentially required to monitor 

the process of autophagy (Orhon and Reggiori, 2017). In recent years, LC3 protein has been 

identified to play a major role in autophagy. There are various methods by which LC3 

expression can be monitored such as immunocytochemistry, immunoblotting, LC3 puncta 

formation assay to name a few (Mizushima et al., 2010). EGFP-LC3 puncta formation method 

is the reliable and convenient method to monitor autophagic process (Larsen et al., 2010).  

 Transiently transfected cells pose various limitations such as artificial aggregates which 

are often indistinguishable by fluorescence microscopy from true autophagosomes, also, may 

result in artifacts from recent exposure to transfection reagents. This may lead to 

overestimation of the autophagic process. Therefore, generation of a stable cell line with 

EGFP-LC3 provides a better option than other methods to have a more accurate estimation of 

autophagosome formation. With this aim, in this study, we have established the RIN-5F cell 

lines stably expressing EGFP-LC3. The screened cell lines positively expressed the EGFP-LC3 

protein for an extended period of time. These stable cell lines were used in our further study to 

monitor kaempferol-mediated induction of autophagy. 

EGFP-LC3 provides a marker that is relatively easy to use for monitoring autophagy 

induction based on the appearance of puncta; however, monitoring this chimera does not 

determine flux unless utilized in conjunction with inhibitors of lysosomal fusion and/or 

degradation. Thus it is recommended that lysosomal inhibitors such as chloroquine or 

bafilomycin can be used to inhibit autophagosomal degradation of LC3 for detecting 

autophagic flux (Mizushima et al., 2010). Moreover, flow cytometry analysis can be used to 

quantify LC3-puncta in response to various treatments/conditions. In addition, it is 

recommended that results obtained by EGFP-LC3 fluorescence microscopy be verified by 

additional assays such as western blot analysis of LC3-II/LC3-I and p62 expression to 

determine the exact status of autophagy in the cell in study. The stable cell line as developed in 

this part of the study can be used for screening various chemical entities for their role in 

autophagy by estimating the levels of LC3-puncta formation. 
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Chapter 5.2. Role of kaempferol in the modulation of autophagy and its 
effect on protection of pancreatic β-cells under lipid overload condition 

 

5.2.1.    Introduction 

 

Type II diabetes mellitus (T2DM) is a metabolic disease characterized by elevated blood 

glucose level and insulin resistance. Among all diabetic conditions, type II diabetes is most 

prevalent and accounts for nearly 90-95% of patients diagnosed with diabetes worldwide. A 

common health condition which often accompanies T2DM is obesity and thus draws clear 

correlation vice-versa (American Diabetes Association, 2011). It is already known that obese 

conditions render the individual even more susceptible to develop T2DM. The saturated fats 

derived from fat depots of obese individual increases free fatty acids in circulation which 

consequently impairs skeletal muscle responsiveness to insulin. The hyperglycemic conditions 

that subsequently prevails, induces the compensatory increase in insulin synthesis and 

secretion which breakdown at later time points due to pancreatic β–cell failure (Donath and 

Halban, 2004; Boden, 2011; Al-Goblan et al., 2014).  

A major cause of onset and progression of T2DM is the loss of β–cell mass and 

function due to elevated levels of free fatty acids (lipotoxicity) and glucose (glucotoxicity) 

(Butler et al., 2003). In vitro, chronic exposure to free fatty acids (FFA) leads to pancreatic β–

cell’s apoptosis and impaired insulin secretion (Maedler et al., 2001; Lupi et al., 2002; Yuan et 

al., 2010). Therefore, protection of β–cells against lipid overload can be an effective strategy 

for counteracting obesity linked T2DM (DeFronzoand Abdul-Ghani, 2011; Song et al., 2015). 

Recent studies have elucidated that in the presence of saturated fatty acids and 

hyperglycemic conditions, β-cells undergo apoptosis due to impairment of autophagic 

turnover. Exposure of human pancreatic islets and β-cell lines to fatty acids and glucose blocks 

autophagic flux which leads to apoptotic cell death (Mir et al., 2015). Type II diabetic patients 

and high-fat diet mice model often exhibit dysregulated autophagic activity which further 

ascertains the implication of impaired autophagy in the pathophysiology of T2DM  (Masini et 

al., 2009; Codogno and Meijer, 2010). 

Autophagy is an intracellular lysosomal degradative process of defective proteins, 

macromolecules, damaged organelles and toxic aggregates, which plays a pivotal role in 

maintaining cell homeostasis (Mizushima, 2007). Apart from this, autophagy can also be 

instigated in response to stress conditions like nutrient deprivation, infection, and diseased 

state, wherein it plays a cytoprotective role. Autophagy has been broadly classified into 3 
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major categories (1) Macroautophagy; (2) Chaperone-mediated autophagy and (3) 

Microautophagy (Moreau et al., 2010). Among these, macroautophagy plays a pivotal role in 

determining the fate of pancreatic β-cells because of which it invariably remains as extensively 

studied event so far (Jung and Lee, 2009). During the initial stages of macroautophagy, 

cytoplasmic substrates are gradually sequestered within cytosolic double-membrane vesicles 

termed autophagosomes. The autophagosomes subsequently fuse with lysosomes to form 

autophagolysosomes wherein proteolytic enzymes and acidic constituents of lysosomes 

breakdown the payload brought in by the autophagosomes (Mizushima, 2007).  

These autophagosomes were also witnessed to be prominently augmented in various 

diabetic and obese rodent models such as high-fat diet mice model, ob/ob mice, db/db mice, 

Zucker fatty rats (Li et al., 2006; Ebato et al., 2008). However, the increase in autophagosomes 

can be manifested as an outcome of the increase in autophagic activation or impairment of 

autophagosomes turnover which has to be ascertained before drawing any conclusion. In one 

such instance, although enhanced autophagosomes were reported in ob/ob mice it was found to 

be inconsistent with the simultaneous surge in p62 expression, an adaptor protein which binds 

to LC3-II and acts as a selective substrate of autophagy (Quan et al., 2012). Such results are an 

outcome of impairment of autophagosomes turnover. Similarly in another study, β –cells 

specific Atg7 knockout mice (β–cells specific autophagy-deficient mice) fed with high-fat diet 

exhibited progressive β–cells degeneration with impaired insulin secretion and compromised 

glucose tolerance and increased apoptotic cell death (Ebato et al., 2008). Thus, these studies 

clearly established that in diabetic or insulin resistant condition, autophagosomes accumulation 

may be enhanced because the formed autophagosomes do not meet the increased demand of its 

turnover for the destruction of non-functional organelles and dysfunctional proteins in type II 

diabetes and obese models. So, induced autophagy is an adaptive response against insulin 

resistant condition. Although autophagy has gained importance in the recent past, our 

understanding of the same is still growing and thus preemptive interpretation can easily 

mislead about the role of autophagy in various disease models. Some in vitro studies have also 

reported that the induction of autophagy in palmitic acid (PA)-challenged pancreatic β-cells, 

isolated rat, and human pancreatic islets, exerts the protective effect against PA-induced 

apoptosis (Choi et al., 2009; Martino et al., 2012). Some recent studies asserted that prolonged 

exposure of β-cell to FFAs leads to increase in autophagosomes due to suppressed autophagic 

turnover which is clearly evident from increased LC3-II as well as p62 accumulation. 
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Autophagy turnover was drastically impaired in the presence of fatty acids which subsequently 

lead to pancreatic β-cell death (Masini et al., 2009; Bartolomé et al., 2014; Mir et al., 2015).  

On the basis of this pre-notion, rapamycin (an mTOR inhibitor and known activator of 

autophagy) has been validated to exert the cytoprotective effect on PA-induced β-cell by 

reducing the blockage of autophagic turnover (Mir et al., 2015). Similarly, other well-known 

antidiabetic drugs like rosiglitazone and metformin were also found to rescue β-cells from PA-

induced apoptosis through modulation of autophagy (Wu et al., 2013; Jiang et al., 2014). Thus, 

induction of autophagy could be a potential target to combat saturated fatty acid mediated 

apoptotic cell death (Stienstra et al., 2014). On the basis of the cytoprotective action of 

autophagy in β-cell rescue, in the present study, we evaluated the potential role of a flavonol 

i.e., kaempferol, to instigate autophagy in PA-induced clonal pancreatic β-cells (RIN-5F cell 

line) and isolated primary cultures of rat islets.   

Kaempferol (3,5,7,4-tetrahydroxyflavone) is natural flavonol found in various fruits 

and vegetables such as apples, berries, grapes, beans, broccoli, cabbage, onions, tomatoes, 

green tea and is also present in medicinal plants which include Equisetum spp., Sophora 

japonica, and Ginkgo biloba (M Calderon-Montano et al., 2011). A number of pre-existing 

literature studies have already reported the cardioprotective, anti-osteoporotic, neuroprotective, 

anti-oxidative, anti-inflammatory and anticancer activities of kaempferol (Lin et al., 2007; 

Huang et al., 2010; Filomeni et al., 2012; Abo-Salem, 2014; Liao et al. 2016). Recently, the 

antidiabetic and anti-obesity activity of kaempferol fractions isolated from unripe soybean 

leaves have been reported in high-fat diet mice model (Zang et al., 2015). Apart from this, 

kaempferol was also reported to increase insulin secretion and β-cell mass in chronic 

hyperlipidemia condition and in obese diabetic mice (Zhang and Liu., 2011; Zhang et al., 

2013; Alkhalidy et al., 2015). Although kaempferol was found to exert cytoprotective activity 

on pancreatic β-cells, to the best of our knowledge, the role of autophagy in cytoprotective and 

anti-apoptotic activity of kaempferol on pancreatic β-cells still remains to be elucidated. 

In this study, we investigated the effects of kaempferol on apoptosis and autophagy of 

clonal pancreatic β-cells and isolated rat primary islets in PA-induced stressed condition. We 

further illustrated the cross-talk between apoptosis and autophagy in response to kaempferol 

and thereby established the probable underlying mechanism and signaling pathways involved. 
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5.2.2. Brief methodology 

 

5.2.2.1. Cell culture and treatment 

 

RIN-5F cells were cultured in RPMI 1640 media supplemented with 10% heat-inactivated FBS 

and 1% streptomycin–penicillin solution at 37℃ in a humidified atmosphere with 5% CO2.  

Prior to the cell based assays, media was replaced with RPMI 1640 media containing 1% 

bovine serum albumin (BSA) and 0.5 mM PA and the cells were then treated with different 

doses of kaempferol with or without certain inhibitors i.e., wortmannin (inhibitor of initial 

stage of autophagy) or chloroquine (a lysosomotropic agent and late-stage autophagy inhibitor) 

or compound C (an AMPK inhibitor). For each experiment, wortmannin (100 nM), 

chloroquine (10 µM) and compound C (10 µM) were added to the respective wells 1 h prior to 

the kaempferol treatment. The RPMI media containing only 1% BSA was used for normal 

control cells. The cells treated with PA in combination with 200 nM temsirolimus, the mTOR 

inhibitor, were considered as a positive control for this study. 

 

5.2.2.2. siRNA transfections 

 

Rat specific predesigned siRNA for Atg7 and AMPK were purchased from Qiagen (Valencia, 

CA, USA) and Ambion (Life Technologies GmbH, Darmstadt, Germany) respectively. 

Negative control siRNA for the above genes were procured from Qiagen. Then 50 nM of each 

siRNA were transfected to RIN-5F cells. For this, Attractene transfection reagent (Qiagen) was 

used for transfection, according to the protocol mentioned by the manufacturer. Briefly, 5 X 

105 RIN-5F cells were seeded in 6 well plates. After 24 h, the cells were transfected with 50 

nM of each siRNA in respective wells with the transfection reagent according to 

manufacturer’s protocol and incubated in a CO2 incubator at 37℃. After 24 h of incubation, the 

cells were treated with or without 10 µM kaempferol in presence of 0.5 mM PA for another 48 

h. 

5.2.2.3. Animals 

 

Female Sprague-Dawley rats of age 8–10 weeks old were procured from National Institute of 

Pharmaceutical Education and Research, Mohali, India with the approval of Institutional 
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Animal Ethics Committee (MMCP/IAEC/16/05). They were housed under standard conditions 

and allowed to acclimatize for two weeks before use. All the animal study experiments were 

performed according to the guidelines and approval of the Institutional Animal Ethics 

Committee.  

 

5.2.2.4. Islets isolation and treatment 

 

The rat pancreatic islets were isolated as described elsewhere with some modifications 

(Martino et al., 2012). Briefly, the rats were sacrificed by cervical dislocation and the pancreas 

was removed aseptically. The harvested pancreas was then cut into small pieces and washed 

with Hanks’ balanced salt solution (HBSS). Thereafter, the resulting pancreatic pieces were 

then digested in collagenase V (Sigma–Aldrich, USA) in HBSS for 10 min at 37℃ with gentle 

shaking. The digested samples were then rinsed thrice with cold HBSS. Finally, the islet 

purification was performed by centrifugation at 800 x g for 15 min at 4℃ on Ficoll density 

gradient centrifugation (density: 1.100, 1.077) (Sigma Chemical Co., St Louis, MO, USA).  

After being washed with HBSS containing 2% BSA, the islets were cultured in RPMI 1640 

supplemented with 10% FBS 1% streptomycin–penicillin and L-glutamine (2 mM) at 37℃ in 

a humidified atmosphere containing 5% CO2. The purified islets were then tested for their 

specificity by dithizone (DTZ) staining. For DTZ staining, the culture dishes were incubated at 

37°C for 15 min in the DTZ solution. After the incubation period, dishes were rinsed three 

times with HBSS and subsequently monitored under a microscope to identify clusters of 

stained crimson red as islets. After examination, the dishes were replenished with culture 

media. The stain completely disappeared from the cells after 4 h. For treatment, DTZ-stained 

islets were counted and divided into various groups and were given the respective treatments. 

 

5.2.2.5. Preparation of PA-containing media  

 

 The RPMI media containing 0.5 mM PA was prepared as described elsewhere (Tu et al., 

2014). Briefly, 100 mM PA stock solution was prepared in DMSO, which was subsequently 

diluted to 5 mM in 10% BSA (BSA dissolved in RPMI media) The resultant mixture was 

further diluted with pre-warmed (37℃) incomplete RPMI media supplemented with 1% 

streptomycin–penicillin solution to attain 0.5 mM PA concentration in the media. The final 
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concentration of BSA in PA-containing media was 1 %, thus RPMI media supplemented with 

1% BSA was used as vehicle control for experiments. 

 

5.2.2.6. 5-Bromo-2'-deoxyuridine (BrdU) incorporation assay 

  

The incorporation of thymidine analog BrdU (5-bromo-2’-deoxyuridine) into freshly 

synthesized DNA and then anti-BrdU antibody labeling, were used to quantitatively measure 

the cell proliferation in response to kaempferol. The detailed protocol is mentioned in chapter 3 

5.2.2.7. Hoechst 33342 staining for monitoring nuclear morphology of apoptotic cells 

 

Hoechst 33342 is a cell permeable dye which stains the nucleus. For nuclear staining, RIN-5F 

cells were seeded in 12 well plates (5X 104 cells/well) in RPMI 1640 media with 10% FBS. 

After 24 h of seeding, the cells were treated with respective treatments and were stained with 

Hoechst 33342 (1 µg/ml in PBS) for 5 min according to the protocol mentioned in chapter 3 

 

5.2.2.8. DNA ladder assay 

 

The DNA ladder assay was performed to detect DNA fragmentation, one of the hallmark 

feature of apoptotic cells. The assay was performed as discussed in chapter 3. 

  

5.2.2.9. Labeling of autophagic vacuoles and lysosomes with MDC and LysoTracker 

 

MDC is widely used as a probe to label autophagic vacuoles while LysoTracker Red DND-99 

is used to specifically tag lysosomes. MDC-LysoTracker staining was performed to monitor 

kaempferol-mediated autophagy in presence or absence of various inhibitors. The staining 

protocol is described in chapter 3.  

 

5.2.2.10. Cell transfection and stable cell line establishment 

 

For LC3 puncta assay, an importance assay to monior the status of autophagy in cells, EGFP-

LC3 expressing stable RIN-5F cell line were established. To generate stable EGFP-LC3 

expressing RIN-5F cells, 2 µg EGFP-LC3 plasmid was transfected to 70 - 80% confluent RIN-
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5F cells using Polyfect transfection reagent (Qiagen, USA) according to the manufacturer’s 

instructions. The transfected cells were screened with 500 µg/ml G418 (Sigma) until stable cell 

lines were established. 

 

5.2.2.11. LC3 puncta assays 

 

The RIN-5F cells stably expressing EGFP-LC3 were treated with or without kaempferol in the 

presence or absence of chloroquine for 48 h. After incubation, the cells were fixed with 2% 

formaldehyde and observed under Confocal Laser Scanning Microscope (LSM 780, Carl Zeiss, 

Germany) for EGFP-LC3 puncta formation. The cells with more than ten EGFP-LC3 punctate 

dots were considered as positive and were counted.  

 

5.2.2.12. Flow cytometer analysis for autophagy quantification 

 

 Flow Cytometer Analysis was performed as described elsewhere (Eng et al., 2010). For this 

assay, the stable clones of RIN-5F cells expressing EGFP-LC3 were adapted to monitor 

autophagy by flow cytometry. Around 5 X 104 cells were seeded in a six-well plate and were 

treated with kaempferol with or without chloroquine in the presence of PA. On completion of 

the treatment, the cells were harvested by trypsinization and the resultant cells in the 

suspension were subsequently fixed with 2% glutaraldehyde for 2 min. The excess 

glutaraldehyde in the fixation step was removed by washing the cells twice with PBS. After 

glutaraldehyde fixation, the cells were consequently permeabilized by briefly treating them 

with 0.05% saponin in PBS in order to selectively remove soluble cytoplasmic non-

autophagosome associated EGFP-LC3 from the cells. The cells were then washed again with 

PBS and resuspended in 100 µl PBS prior to being analyzed by flow cytometer 

(BD FACSVerse™, BD Biosciences, USA). Around 10,000 cell’s fluorescence was acquired 

for each sample which was further analyzed using suitable software (BD FACSuite™ software 

BD Biosciences, USA) and the results were represented as histogram between normalized 

frequency percentages versus EGFP-LC3 fluorescence intensity.  
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5.2.2.13. Transmission electron microscopy analysis of autophagic vacuoles 

 

TEM analysis of treated RIN-5F cells was performed to visualize autophagic vacuoles in 

response to various treatments as per the protocol mentioned in chapter 3. 

 

5.2.2.14. Immunofluorescence study 

 

For immunofluorescence study, 1 X 105 cells were seeded on each sterile coverslip and 

incubated for 24 h, thereafter treated with respective test chemicals for another 48 h. On 

completion of the incubation, the cells were fixed with 4% formaldehyde for 15 min followed 

by three PBS wash for 5 min each. The fixed cells were then permeabilized with 0.1% triton – 

X 100 for 10 min, thereafter the cells were washed thrice with PBS for 5 min each and then 

blocked with 2% BSA in PBS for 1 h at room temperature. After blocking, the cells were 

incubated with LC3B antibody (1: 200 in PBS) overnight at 4℃. The cells were then washed 

three times with PBS followed by incubation with the FITC-labeled anti-rabbit secondary 

antibody (1:500 in PBS) for 1 h at room temperature. Further, the cells were washed with PBS 

and incubated with Hoechst 33342 stain for 5 min to stain the nucleus. Then coverslips were 

mounted on slides and visualized under the confocal microscope equipped with 488 nm and 

405 nm laser under FITC and DAPI filters respectively (LSM 780, Carl Zeiss, Germany).  

 

5.2.2.15. Statistical analysis 

 

 Quantitative data are presented as means ± standard deviation (SD) of three independent 

experiments and statistically evaluated by one-way ANOVA followed by Tukey’s post hoc test 

using Graph Pad Prism 6 software (Graph Pad Software, San Diego, CA, USA). For the data 

analysis, p < 0.05 was considered to be statistically significant. 
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5.2.3. Results 

 

5.2.3.1. Effect of kaempferol on cell viability and proliferation 

 

The MTT assay is a colorimetric assay for quantifying metabolically active viable cells on the 

basis of oxidoreductase enzyme’s ability to convert the tetrazolium salt to purple colored 

formazan crystals. Various concentrations of kaempferol were initially tested for cytotoxic 

activity in RIN-5F cells. The results showed that kaempferol was non-cytotoxic till 75 µM 

concentration (Fig. 5.2.1a). On the contrary, there was a significant increase in cell viability at 

10 and 25 μM concentrations (p < 0.05) in response to kaempferol. Further, in order to 

confirm if the increase in cell viability in response to kaempferol was due to proliferative 

response, BrdU incorporation was monitored in RIN-5F cells in response to different doses 

of kaempferol. In contrast to the vehicle control, the percentage of BrdU-incorporated cells 

was significantly increased in kaempferol-treated RIN-5F cells, which was ~ 1.18 and 1.25-

fold over control (p < 0.05) (Fig. 5.2.1b). Based on the above data, three concentrations i.e. 1, 

10, and 50 µM were selected for our further studies.  

 

 
 

Fig. 5.2.1. Effect of kaempferol on the viability and proliferation of RIN-5F cells. RIN-5F 
cells were treated with various concentrations of kaempferol for 48 h followed by (a) MTT 
assay and (b) BrdU incorporation assay. Data are expressed as percentage of viable cells (a) 
and fold change over control (b) and are represented as the mean ± SD of three independent 
experiments.   ap < 0.05 versus vehicle control. 
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5.2.3.2. Kaempferol attenuates PA-induced lipotoxicity in RIN-5F cells 

 

One of the major causes of β-cell dysfunction in obesity-linked insulin resistance and type II 

diabetes is lipotoxicity, which in turn, arises due to progressive accumulation of lipids in non-

adipose tissues. Among such class of lipids, the PA, in particular, was reported to manifest 

prominent cytotoxicity in β-cells where, a prominent apoptosis was observed in β-cells that 

were exposed to 0.5 mM PA for 48 h (Maedler et al., 2001; Yuan et al., 2010). On the basis of 

such claims, we initially investigated whether kaempferol could rescue RIN-5F cells from PA-

induced cell death by MTT assay. It was observed that upon subjecting RIN-5F cells to 0.5 

mM PA for 48 h the viability of cells declined drastically by about 32% whereas, co-

incubation with kaempferol gradually attenuated PA-mediated cell death in a dose-dependent 

manner. Kaempferol at a concentration of 10 μM could rescue almost all the cells (98%) from 

the cytotoxic effects of PA and consequently narrowed down PA-induced cell death from 32% 

to 2%. (Fig. 5.2.2a) (p < 0.05). Furthermore, in order to verify if the cytoprotective role of 

kaempferol is mediated by attenuation of apoptosis, we performed Hoechst 33342 staining, 

DNA fragmentation assay, RT-PCR analysis of apoptotic genes and immunoblot analysis of 

cleaved caspase-3. The cells undergoing apoptosis exhibits characteristic changes in their 

nucleus which includes nuclear condensation and DNA fragmentation. In PA-treated cells, the 

events of nuclear condensation and fragmentation were prominently observed indicating 

instigation of apoptosis (Fig. 5.2.2b). On the other hand, co-treatment with kaempferol led to 

inhibition of such instance of nuclear condensation and fragmentation and was observed to be 

nearly absent at 50 µM concentration. Apart from this, the protective effect of kaempferol on 

nuclear fragmentation was confirmed further by DNA ladder assay. In close correlation with 

Hoechst 33342 staining results, PA-treated cells depicted fragmented and ladder pattern of 

nuclear DNA which ascertains events of nuclear fragmentation in apoptotic cells (Fig. 5.2.2c). 

In contrast to that, DNA fragmentation was progressively attenuated with increasing doses of 

kaempferol. In order to further validate these results, gene expression analysis was performed 

for some pro-apoptotic and anti-apoptotic marker genes. Temsirolimus (200 nM) (a potent 

mTOR inhibitor and also reported to rescue β-cells from PA-induced apoptosis) treated cells 

were adapted as the positive control for apoptotic gene expression analysis. As shown in Fig. 

5.2.2d, upon treating the cells with 10 µM kaempferol Bax, Bad and Casp3 (caspase-3) gene 

expressions were found to be down-regulated by 1.4, 1.2 and 1.7-fold respectively (p < 0.05) 
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whereas a marginal increase in the expression of Bcl2 was manifested with respect to PA-

treated control cells. Thereafter, a cleaved caspase-3 expression, which is a hallmark apoptosis 

marker, was monitored by immunoblot analysis (Porter and Jänicke, 1999). As shown in Fig. 

5.2.2e, the increase in caspase-3 cleavage mediated by PA treatment was markedly inhibited 

by kaempferol in a dose-dependent manner. The cleaved caspase-3 gradually depreciated by 

2.5-fold in the presence of 10 µM kaempferol (p < 0.01). Thus, the results of apoptotic assays 

corroborate well with each other and clearly suggest the cytoprotective and anti-apoptotic 

effect of kaempferol against PA-induced apoptosis in RIN-5F cells. 

Although the cytoprotective and the anti-apoptotic role of kaempferol was evident in 

both concentrations (i.e. 10 and 50 μM) considering the clinical significance of the test 

material i.e. kaempferol, the lower dosage of kaempferol (i.e. 10 μM) was used for subsequent 

studies. 

 

 

Fig. 5.2.2. Kaempferol attenuates PA-induced lipotoxicity of RIN-5F cells. RIN-5F cells 
were treated with varying concentrations (1, 10, 50 µM) of kaempferol or 200 nM of 
temsirolimus in presence of 0.5 mM PA for 48 h.  (a) Cell viability as determined by MTT 
assay; (b) Nuclear morphological changes as monitored by Hoechst 33342 staining; (c) 
Apoptotic nucleic acid as detected by DNA ladder formation analysis; (d) Representative RT-
PCR for pro-apoptotic and anti-apoptotic marker genes. The histogram in the right panel 
represents the mean ± S.D. of arbitrary pixel intensities of PCR products for three individual 
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experiments expressed as fold change with respect to PA control; (e) Immunoblot analysis for 
cleaved caspase-3. The histogram in the lower panel represents the mean relative arbitrary 
pixels intensities as mean ± S.D. of three independent experiments expressed as fold change 
with respect to PA control. ap < 0.05 versus BSA control; bp < 0.05, cp < 0.01 versus PA 
control. PA, palmitic acid; K, kaempferol; Tem, temsirolimus. 

 

5.2.3.3. Kaempferol induces autophagy in PA-stressed RIN-5F cells 

 

Previous studies strongly suggested that autophagy effectively protects pancreatic β-cells 

against PA-induced apoptosis (Han et al., 2010; Wu et al., 2013; Jiang et al., 2014; Mir et al., 

2015). In order to confirm this, in our subsequent studies, we investigated whether the cell 

survival effect of kaempferol could be due to induction of autophagy in PA-stressed RIN-5F 

cells. The RIN-5F cells were initially treated with 10 μM kaempferol in the presence of 0.5 

mM PA for 48 h and ensuing events of autophagy were monitored by various assays 

(Mizushima et al., 2010; Klionsky et al., 2012). The cells treated with PA alone or in 

combination with temsirolimus were considered as the vehicle and positive controls 

respectively for autophagy studies. For assessment of autophagosomes and 

autophagolysosomes formation, RIN-5F cells were subjected to PA treatment alone or in 

combination with 10 μM concentration of kaempferol and were subsequently co-stained with 

MDC and LysoTracker red. MDC accumulate specifically within autophagic vacuoles and 

makes them distinctly visible under DAPI filter, whereas LysoTracker red specifically stains 

the lysosomes. The results depicted in Fig. 5.2.3a suggests that, upon treating RIN-5F cells 

with kaempferol, the concerted increase in MDC and LysoTracker stained features were 

observed which clearly indicates the surge in a number of autophagosomes and lysosomes 

respectively.  Furthermore, it was also observed that under normal conditions kaempferol by 

itself induces autophagosomes formation which was further augmented in PA-stressed 

conditions. PA-treated cells showed a marginal increase in autophagosomes formation but the 

little presence of fusion of autophagosomes with the lysosomes. While kaempferol (10 μM) in 

the presence of PA led to the prominent increase in co-localization of autophagosomes with 

lysosomes, which suggests the formation of autophagolysosomes. Thus, kaempferol apart from 

increasing autophagosomes formation also manifests their subsequent fusion with lysosomes 

so as to degrade the internalized cargo. In order to further confirm the induction of autophagy 

by kaempferol, the expressions of autophagy-specific genes were monitored by RT-PCR 
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analysis. Both Becn1 (beclin) and Ulk1 are involved in autophagy induction, whereas Atg5, 

Atg7, and Map1lc3b (Lc3b) are the important downstream regulators of autophagosome 

expansion and maturation. Apart from these another gene which is involved in targeting the 

cargo to autophagosome for degradation i.e. p62/ Sqstm1 is also included in the study. RT-PCR 

analysis revealed that when the cells were treated with kaempferol (10 μM) in the presence of 

PA, the upstream genes, Becn1 and Ulk1, involved in autophagy induction, were up-regulated 

by about 1.7 and 1.3-fold respectively as compared to only PA-treated control cells (Fig. 

5.2.3b) (p < 0.05). Similarly, expressions of Atg5, Atg7, and Lc3b genes were also up-regulated 

in a concerted manner by about 1.4, 1.9 and 1.4-fold (p < 0.05). This trend of enhanced 

expression of genes was augmented further with increased concentration of kaempferol (50 

µM). However, there was no significant change in the expression of p62/SQSTM1at any of the 

doses tested.  
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Fig. 5.2.3. Kaempferol induces autophagy in PA-stressed clonal pancreatic β-cells. RIN-
5F cells were treated with 10 µM kaempferol with or without 0.5 mM PA and/or 200 nM 
temsirolimus (positive control) for 48 h. (a) Representative confocal images to show 
autophagosomes, lysosomes and autophagolysosomes stained cells using MDC-LysoTracker 
stain. Images are representative of three independent experiments. (b) Representative RT-PCR 
analysis showing autophagy-related genes in response to increasing doses of kaempferol. The 
histogram in the right panel represents the mean ± S.D. of arbitrary pixel intensities of PCR 
product bands of three independent experiments expressed as fold change with respect to PA 
control. bp < 0.05, cp < 0.01 versus PA control.PA, palmitic acid; K, kaempferol; Tem, 
temsirolimus; ns, non-significant. 

 

In order to further ascertain the events of kaempferol-induced autophagy in RIN-5F 

cells, the formation of EGFP-LC3 puncta, a marker of autophagy, was monitored. The LC3 

protein is found in two forms i.e. cytosolic LC3-I form and autophagosome membrane 

localized LC3-II form. LC3-II is formed by conjugation of LC3-I to 

phosphatidylethanolamine, an event also called as lipidation of LC3-I which is considered as 



Chapter 5. Role of kaempferol in the modulation of autophagy and protection of β-cells  

 

135 

 

the main marker of autophagosome formation induction (Klionsky et al., 2012). Lipidated LC3 

is subsequently recruited to autophagosomal membranes during the ensuing events of 

autophagy and leads to the formation of LC3 puncta which serves as a reliable marker to 

monitor autophagosomes formation. In order to deduce these events, stably transfected EGFP-

LC3-RIN-5F cells were treated with 10 µM kaempferol in presence or absence of 0.5 mM PA 

and EGFP-LC3 puncta were visualized under the confocal microscope. The results indicated 

that temsirolimus (positive control) and kaempferol drastically increased EGFP-LC3 puncta 

formation in cells whereas untreated vehicle control and PA-treated cells showed diffused 

cytoplasmic EGFP fluorescence with a few visible puncta (Fig. 5.2.4a). The extensive 

prominence of EGFP-LC3 puncta in kaempferol-treated cells clearly illustrates that the 

observed increase in autophagosomes is an outcome of kaempferol treatment.   

We further examined the expression of LC3-II protein by immunoblot analysis. As 

shown in Fig. 5.2.4b and c, co-treatment of kaempferol with PA promoted conversion of LC3-I 

to LC3-II in dose (Fig. 5.2.4b) and time (Fig. 5.2.4c) dependent manner. The LC3-II protein 

expression was found to increase by about 3.5-fold when PA-stressed cells were treated with 

10 µM kaempferol for 48 h (p < 0.01). Another valuable means of interpreting autophagy was 

deduced by normalizing LC3-II expression profile with respect to LC3-I, which was found to 

be ~ 6-fold for cells treated with 10 µM kaempferol for 48 h (p < 0.01). Although the observed 

increase in LC3-II accumulation indicates increased autophagosomes, it can also be an 

outcome of artifact in autophagic turnover. Thus, in order to examine if observed increase in 

the expression of LC3-II is solely due to increase in autophagic activity and not due to 

impairment of autophagy turnover we further performed p62 protein expression analysis which 

acts as the specific substrate of autophagy. The protein p62 directly binds to LC3 and 

selectively incorporates itself into autophagosomes which are degraded at later stages upon 

fusion with lysosomes. Thus, the expression level of p62 inversely correlates with the cellular 

autophagic activity (Mizushima et al., 2010). The immunoblot analysis of p62 protein revealed 

that the cells treated with kaempferol under PA-stressed condition showed significant decline 

in p62 protein expression in both doses (Fig. 5.2.4b) and time-dependent (Fig. 5.2.4c) manner 

causing ~ 2.7-fold decrease in its expression in response to 10 µM kaempferol for 48 h (Fig. 

5.2.4b and c) (p < 0.01). As an outcome of this, it could be inferred that kaempferol could 

manifest induction of autophagic turnover in dose and time dependent manner.  
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Fig. 5.2.4. Kaempferol induces autophagy by altering the expression of genes involved in 
autophagic process in RIN-5F cells. (a) Representative confocal images depicting EGFP-LC3 
puncta formation in response to various treatments. Images are representative of three 
independent experiments.  Representative immunoblot analysis for the expression of LC3 and 
p62 with (b) increasing doses and (c) time duration of kaempferol treatment. The histogram in 
the right panel of each figure represents the mean relative arbitrary pixels intensities in terms 
of fold over control [BSA for dose-dependent studies and 0 h (PA + K) for time-dependent 
studies]. Results are the mean ± S.D. of three independent experiments. ap < 0.05 versus 
vehicle (BSA) control; bp < 0.05, cp < 0.01 versus PA control/ (PA + K) treatment for 0 hours.  
PA, palmitic acid; K, kaempferol; Tem, temsirolimus. 

 

5.2.3.4. Autophagy inhibitors impair kaempferol-induced autophagic activity  

 

Further, in order to draw a clear correlation between kaempferol and autophagy induction, 

autophagy inhibitors i.e., wortmannin and chloroquine, were included in the ensuing studies. 

Wortmannin effectively suppresses autophagosomes formation via inhibition of class III PI3K 

and thereby inhibiting autophagy in the initial stages itself, whereas chloroquine prevents 

autophagosome–lysosome fusion by inhibiting lysosomes acidification and thus inactivating 
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later stage of autophagy. Since chloroquine inhibits autophagolysosomes formation, the event 

of autophagosomes degradation is halted which further leads to progressive accumulation of 

autophagosomes within the cell. Thus, chloroquine mediated accumulation of autophagosomes 

helped us to deduce whether the observed increase in autophagosomes accumulation arises 

solely due to induction of autophagy itself or is merely an artifact in autophagic turnover. In 

order to assess this, RIN-5F cells were pre-treated for 1 h with wortmannin (100 nM) or 

chloroquine (10 µM). It was observed that wortmannin treatment significantly inhibited 

kaempferol-induced autophagosomes formation which is clearly evident from the decline in 

MDC stained regions (Fig. 5.2.5). On the other hand, when the cells pre-treated with 

chloroquine were treated with kaempferol the prominent increase in MDC stained features was 

observed which is due to inhibition of lysosomal degradation of autophagosomes by 

chloroquine. Thus, chloroquine treatment further confirmed that observed increase in 

autophagosomes accumulation in the presence of kaempferol is solely due to increase in 

autophagic flux itself and not due to impairment of autophagosomes turnover (Fig. 5.2.5). 

 

 

 

Fig. 5.2.5. Autophagy inhibitors impair kaempferol-induced autophagy. Representative 
confocal images of three independent experiments showing autophagosomes, lysosomes and 
autophagolysosomes stained by MDC-LysoTracker stain. RIN-5F cells were treated with 10 
µM Kaempferol with or without wortmannin (100 nM) or chloroquine (10 µM) in presence of 
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PA (0.5 mM) followed by MDC-Lysotracker staining. PA, palmitic acid; K, kaempferol; WT, 
wortmannin; CQ, chloroquine. 

Likewise, under transmission electron microscopy the cells co- treated with kaempferol 

and PA showed abundant late phase autophagosomes (autophagolysosomes) characterized by 

the unilamellar or degraded membrane of vesicles with degraded organelles and cytoplasm 

sequestered within them and fewer double-membraned autophagosomes (Fig. 5.2.6). In 

contrast to this, the cells treated with only PA exhibited a limited number of autophagosomes 

as well as autophagolysosomes. Inhibition of autophagosomes degradation by chloroquine led 

to significant increase in accumulation of autophagic vacuoles in cells co-treated with 

kaempferol as compared to cells treated with kaempferol alone in presence of PA.  These 

results were in accordance with MDC-LysoTracker staining data.  

 

 
 

Fig. 5.2.6. Autophagy inhibitors alter cellular architectures in kaempferol-induced 
autophagy. Representative TEM images showing ultrastructure of RIN-5F cells incubated 
with kaempferol (10 µM) with or without chloroquine (10 µM) in presence of PA (0.5 mM). 
The red and black arrowheads indicate the unilamellar and multilamellar autophagic vacuoles 
respectively. Representative images are of two independent experiments. The scale bars in Fig. 
(a), (b), (c) & (d) represents 1 µm whereas, Fig (e) and (f) are the magnified TEM images of 
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portions of (b) and (d) respectively (dotted lines), where the scale bar is 0.2 µm. PA, palmitic 
acid; K, kaempferol; CQ, chloroquine. 

 

In order to further ascertain this claim, the hallmark event of autophagy i.e. LC3-II 

puncta formation was also assessed after treating the cells with kaempferol with or without 

chloroquine. In the presence of chloroquine, a marked increase in EGFP-LC3 puncta was 

attained, in cells treated with kaempferol (Fig. 5.2.7a). Such an observation is affirmative of 

the fact that, the observed increase in autophagy is manifested by kaempferol itself and is not 

an outcome of impaired autophagosomes degradation. 

The role of kaempferol in augmenting autophagy in RIN-5F cells was further 

confirmed by quantifying cellular levels of autophagosomes associated EGFP-LC3-II by flow 

cytometric analysis. Prior to this, the free cytoplasmic EGFP-LC3-I proteins were selectively 

permeabilized out of the cells by brief saponin treatment. The remnant intracellular 

fluorescence that remains after saponin treatment can be solely ascribed to the lipidated form 

of LC3-II protein sequestered into the autophagosomal membranes. Thus, the remnant cell-

associated fluorescence indirectly represents the extent of autophagosomes formation. Based 

on this EGFP-LC3-II associated cell fluorescence intensity was quantified by the flow 

cytometer in order to deduce the extent of autophagy induction under different conditions. 

Thus, the cells undergoing autophagy were associated with higher fluorescence due to 

increased presence of autophagosomes-associated EGFP-LC3-II and were easily 

distinguishable from lower fluorescence of control cells with relatively less EGFP-LC3-II. As 

shown in Fig. 5.2.7b, PA-treated RIN-5F cells were associated with minimal EGFP-LC3-II 

fluorescence thus were prominently distributed around the region of lower fluorescence 

intensity in the histogram. In contrast to this, RIN-5F cells under PA-induced stress conditions 

shifted towards higher fluorescence region when co-treated with kaempferol. The observed 

shift in cell population towards higher intensity upon kaempferol treatment certainly arises due 

to progressive sequestration of EGFP-LC3-II into the autophagosome bilayer membrane 

during the course of autophagy. When kaempferol-treated cells were subsequently treated with 

lysosome inhibitor i.e. chloroquine, the EGFP-LC3-II associated cell fluorescence was 

observed to increase further due to progressive accumulation of autophagosomes, indicative of 

increased autophagic turnover by kaempferol treatment. Further, immunoblot analysis (Fig. 

5.2.7c) showed that wortmannin blocked the kaempferol-induced conversion of LC3-I to LC3-

II as a result of which no significant increase in protein levels with respect to PA alone treated 
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cells was observed. Whereas, when chloroquine was added in kaempferol-treated cells under 

the PA-stressed conditions, LC3-II protein expression increased from 3.5 to 7-fold and 6 to 9-

fold when normalized with respect to β-actin and LC3-I expressions respectively (p < 0.05). 

The increase in LC3-II protein accumulation in chloroquine and kaempferol co-treated group 

could be attributed to inhibition of LC3-II degradation in the lysosomes. While protein 

expression analysis of p62 revealed that, autophagy inhibitors averted p62 degradation induced 

by kaempferol (Fig. 5.2.7c) (p < 0.05). Further, for genetic inhibition of autophagy, Atg7 

siRNA was used for knocking down Atg7, an essential protein which has a dual function in 

autophagosomal biogenesis. Firstly, it conjugates Atg5 to Atg12, which is a necessary step for 

formation of a functional autophagosome. Secondly, Atg7 converts immature cytosolic LC3-I 

into mature autophagosomal membrane-bound form i.e., LC3-II by adding a 

phosphatidylethanolamine group. Thus Atg7 is necessary for autophagic function, genetic 

deletion of which causes an evident loss of autophagy (Ebato et al., 2008; Martino et al., 2012). 

As shown in Fig. 5.2.7d, Atg7 knockdown significantly inhibited the kaempferol-induced 

conversion of LC3-I to LC3-II. Atg7 inhibition also averted the kaempferol-induced p62 

degradation. Taken together, these data strongly suggested that kaempferol not only augments 

autophagy induction but also induces the increase in autophagosomes turnover, which is 

partially impaired by PA. 
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Fig. 5.2.7. Autophagy inhibitors impair kaempferol-induced autophagy by altering 
autophagy-linked gene expressions. (a) Representative confocal images of EGFP-LC3 
puncta formation in response to various treatments. (b) Representative histogram showing 
normalized frequency percentage versus EGFP-LC3 fluorescence intensity as depicted by flow 
cytometry analysis of RIN-5F cells stably expressing EGFP-LC3. Representative data is of 
three independent experiments. (c) and (d) Representative immunoblot analysis of autophagy 
marker proteins in response to various treatments. The histogram in the right panel represents 
the mean relative arbitrary pixels intensities in terms of the fold of PA-treated control group. 
Results are the mean ± S.D. of three independent experiments. bp < 0.05 versus PA control; cp 
< 0.01 versus PA control; dp < 0.05 versus (PA + K) group; ep < 0.05 versus (PA + CQ) group. 
PA, palmitic acid; K, kaempferol; WT, wortmannin; CQ, chloroquine. 
 

The EGFP-LC3 puncta formation as illustrated in earlier sections was correlated further 

with LC3 immunostaining results. As shown in Fig. 5.2.8, the cells treated with kaempferol 

showed increased level of LC3-II which appeared as dots due to their localization in 

autophagosomes membrane, while in case of control cells (BSA or PA-treated) they were 

diffused. In the presence of autophagosomes inhibitor, wortmannin, the increase in expression 

of LC3-II mediated by kaempferol was abolished. As expected, in the case of chloroquine 
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treatment progressive accumulation of LC3-II was attained in kaempferol-treated RIN-5F cells. 

This data further corroborated well with kaempferol mediated autophagy induction. 

 

 

 

Fig. 5.2.8. Effects of autophagy inhibitors on the expression LC3 protein. Representative 
immunofluorescence analysis for the expression of LC3 in RIN-5F cells in presence of various 
treatments and imaged under a confocal microscope. Upper panel indicates immunostaining 
with LC3 antibody, middle panel represents counterstaining with Hoechst 33342 and the 
lowermost panel is merged image of previous two. Representative images are of three 
independent experiments. PA, palmitic acid; K, kaempferol; WT, wortmannin; CQ, 
chloroquine; Tem, temsirolimus. 
 

5.2.3.5. Kaempferol instigates autophagy through AMPK/mTOR pathway 

 

It is already established that mTOR signaling pathway is the main regulatory pathway of 

autophagy (Kim et al., 2011).  In order to further elucidate the underlying mechanism driving 

kaempferol mediated autophagy induction, regulation of mTOR expression was checked. As 

shown in Fig. 5.2.9a and b, mTOR phosphorylation was drastically suppressed upon 

kaempferol treatment in a time- and dose-dependent manner respectively. Apart from this, in 

order to verify the upstream regulator of mTOR inhibition, phosphorylation of AMPK was 

analyzed. It has been reported earlier that inhibition of p-mTOR through AMPK activation 

instigates autophagy (Han et al., 2010). As shown in Fig. 5.2.9a  and b, phosphorylation of 

AMPK also gradually increased upon kaempferol treatment in PA-stressed RIN-5F cells in a 
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time- and dose-dependent manner. Kaempferol (10 µM) treatment in the presence of 0.5 mM 

PA  for 48 h increased AMPK phosphorylation by about 2.8-fold, while concomitant ~3.4- fold 

decline in mTOR phosphorylation (p < 0.01). Based on this data it could be speculated that 

kaempferol activates AMPK/mTOR signaling which subsequently instigates autophagy. 

  
 

Fig. 5.2.9. Kaempferol-induced regulation of autophagy through AMPK/mTOR pathway. 
Representative immunoblot analysis of the phosphorylation of AMPK and mTOR in RIN-5F 
cells in response to kaempferol treatment for varying (a)  time period; (b)  dosages;  (c) 
dosages in presence of AMPK inhibitor i.e. compound C (10 μM); and (d) at 10 μM dose in 
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presence of AMPK siRNA. RIN-5F cells were transfected with AMPK siRNA for 24 h and 
then treated with or without kaempferol (10 µM) for 48 h in presence of PA. The histogram 
below each figure represents the mean relative arbitrary pixels intensities in terms of fold over 
control in respective figures. Results are the mean ± S.D. of three independent experiments.  
For Fig (a) bp < 0.05, cp < 0.01 versus 0 h (PA + K) treated control group whereas for Fig (b) bp 
< 0.05, cp < 0.01 versus PA control and for Fig (c) bp < 0.05, cp < 0.01 versus PA control group; 
dp < 0.05 versus (PA + K 10 μM); ep < 0.05 versus (PA + C.C.). PA, Palmitic acid; K, 
Kaempferol; C.C., compound C; Tem, temsirolimus. 

 

In order to confirm the specific involvement of activated AMPK in autophagy 

induction by kaempferol, chemical and genetic AMPK inhibitors were also included in further 

studies. As shown in Fig. 5.2.9c and d, kaempferol-induced up-regulation of AMPK 

phosphorylation were significantly down-regulated in presence of compound C and AMPK 

siRNA indicative of the specific involvement of AMPK pathway. With the decrease in the 

level of AMPK, there was subsequent inhibition of LC3-II and progressive accumulation p62 

proteins within cells thus confirming a gross decline in the process of autophagy in the cells in 

response to AMPK inhibition which could not be rescued by kaempferol. The results depicted 

in fig. 5.2.9c and d clearly indicate down-regulation of AMPK phosphorylation with 

simultaneous up-regulation of mTOR phosphorylation in kaempferol-treated cells in the 

presence of compound C or AMPK siRNA (p < 0.05). This further confirms kaempferol 

mediated AMPK activation is involved in the inhibition of mTOR. Interestingly, the results 

also indicated dose-dependent down-regulation of mTOR phosphorylation to some extent even 

when AMPK was inhibited (Fig. 5.2.9c), which could be attributed to the fact that kaempferol 

might be downregulating the phosphorylation of mTOR in both direct and indirect (by 

activating AMPK) manner which ultimately leads to induction of autophagy. However, this 

aspect needs further validation and exploration which is a limitation of this study.  

In close correlation with this observation, as shown in Fig. 5.2.10a, the kaempferol-

induced autophagosomes formation in PA-stressed RIN-5F cells (lane 2) was completely 

abolished in presence of compound C as depicted by the complete disappearance of 

fluorescence in MDC as well LysoTracker co-staining (lane 3). This could only be marginally 

recovered by kaempferol (lane 4). A similar pattern of the abolition of EGFP-LC3 puncta 

formation was observed in presence of compound C in PA-induced stressed cells (Fig. 

5.2.10b). LC3 immunofluorescence staining also showed a similar pattern of its inhibition in 

presence of compound C (Fig. 5.2.10c), thus confirming that compound C inhibited 
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kaempferol-induced autophagosomes formation and thereby averted LC3 accumulation. In 

summary, all these data corroborated well with each other to arrive at the common fact that 

kaempferol instigates autophagy by means of AMPK/mTOR pathway. 

 

                         

 

Fig. 5.2.10. Effect of AMPK inhibitor on autophagolysosomes formation in RIN-5F cells.  
Representative confocal images depicting (a) Autophagosomes, lysosomes and 
autophagolysosomes stained by MDC-LysoTracker stain;  (b) EGFP-LC3 puncta formation 
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and (c) Immunofluorescence analysis for the expression of LC3  in RIN-5F cells treated with 
kaempferol (10 µM) with or without compound C (10 µM) in presence of PA. Representative 
images are of three independent experiments. PA, Palmitic acid; K, Kaempferol; C.C., 
compound C. 

 

5.2.3.6. Inhibition of autophagy impairs the cytoprotective role of kaempferol 

 

To determine whether autophagy is involved in the cytoprotective role of kaempferol in PA-

stressed RIN-5F cells, autophagy inhibitors (wortmannin and chloroquine) and AMPK 

inhibitor (Compound C) were used. Inhibition of kaempferol mediated autophagy by 

wortmannin, chloroquine, and compound C prominently revoked cell survival effect of 

kaempferol and caused much greater extent of cell death which accounts for the observed 

decline in cell viability in MTT assay. Co-treatment of cells with wortmannin and kaempferol 

reduced the cell viability from 98% to 63% (Fig. 5.2.11a) whereas, inhibitors like chloroquine 

and compound C reduced cell viability to 50% and 62% respectively (Fig. 5.2.11b and c) (p < 

0.05). Moreover, BrdU incorporation study demonstrated that PA reduced the RIN-5F cell 

proliferation as well. RIN-5F cells treated with 0.5 mM PA for 48 h showed ~ 2-fold reduction 

in BrdU incorporation over BSA control while co-treatment of kaempferol with PA increased 

incorporation of BrdU ~ 1.4-fold of the PA-treated control group (p < 0.05) (Fig. 5.2.11d). 

This data confirms the fact that PA exerts an antiproliferative effect on RIN-5F cells which is 

rescued by kaempferol to a great extent, if not completely. Further, co-treatment of kaempferol 

with inhibitors of autophagy and AMPK led to reduced BrdU incorporation as induced by 

kaempferol. Furthermore, Hoechst 33342staining also revealed the presence of numerous 

condensed nuclei (indicative of apoptosis) in the inhibitor and kaempferol co-treated cells as 

compared to only kaempferol-treated cells (Fig. 5.2.11e). These observations were also in 

close agreement with the DNA fragmentation assay results which showed that in the presence 

of those inhibitors there was enhanced DNA ladder formation which was marginally rescued 

by kaempferol (Fig. 5.2.12a). 
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Fig. 5.2.11. Inhibition of autophagy impairs the cytoprotective role of kaempferol. RIN-5F 
cells were incubated with kaempferol (10 µM) with or without wortmannin (100 nM) or 
chloroquine (10 µM) or compound C (10 µM) in presence of PA (0.5 mM) for 48 h. The 
histograms in (a), (b) and (c) represent percentage cell viability in response to various 
treatments and expressed as percent of cell viability over control (BSA) as depicted by MTT 
assay. (d) The histogram shows quantification of incorporated BrdU represented as fold change 
in fluorescent intensity of control in response to various treatments. (e) Representative 
confocal images of nuclear staining of treated cells showing condensed and fragmented 
nucleus (arrows). Results are the mean ± S.D. of three independent experiments.ap < 0.05 
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versus BSA control; bp < 0.05 versus PA control; dp < 0.05 versus (PA + K 10 μM). PA, 
palmitic acid; K, kaempferol; WT, wortmannin; CQ, chloroquine; C.C., Compound C. 

 

Subsequently, western blot analysis revealed that inhibition of kaempferol-induced autophagy 

and AMPK increased the cleavage of caspase-3 and hence cellular apoptosis. Co-treatment of 

kaempferol with wortmannin, chloroquine, and compound C increased the expression of 

cleaved caspase-3 by 3-, 5- (Fig. 5.2.12b) and 3.2-fold (Fig. 5.2.12c) (p < 0.05) respectively, as 

compared to kaempferol treatment. Similarly, genetic inhibition of autophagy and AMPK by 

Atg7 and AMPK siRNA respectively also showed increased cleaved caspase-3 expressions 

which were significantly rescued by kaempferol (fig. 5.2.12d and 5.2.12e) (p < 0.05). Taken 

together, these data strongly suggested that inhibition of autophagy-impaired the cytoprotective 

effect of kaempferol in PA-induced RIN-5F cells. Interestingly, autophagy inhibition also 

enhanced the cell death induced by PA treatment. The results acquired for compound C and 

AMPK siRNA indicated that AMPK inhibition may reverse the cytoprotective effect of 

kaempferol in PA-induced RIN-5F cells. 
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Fig. 5.2.12. AMPK/mTOR mediated autophagy is involved in kaempferol-mediated 
cytoprotective role on PA-stressed RIN-5F cells. (a) Representative gel image showing the 
DNA ladder formation in response to various treatments. Representative immunoblot showing 
the expression of cleaved caspase-3 in response to (b) wortmannin and chloroquine, (c) 
compound C, (d) Atg7 siRNA and (e) AMPK siRNA. The histograms in the right panel of 
each immunoblot represent the mean relative arbitrary pixels intensities in terms of the fold of 
only PA control. Results are the mean ± S.D. of three independent experiments.ap < 0.05 
versus BSA control; bp < 0.05 versus PA control; dp < 0.05 versus (PA + K 10 μM). PA, 
palmitic acid; K, kaempferol; WT, wortmannin; CQ, chloroquine; C.C., Compound C. 
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5.2.3.7. Effects of kaempferol on isolated rat pancreatic islets under PA-induced 

condition 

Even though RIN-5F cells (an insulin secreting rat insulinoma cell line) has been widely used 

as a pancreatic β-cell model, primary culture of isolated murine pancreatic islets always 

provided a more physiologically relevant model. Hence in the next phase of the study, we 

reconfirmed some of our studies using the primary culture of rat pancreatic islets.  

In order to confirm the induction of autophagy in isolated rat pancreatic islets in 

response to kaempferol in PA-stressed condition, MDC-LysoTracker staining was performed. 

As shown in Fig. 5.2.13a kaempferol-treated pancreatic islets showed enhanced co-localization 

of MDC and LysoTracker stained regions as compared to only PA-treated islets, which 

indicates that kaempferol-induced the formation of autophagosomes as well 

autophagolysosomes in PA-stressed islets. Further, inhibition of autophagy by means of 

inhibitors like wortmannin, chloroquine, and compound C showed the similar pattern as was 

with RIN-5F cells. These inhibitors abolished the kaempferol-induced autophagy induction 

which further confirms the induction of autophagy in response to kaempferol in PA-challenged 

islets.  

We further analyzed the LC3 and p62 expression through immunoblot analysis. As 

shown in Fig. 5.2.13b, co-treatment of kaempferol and PA, stimulated the higher conversion of 

LC3-I to LC3-II.  The LC3-II protein was increased by about 2.3-fold in PA-challenged islets 

when treated with 10 µM kaempferol for 48 h (p < 0.05). The increased LC3 accumulation 

indicates the enhanced autophagosomes formation. Moreover, a significant decrease in the 

expression of p62 in kaempferol-treated group confirmed that the increased expression of LC3-

II was due to increase in autophagy induction rather than an artifact in autophagic turnover 

(Fig. 5.2.13b). Induction of autophagy was further confirmed by inhibition of autophagy by 

means of autophagy inhibitors. Wortmannin treatment inhibited the kaempferol-induced 

increase in LC3 expression and led to significant accumulation of p62 while chloroquine 

treatment showed a significant increase in LC3-II and p62 which could be due to inhibition of 

their degradation in the lysosomes. Thus it further confirmed that kaempferol augments 

autophagy induction not only in RIN-5F cells but also in isolated pancreatic islets.  
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Fig. 5.2.13. Kaempferol exerts cytoprotective role on rat pancreatic islets through 
AMPK/mTOR-mediated autophagy induction. The islets cells were incubated with 
kaempferol (10 µM) with or without wortmannin (100 nM) or chloroquine (10 µM) or 
compound C (10 µM) in presence of PA (0.5 mM) for 48 h.  (a) Representative confocal 
images to show autophagosomes, lysosomes and autophagolysosomes stained islet cells using 
MDC-LysoTracker stain. Representative images are of three independent experiments.  
Representative immunoblot analysis of various proteins in response to inhibitors of (b) 
autophagy and (c) AMPK. The histogram in the right panel of each figure represents the mean 
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relative arbitrary pixels intensities in terms of the fold of PA control. Results are the mean ± 
S.D. of three independent experiments.  bp < 0.05 versus PA control; cp < 0.01 versus PA 
control; dp < 0.05 versus (PA + K 10 μM); ep < 0.05 versus (PA + CQ). PA, palmitic acid; K, 
kaempferol; WT, wortmannin; CQ, chloroquine; C.C., Compound C. 

Furthermore, to confirm the involvement of AMPK-mTOR pathway in kaempferol-

induced autophagy the expression of p-AMPK and p-mTOR was analyzed. As shown in Fig. 

5.2.13c, kaempferol was found to activate p-AMPK expression in PA-induced islets while 

there was a significant decrease in expression of p-mTOR, the downstream regulator of p-

AMPK (p < 0.05). Furthermore, islet cells co-treated with kaempferol and compound C 

showed a significant reduction in LC3-II expression and increased accumulation of p62 (p < 

0.05) (Fig. 5.2.13c). These results are in close agreement with the RIN-5F cell's data and 

further, confirm that kaempferol instigates autophagy by means of AMPK/mTOR pathway. 

Further, as shown in Fig 5.2.13b and c, kaempferol treatment decreased the cleaved caspase-3 

expressions indicative of the anti-apoptotic effect of kaempferol while co-treatment of 

kaempferol with autophagy and AMPK inhibitors augmented the cleaved caspase-3 

expressions hence causing apoptosis of pancreatic islet cells. 

 

5.2.4. Discussion 

 

One of the major causes of obesity linked T2DM is the deterioration of β-cell mass and 

function due to lipotoxicity (Butler et al., 2003). Identifying agents or mechanisms that could 

protect β-cells against chronic FFA overload induced damage has become a matter of concern 

in clinical therapies for obesity-linked T2DM (DeFronzoand Abdul-Ghani, 2011; Song et al., 

2015). Naturally occurring plant derived compounds, particularly flavonoids, are promising 

candidates because of their cost-effectiveness, abundance in nature and very limited side 

effects than those interrelated with pharmaceutical agents currently under clinical use (Pandey 

and Rizvi, 2009).  

One such natural flavonoid with profound therapeutic potential is kaempferol. It is 

abundantly found in various medicinal plants, fruits, and vegetables including green teas, 

berries, grapes, apples, citrus fruits, onions etc. Kaempferol is already known for its anti-

oxidative, anti-inflammatory, anticancer and antimicrobial activities (M Calderon-Montano et 

al., 2011; Abo-Salem, 2014; Liao et al., 2016). Recently, the antidiabetic and anti-obesity 

activity of kaempferol fractions isolated from unripe soybean leaves has been reported in high-
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fat diet mice model (Zang et al., 2015). Apart from this, kaempferol was also reported to 

increase insulin secretion and β-cell mass in obese diabetic mice (Alkhalidy et al., 2015). 

Although kaempferol was found to rescue β-cell mass in obese diabetic mice model but little is 

known about the underlying mechanism by which kaempferol exerts its cytoprotective activity. 

To the best of our knowledge, this is the first ever report providing evidence that kaempferol 

may rescue clonal pancreatic β-cells (RIN-5F cells) and isolated rat pancreatic islets from PA-

induced apoptosis by inducing AMPK/mTOR-mediated autophagy.  Here, we have 

demonstrated that kaempferol could alleviate PA-induced death in RIN-5F cells and primary 

islets. Our results indicate that RIN-5F cells incubated with PA showed condensed and 

fragmented nuclear DNA and increased caspase activity while co-treatment with kaempferol 

significantly abolished such changes thus acting as a cytoprotective agent.  

Although flavonoids including kaempferol have been known to demonstrate potential 

health benefits, their poor bioavailability poses a limitation in various therapeutic applications. 

Initially, while deciding the concentrations to be used in this study a wide range of kaempferol 

concentrations (1 – 50 µM) was adapted and finally, 10 µM concentrations was found to be 

optimum for most of the effects as shown here. However, 10 µM concentration may be of 

physiologically relevance since it has been reported that in case of rodents and humans the 

attainable plasma concentrations of flavonoids through dietary supplementation are within the 

range of several micromolar i.e., below 20 µM for kaempferol (Gates et al., 2007; Zhang et al., 

2013). Hence, it is interesting to speculate that the favorable effects of kaempferol on primary 

islets or RIN-5F cells in vitro may also be achieved in the relevant environment in vivo. 

However, further, in detailed studies are needed to elucidate the exact cross talks between dose 

and health beneficial effects using in vitro and in vivo animal models and analysis of their 

bioavailability where the current and already reported data can provide the base. 

Increasing evidence suggested that activating autophagy is an effective mean to inhibit 

apoptosis in various stress and diseased state (Moreau et al., 2010). The role of autophagy in 

sustaining pancreatic β-cell mass and function is well established from the very fact that its 

dysregulation has been associated with insulin resistance, obesity and type II diabetes 

(Codogno and Meijer, 2010). Autophagy is a lysosome-dependent process for the turnover of 

dysfunctional or damaged intracellular organelles and molecules in response to several stress 

conditions which includes endoplasmic reticulum (ER) stress and oxidative stress. Such events 

of turnover further enable cells to maintain its homeostasis and protect them against stress 
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(Mizushima, 2007). Chronic exposure of β-cells to high levels of saturated fatty acids leads to 

induction of β-cell apoptosis due to oxidative ER stress and accumulation of ubiquitinated 

proteins within cells (Biden et al., 2014; Mir et al., 2015). Therefore, removal of these 

accumulated components by means of autophagy is beneficial to rescue the cell from stress. 

Earlier it was reported that PA overload itself induces autophagy in pancreatic β-cell as evident 

by autophagosomes accumulation and increased LC3 expression in these cells. In that study, 

activated autophagy has been proposed as a cell survival response to lipid overload (Choi et al., 

2009). In contrast to those studies, another report revealed inhibition of autophagy during 

maturation phase of autophagy in human type 2 diabetic pancreatic β-cells (Masini et al., 

2009). Likewise, recent reports supported these findings and showed that PA-induced 

increased accumulation of autophagosomes and LC3-II (an early phase autophagy marker) are 

due to decreased autophagic turnover. Thus impaired autophagy, as confirmed by marked 

accumulation of LC3 binding protein i.e., p62 (an autophagy substrate), likely to get cleared 

during the late phase of autophagy. Inhibition of autophagy turnover can be either due to 

hyperactivation of mTORC1 or defect in autophagosomes maturation and lysosomal fusion 

events (Bartolomé et al., 2014; Mir et al., 2015). Our results were also consistent with those 

findings, indicating PA-induced suppression of autophagic turnover in β-cells. Our results 

showed that there was a marginal increase in autophagosomes formation and limited fusion of 

autophagosomes with lysosomes (autophagolysosomes formation) in RIN-5F cells and rat 

islets treated with PA. This was accompanied by increased expressions of LC3-II and LC3 

binding p62 proteins. Hence, together it can be assumed that PA leads to suppression of 

autophagic turnover in β-cells. Defective autophagy is responsible for suppression of β-cell 

mass and its function (Quan et al., 2012). Mice models with β-cell specific autophagy 

deficiency (β-cell specific Atg7 knockout mice) exhibited impaired glucose tolerance, 

suppressed insulin secretion and increased β-cell degeneration (Ebato et al., 2008). In contrast, 

activation of autophagy by metformin (AMPK activator) and rapamycin (mTOR inhibitor) 

protected β-cells against PA-induced β-cell death (Jiang et al., 2014; Mir et al., 2015). Thus 

activating autophagy can be used as a protective mechanism against PA-induced stress. In the 

present study, we have shown that kaempferol induces autophagy in PA-induced RIN-5F cells 

and primary rat islets. Our results revealed that kaempferol promoted the formation of 

autophagosomes as well autophagolysosomes accompanied by increased LC3 and decreased 

p62 expression. Based on these results it could be conceived that kaempferol alleviates PA-
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induced impaired autophagy. Further, inhibition of kaempferol mediated autophagy using 

autophagy inhibitors abolished the cytoprotective role of kaempferol. This further strengthened 

our hypothesis that kaempferol mediated autophagy exerts cytoprotective effects on PA-

induced β-cells. Our results were consistent with a recent report which showed that treatment 

with kaempferol increases neuronal survival via enhancement of autophagy in animal models 

of rotenone-mediated acute toxicity (Filomeni et al., 2012). 

In subsequent studies, molecular mechanisms involved in the kaempferol-mediated 

induction of autophagy were analyzed. The pre-existing literature strongly suggests that 

AMPK is the positive regulator of autophagy and acts by down-regulating phosphorylation of 

mTOR. mTOR is a major negative regulator of autophagy that inhibits autophagy by 

phosphorylating ULK1 and preventing AMPK-ULK1 interactions, thus concomitantly 

attenuating autophagy (Han et al., 2010; Kim et al., 2011). Naturally, the inhibition of mTOR 

leads to the induction of autophagy in a cell. Moreover, well known antidiabetic drugs like 

rosiglitazone and metformin were also found to stimulate autophagy through induction of 

AMPK/mTOR pathway in PA stressed condition (Wu et al., 2013; Jiang et al., 2014). 

Likewise, it was also reported that rapamycin, the mTOR inhibitor, induced autophagy by 

decreasing p-mTOR expression (Mir et al., 2015). With this as the basis, we further 

investigated the role of AMPK-mediated signaling pathway in kaempferol-induced autophagy 

in PA-stressed RIN-5F cells and primary rat islets. Our results showed that kaempferol 

activated the AMPK/mTOR pathway, as evidenced by the increased p-AMPK and decreased 

p-mTOR expressions. These results are consistent with the earlier studies which showed that 

kaempferol activated autophagy through AMPK/mTOR pathway in Hela cells and thus 

exerting cytoprotection against apoptosis (Filomeni et al., 2010). Moreover, AMPK inhibitor 

(compound C) abolished kaempferol-induced autophagy and subsequently increased β-cell 

cytotoxicity.  

In summary, all the results delineated in the present study corroborate well with each 

other to arrive at the conclusion that, kaempferol exerts cytoprotective actions by inducing 

autophagy via AMPK/mTOR signaling pathway in PA-stressed RIN-5F cells and rat 

pancreatic islets. To the best of our knowledge, this study provides new insights into our 

understanding of kaempferol’s therapeutic potential and suggests that it could be a promising 

candidate either singly or in combination with other drugs/ chemicals for the prevention of 

obesity linked type II diabetes. Based on these data further detailed studies are warranted using 
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in vitro cell and in vivo animal based models to establish the exact cross-talks among various 

pathways in causing autophagy by this phytochemical. 
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Chapter 6. Role of kaempferol-mediated autophagy in alleviation of palmitic 
acid-induced lipid stores, endoplasmic reticulum stress and pancreatic β-cell 

dysfunction 
 

6.1. Introduction 

 

Type 2 diabetes mellitus (T2DM), a common subtype of diabetes, is characterized by a 

progressive decline in β-cell function and chronic insulin resistance. One of the major 

predisposing factors for the development of T2DM is obesity, in part due to elevated 

circulating free fatty acids (FFAs) and later ectopic fat deposition in nonadipose tissues 

(Giacca et al., 2011).  Chronic lipid accumulation in pancreatic islet cells plays a vital role in 

β-cell dysfunction characterized by impaired glucose-stimulated insulin secretion (GSIS) and 

increased levels of apoptosis, being recognized as lipotoxicity (Assimacopoulos-Jeannet, 2004; 

Lim et al., 2011; Singh et al., 2017).  Increased lipid deposition in pancreatic islets with 

subsequent apoptosis and β-cell dysfunction has been reported in animal models of T2DM 

such as Zucker diabetic fatty rats (Lee et al., 1994).  Shimabukuro et al. have reported that 

treatment with thiazolidinediones lower islet fat deposition and preserves β-cell function in 

diabetic animal models (Shimabukuro et al., 1998). Therefore, protection of β-cells against 

lipid overload can be an effective strategy for counteracting obesity linked T2DM (DeFronzo 

and Abdul-Ghani, 2011; Song et al., 2015). 

Lipids are stored in the cells as triglycerides within organelles called lipid droplets 

(LDs) enveloped by a monolayer of phospholipids. In addition to lipids, various proteins 

localize on the surface of LDs which play a significant role in lipid metabolism. The 

perilipins (PLINs) constitute the major LD proteins which comprise of five members, 

PLIN1 to PLIN5 (Bickel et al., 2009; Shao et al., 2013). Of these, perilipin 2/adipophilin 

(PLIN2/ADFP/ADRP) is highly expressed in pancreatic β-cells and plays an important role 

in intracellular lipid metabolism and serves as a marker of lipid deposition (Faleck et al., 2010; 

Shao et al., 2013). Recently, it was found that high-fat diet or FFAs exposure could 

prominently increase intracellular lipid deposition and up-regulate the PLIN2 expression level 

in murine and human islets (Faleck et al., 2010; Chen et al., 2017). Further, the inhibition of 

PLIN2 via antisense oligonucleotide was shown to reverse the FFAs-induced increase in 

intracellular lipid deposition exhibiting the role of PLIN2 in lipid accumulation (Faleck et 
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al., 2010).  Similarly, Chen et al. have shown that PLIN2 is involved in triggering ER stress as 

well as lipid accumulation in diabetic Akita mice islets that led to the loss of β-cell mass and 

function (Chen et al., 2017).  

ER stress is one of the major features of pathological conditions associated with obesity 

and diabetes. Prolonged exposure of fatty acids is well known to induce ER stress in β-cells 

contributing to β-cell lipotoxicity (Biden et al., 2014; Han and Kaufman, 2016). In obese and 

T2DM patients, the higher demand for insulin production along with increased levels of FFAs, 

lead to chronic ER stress in β-cells (Sharma et al., 2014). The palmitate-treated murine islets 

exhibited activated ER stress as well as unfolded protein response pathways (Biden et al., 

2014). The unfolded protein response is an adaptive response to ER stress that first attempts to 

alleviate ER stress by reducing ER protein load and improving folding capacity and clearance 

of misfolded proteins but shifts toward apoptosis in prolonged and severe ER stress (Rashid et 

al., 2015). The transcription factor C/EBP homologous protein (CHOP) is a downstream 

component of ER stress pathways and a key mediator of cell death in response to ER stress 

found to be increased in PA- and high glucose-treated pancreatic β-cells (Oyadomari and Mori, 

2004).. Moreover, previous studies showed that the targeted disruption or deletion of this gene 

delayed the onset of diabetes in Akita mice (Oyadomari et al., 2002).  Likewise, the CHOP 

deficiency restored the β-cell mass in murine models of type 2 diabetes emphasizing that ER 

stress is at a middle stage in the pathophysiology of diabetes along with other factors (Song et 

al., 2008).  .   

 Autophagy is a lysosomal degradation pathway of dysfunctional macromolecules and 

organelles which protects cells from stressed conditions and acts as an adaptive pro-survival 

response (Klionsky et al., 2016). This process comprises of several consecutive steps: 

sequestration, transport to the lysosome, degradation, and utilization of degradation products 

(Mizushima, 2007).  Recently, intracellular LDs have been also distinguished as the substrate 

for autophagy. Autophagy mobilizes lipids from LDs for maintenance of lipid homeostasis 

thus averting intracellular lipid overload. This unique cellular process is known as lipophagy 

(Singh et al., 2009; Dong and Czaja, 2011). In lipophagy, the LDs, triglycerides and 

cholesterol are engulfed by autophagosomes and delivered to lysosomes targeted for 

degradation by acid hydrolases. Lipophagy regulates cellular energy homeostasis by generating 

FFAs through the breakdown of triglycerides and further enhances the rate of mitochondrial β-

oxidation. Impaired lipophagy exhibited increased cellular triglyceride content and LDs 
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number in response to a lipid challenge in cultured hepatocytes confirming the role of 

autophagy in lipid metabolism (Singh et al. 2009).  Loss of autophagy has been found to be 

associated with lipid metabolic disorders such as fatty liver and obesity (Singh and Cuervo, 

2012). In later studies, lipophagy was evident in various cell types including neurons, 

fibroblasts and stellate cells (Liu and Czaja, 2013).  Furthermore, when autophagy is impaired, 

the architecture and function of β-cells could not be maintained (Fujitani et al., 2009).  

Autophagy was found to be inhibited by palmitic acid in pancreatic β-cell lines and primary β-

cells that led to the loss of β-cell mass and function (Mir et al., 2015). Similarly, in another 

study, β-cell specific Atg7 knockout mice (β-cells specific autophagy-deficient mice) fed with 

high-fat diet exhibited progressive β-cells degeneration with impaired insulin secretion, 

compromised glucose tolerance and increased apoptotic cell death (Ebato et al., 2008).  It was 

reported earlier that activated autophagy could reduce ER stress and thus β-cell apoptosis but 

its impairment may lead to the chronic stage of ER stress, thus eliciting the expression of the 

stress-CHOP protein (Bachar-Wikstrom et al., 2013; Mir et al., 2015).  Similarly, autophagy 

stimulation in response to rapamycin decreased ER stress (Mir et al., 2015).  Thus on one side 

activated autophagy could reduce lipid-induced ER stress while on another side, autophagy has 

been shown to degrade lipid droplets (Dong and Czaja, 2011).  Thus it can be hypothesized 

that stimulation of autophagy could inhibit PA-induced lipid deposition in β-cells which may 

further lead to the reduction of ER stress and inhibition of loss of β-cells mass and function. 

Although, it is evident that autophagy is essential for maintenance of β-cell mass and function 

in lipid overload conditions, to the best of our knowledge the exact cross-talk between 

autophagy and lipid metabolism in pancreatic β-cells in a hyper-lipidic condition has rarely 

been reported. Therefore, further studies on the cellular mechanisms by which lipophagy 

regulate lipid metabolism in pancreatic β-cells with special emphasis on the role of 

phytochemicals will certainly discover new insights making this pathway a potential 

therapeutic target in obesity-linked T2DM. 

Kaempferol, a natural flavonol, is well known for its anti-oxidative and anti-

inflammatory effects. It is found abundantly in various fruits and vegetables such as berries 

grapes, apples, green tea, broccoli, cabbage, kale, beans and tomato (M Calderon-Montano et 

al., 2011). Kaempferol has also been reported for its role as an osteogenic, neuroprotective and 

anticancer agent (Kashyap et al., 2017). Recently, the antidiabetic and anti-obesity effects of 
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kaempferol have been reported in high-fat diet mice model (Zang et al., 2015). Likewise, 

kaempferol was also reported to increase insulin secretion and β-cell mass in chronic 

hyperlipidemic condition and in obese diabetic mice (Zang et al., 2015; Varshney et al., 2017). 

We have previously reported that kaempferol protects β-cells from PA-induced apoptosis 

through induction of autophagy (Varshney et al., 2017). As discussed earlier, ER stress 

generated due to the accumulation of lipid in β-cells is the major cause of cell death in lipid 

overload conditions. Based on this information in this study we evaluated the inhibitory effects 

of kaempferol-induced autophagy on PA-induced ER stress and lipid deposition.  

 

6.2. Brief methodology 

 

6.2.2. Cell culture and treatment 

 

The RIN-5F cell line was maintained in RPMI 1640 media supplemented with 10% heat-

inactivated fetal bovine serum and 1% streptomycin–penicillin solution under an atmosphere 

of 5% CO2  and 95% humidified air at 37°C.  Prior to the cell-based assays, basal media was 

replaced with RPMI 1640 media supplemented with 1% bovine serum albumin and 0.5 mM 

PA and the cells were further treated with various concentrations of kaempferol in presence or 

absence of  certain inhibitors i.e., wortmannin (inhibitor of initial stage of autophagy that 

blocks formation of autophagosomes) or chloroquine (a lysosomotropic agent and late-stage 

autophagy inhibitor that blocks fusion of autophagosomes with lysosomes) or compound C (an 

AMPK inhibitor). For each experiment, wortmannin (100 nM), chloroquine (10 µM) and 

compound C (10 µM) were added to the respective wells 1 h prior to the kaempferol treatment 

(unless stated). The normal control cells were treated with only RPMI media containing 1% 

bovine serum albumin.  

 

6.2.3. siRNA transfections 

 

The oligonucleotide small interfering RNA (siRNA) specifically targeting rat Atg7 and 

AMPK were used in the study. Cell were transfected according to protocol described in 

chapter 3. After 24 h of incubation, the cells were treated with or without 10 µM kaempferol in 
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presence of 0.5 mM PA for another 48 h. 

 

6.2.4. Animals 

 

Female Sprague-Dawley rats of age 8–10 weeks old were procured from National Institute of 

Pharmaceutical Education and Research, Mohali, India with the approval of Institutional 

Animal Ethics Committee (MMCP/IAEC/16/05) of M. M. College of Pharmacy, Maharishi 

Markandeshwar University, Mullana-Ambala, India. They were housed under standard 

conditions and allowed to acclimatize for two weeks before the experiment. All the animal-

related experiments were performed according to the guidelines and approval of the 

Institutional Animal Ethics Committee.  

 

6.2.5. Islets isolation and treatment 

 

The rat pancreatic islets were isolated as described in chapter 3 of this thesis. The purified 

islets were then screened for their specificity by dithizone staining. For treatment, dithizone-

stained islets were counted and divided into various groups for respective treatments. 

 

6.2.6. Preparation of palmitic acid-containing media  

 

The RPMI media containing 0.5 mM PA was prepared as discussed in chapter 3 of this thesis. 

 

6.2.7. Labeling of lipid droplets with BODIPY stain 

 

For this assay, the RIN-5F cells were seeded onto coverslips at a density of 2.5 X 105 cells/ 

coverslip and treated with respective treatments. After 48 h of treatment, the cells were washed 

with phosphate buffer saline and fixed with 4% formaldehyde for 10 min at room temperature. 

Further, the cells were washed with phosphate buffer saline and incubated with BODIPY 

493/503 at working concentration of 5 µg/ml in phosphate buffer saline for 20 min at room 

temperature. After incubation, the cells were washed twice with phosphate buffer saline and 

counterstained with DAPI. The slides were prepared and the cells were imaged under confocal 
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laser scanning microscope (LSM 780, Carl Zeiss, Germany) at excitation and emission 

wavelengths of 493 and 503 nm, respectively. 

 

6.2.8. Double immunofluorescence and co-localization studies 

 

For studying co-localization of LC3 protein with LDs, the cells were seeded on sterile 

coverslips at a density of 2.5 X 105 cells/ coverslip and incubated for 24 h, thereafter treated 

with respective test chemicals for another 48 h. On completion of incubation, the cells were 

fixed with 4% formaldehyde for 15 min followed by washing with phosphate buffer saline 

thrice for 5 min each. The fixed cells were then permeabilized with 0.1% Triton X-100 for 10 

min, thereafter the cells were washed and blocked with 2% bovine serum albumin for 1 h at 

room temperature. After blocking, the cells were incubated with primary antibody (1:250) 

overnight at 4oC followed by incubation with the Texas red-conjugated secondary antibody 

(1:500) for 1 h at room temperature. Further, the cells were washed and incubated with 

BODIPY (5 µg/ml in phosphate buffer saline) for 20 min at room temperature. Then, the cells 

were counterstained with DAPI for 5 min to stain the nucleus.  

For double immunofluorescence labeling, after blocking the cells were incubated with 

primary antibody against LC3 (1:250) for 2 h at room temperature and subsequently washed 

and then incubated with fluorescein isothiocyanate (FITC)-conjugated respective secondary 

antibody for 1 h. Thereafter, the cells were washed and incubated with the PLIN2 antibody 

(1:250) for 1 h at room temperature. The cells were then incubated with Texas red-conjugated 

appropriate secondary antibody for next 1 h. Then coverslips were mounted on slides and 

visualized under the confocal microscope equipped with 405 nm, 488 nm and 543 nm lasers 

(LSM 780, Carl Zeiss, Germany).  

 

6.2.9. Insulin secretion and content analysis 

 

The RIN-5F cells (2 X 105 cells/ well) or rat isolated primary islets (15 islets/ well) were 

seeded into 12-well plate and incubated for 24 h in 5% CO2 atmosphere. Then the cells/ islets 

were treated with various test chemicals for 48 h. Thereafter, the cells were washed and pre-

incubated with glucose-free Krebs buffer containing 0.25% BSA for 1 h prior to incubation 

with Krebs buffer containing 2.8 mM (Basal) or 16.7 mM glucose (High glucose) for next 1 h. 



Chapter 6. Role of kaempferol-mediated autophagy in alleviation of lipid stores, ER stress and 
pancreatic β-cell dysfunction 

 

163 

 

On completion of treatment, the level of released insulin by the cells/ islets were measured by 

rat insulin enzyme immunoassay kit (SPI-Bio, Bertin Pharma, France) according to 

manufacturer’s protocol and estimated at 410 nm using a plate reader (Fluostar Optima, BMG 

Labtech, Germany). For measurement of total insulin content, after completion of the 

incubations, the cells and islets were lysed with acid/ethanol (0.18 N HCl in 70% ethanol) 

overnight at 4°C and then homogenized. After centrifugation, the lysates were neutralized to 

pH 7.2 with 0.4 M Tris buffer pH 8.0. Further, insulin levels in all the samples were measured 

as stated above and normalized with whole cellular protein content.  

 

6.2.10. Statistical analysis 

 

Quantitative data are presented as means ± standard deviation (SD) of three independent 

experiments and statistically evaluated by one-way ANOVA followed by Tukey’s post hoc test 

using Graph Pad Prism 6 software (Graph Pad Software, San Diego, CA, USA). For the data 

analysis, p < 0.05 was considered to be statistically significant. 

 

6.3. Results 

 

6.3.1. Kaempferol inhibits intracellular lipid accumulation in RIN-5F cells 

 

As discussed earlier, chronic exposure of PA exhibits lipid accumulation in β-cells that lead to 

the loss of β-cell mass and function. Thus to determine the effect of kaempferol on PA-induced 

lipid accumulation, the intracellular lipid was analyzed by Oil Red O staining and quantified at 

510 nm using a plate reader (Fluostar Optima, BMG Labtech, Germany). As shown in Fig. 

6.1a, PA-treated RIN-5F cells showed significantly increased lipid accumulation which was 

significantly reduced in presence of kaempferol (PA + K). Further, quantification of stored 

lipid exhibited that kaempferol treatment reduced lipid content by about  1.75-fold as 

compared to PA alone treated group (p < 0.05) (Fig. 6.1b). Since triglycerides are the major 

component of the LDs, thus its content in treated cells was also evaluated. As shown in Fig. 

6.1c, the intracellular triglyceride content was also remarkably increased in PA-treated cells 

and found to be around ~ 3 fold of normal control cells. However, the cells co-treated with PA 

and kaempferol exhibited decreased TG content which was reduced down by about 2-fold as 
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compared to PA-treated group (p < 0.05). Similarly, BODIPY staining data showed that 

kaempferol-treated group exhibited fewer LDs than the PA-treated group, indicative of 

kaempferol-induced reduction of LDs (Fig. 6.1d). Together, it can be inferred that kaempferol 

could alleviate PA-induced lipid accumulation in RIN-5F cells. The major reason of selecting 

this dose of kaempferol (10 µM) is that it showed optimum response with kaempferol as 

compared to other doses as observed in the study reported in chapter 1, at the same time it is 

also a physiologically relevant dose. 

 

 

Fig. 6.1. Kaempferol alleviates PA-induced clonal pancreatic β-cells lipid stores. RIN-5F 
cells were treated with kaempferol (10 µM) in presence or absence of PA (0.5 mM) for 48 h.  
(a) Microscopic images of Oil Red O stained cells; Histogram representing (b) lipid content; 
(c) triglyceride content within treated cells. Results are the mean ± S.D. of three independent 
experiments; (d) Representative confocal images showing BODIPY- and DAPI-stained cells. a 
and b indicates statistically significant at p < 0.05 with respect to vehicle- and PA-treated 
control groups respectively. C, control; PA, palmitic acid; K, kaempferol. 
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Further, to validate the findings mRNA expression analysis of Plin2 and Plin3, the 

genes involved in the expression of the respective LD coat proteins and are associated with 

pancreatic β-cells lipid accumulation, was performed by RT-PCR. In PA-treated cells, Plin2 

and Plin3 mRNA expressions were found to be increased by around 3- and 2.5-fold 

respectively as compared to normal control cells while kaempferol treatment exhibited reduced 

Plin2 and Plin3 mRNA expressions in a dose-dependent manner (p < 0.05) (Fig. 6.2a). At 10 

µM concentration, kaempferol treatment reduced PA-induced Plin2 mRNA expressions from ~ 

3- to 2.4-fold whereas there was only marginal reduction in Plin3 expression (p < 0.05) (Fig. 

6.2a).  

 

 

Fig. 6.2. Kaempferol alters expression of genes involved in lipid metabolism. 
Representative (a) RT-PCR analysis of lipid droplets marker genes and (b) immunoblot of 
PLIN2 with increasing dose and (c) time durations. The histogram in the right panel represents 
the mean relative arbitrary pixels intensities of mean ± S.D. of three independent experiments 
expressed as fold change with respect to the vehicle-treated control group. For Fig (a and b) a, 
p < 0.05 versus vehicle-treated control group; b, p < 0.05 versus PA-treated control group 
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whereas for Fig (c) a, p < 0.05 versus PA (0 h) treated control group; c, p < 0.05 versus PA-
treated group of respective time duration. C, control; PA, palmitic acid; K, kaempferol. 

 

 Thereafter, PLIN2 protein expression was monitored by immunoblot analysis. As 

shown in Fig. 6.2b and c, the increase in PA-mediated PLIN2 expression was markedly 

inhibited by kaempferol in a dose- and time-dependent manner respectively. The PLIN2 

protein expression was found to be down-regulated by ~ 2-fold when PA-challenged cells were 

co-treated with 10 µM kaempferol for 48 h with respect to only PA-treated group (p < 0.05) 

(Fig. 6.2b and c). Thus, together it can be clearly speculated that kaempferol inhibits PA-

induced lipid accumulation in RIN-5F cells.  

 

6.3.2. Kaempferol-induced autophagy facilitates a decrease in PA-induced lipid stores 

 

In our previous study, we have shown that kaempferol protects pancreatic β-cells from PA-

induced apoptosis through induction of autophagy (Varshney et al., 2017). In the present study, 

we intended to determine whether the autophagy is involved in kaempferol-mediated 

attenuation of lipid accumulation in RIN-5F cells. To analyze  the role of autophagy in 

kaempferol’s lipid inhibitory activity, various inhibitors were included in the study i.e., (i) 

wortmannin for inhibition of autophagosomes formation; (ii) chloroquine for inhibition of 

lysosomal action; and (iii) Atg7 siRNA for knockdown of Atg7 which is an important protein 

involved in the formation of matured autophagosomes. As shown in Fig. 6.3a and b, inhibition 

of autophagy by wortmannin and chloroquine prominently abolished the kaempferol-mediated 

inhibition of lipid accumulation and led to increased accumulation of lipids in PA-challenged 

RIN-5F cells as determined by Oil Red O staining (p < 0.05). Similarly, kaempferol-induced 

inhibition of triglyceride content in PA-stressed cells was also shown to be reverted in 

presence of autophagy inhibitors. Co-treatment of PA-induced cells with wortmannin and 

chloroquine along with kaempferol showed a significant increase in triglyceride content by 

about ~ 3- and 3.2-fold respectively as compared to only kaempferol-treated cells  (p < 0.05) 

(Fig. 6.3c).  
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Fig. 6.3. Kaempferol-induced autophagy facilitates decrease in PA-induced lipid stores. 
RIN-5F cells were incubated with kaempferol (10 µM) with or without wortmannin (100 nM) 
or chloroquine (10 µM) in presence of PA (0.5 mM) for 48 h. (a) Microscopic images of Oil 
Red O stained cells; Histogram representing (b) lipid content; (c) triglyceride content of treated 
cells. Results are the mean ± S.D. of three independent experiments. b, p < 0.05 versus PA 
control; d, p < 0.05 versus (PA + K) group. PA, palmitic acid; K, kaempferol; WT, 
wortmannin; CQ, chloroquine; ns, non-significant. 

 

Further, BODIPY staining also confirmed that autophagy inhibition led to more 

accumulation of lipids. As shown in Fig. 6.4a, the cells co-treated with kaempferol and 

wortmannin/chloroquine exhibited more LDs (stained by BODIPY) as compared to 

kaempferol-treated cells in presence of PA. To exclude the possibility that kaempferol may 

inhibit the formation of LDs, kaempferol was added to the cells at two different time periods 

i.e., (i) simultaneous incubation of cells with PA and kaempferol and (ii) pre-incubated with 

PA followed by kaempferol treatment. As shown in Fig. 6.4b, the numbers of LDs were almost 
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identical in both the cases of co- or post-treatment of kaempferol with respect to PA treatment. 

This suggests that the effect of kaempferol on LDs reduction is mainly reliant on degradation 

but not inhibition of formation. 

 

 

Fig. 6.4. Autophagy inhibition abolishes kaempferol-reduced lipid droplets accumulation. 
Representative confocal images showing lipid droplets as stained by BODIPY stain and 
counterstaining with DAPI after RIN-5F cells were incubated with (a) kaempferol (10 µM) 
with or without wortmannin (100 nM) or chloroquine (10 µM) in presence of PA (0.5 mM) for 
48 h; (b) kaempferol in two different conditions i.e., co-treatment with PA and kaempferol for 
48 h or pre-incubated with PA for 12 h followed by kaempferol treatment for next 36 h. C, 
control; PA, palmitic acid; K, kaempferol; WT, wortmannin; CQ, chloroquine. 

 

Moreover, to determine whether LDs are associated with lipophagy, the co-localization 

studies of autophagosomes, lysosomes and LDs were performed. As shown in Fig. 6.5, 

kaempferol treatment exhibited increased autophagosomes and lysosomes as indicated by 

MDC and LysoTracker staining respectively while a limited number of LDs. PA-treated cells 

displayed BODIPY-stained LDs found to be co-localized with few autophagosomes but with 

limited lysosomes as indicated by some degree of white-stained regions while kaempferol 

treatment exhibited more co-localization of LDs with autophagosomes as well as lysosomes 
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(increased white stained regions). Further, inhibition of kaempferol-induced autophagy by 

means of wortmannin showed very few white stained regions indicating limited co-localization 

of LDs with autophagosomes and lysosomes. While chloroquine treatment displayed enhanced 

co-localization of LDs with autophagosomes with respect to PA group as well as PA and 

kaempferol co-treated group which could be due to inhibition of lysosomal degradation of LDs 

sequestered autophagosomes (Fig. 6.5). Collectively, it can be inferred that kaempferol-

induced increase in autophagosomes and lysosomes are involved in lipid degradation in PA-

challenged RIN-5F cells.  

 

 

Fig. 6.5. Kaempferol treatment exhibits co-localization of lipid droplets to 
autophagolysosomes. Representative confocal images showing co-localization of BODIPY 
stained lipid droplets to autophagosomes as well as lysosomes stained by MDC and 
LysoTracker respectively. PA, palmitic acid; K, kaempferol; WT, wortmannin; CQ, 
chloroquine. 
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Further, immunoblot analysis of PLIN2, the LD coat protein, revealed that inhibition of 

autophagy increased the PLIN2 expression and hence lipid accumulation in the kaempferol-

treated cells. Co-treatment of kaempferol with wortmannin and chloroquine increased the 

expression of PLIN2 by ~ 1.9- and 2.1-fold respectively as compared to kaempferol treatment 

(p < 0.05) (Fig. 6.6a). As usual, the expression of other autophagy markers like LC3, p62 and 

Atg7 showed similar patterns as expected in the autophagic process (reported earlier) thus 

further confirming the involvement of autophagy in the lipid sequestration process in RIN 5F 

cells (Fig. 6.6a). Similarly, inhibition of autophagy by Atg7 siRNA also significantly increased 

PLIN-2 expressions in kaempferol treated PA-challenged cells (p < 0.05) (Fig. 6.6b). 

 

 

Fig. 6.6. Autophagy inhibitors impair kaempferol-induced reduction of lipid deposition 
by altering autophagy-linked gene expressions. Representative immunoblots of various 
proteins in response to (a) wortmannin and chloroquine and (b) Atg7 siRNA. The histogram in 
the right panel represents the mean relative arbitrary pixels intensities in terms of the fold of 
PA-treated control group for respective genes. Results are the mean ± S.D. of three 
independent experiments. b, p < 0.05 versus PA control; d, p < 0.05 versus (PA + K ); e, p < 
0.05 versus (PA + CQ). PA, palmitic acid; K, kaempferol; WT, wortmannin; CQ, chloroquine. 
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 Additionally, the co-localization study of LC3, the main marker of autophagosomes 

with LDs/ PLIN2 (the maker of LDs) by double immunofluorescence study further 

strengthened the findings. As shown in Fig. 6.7 and 6.8, the cells treated with PA exhibited a 

limited number of co-localization of LC3 with LDs (Fig. 6.7, column 1) or PLIN2 (Fig. 6.8, 

column 1) as evidenced by limited yellow dots while cells co-treated with PA and kaempferol 

showed increased number of co-localization of LC3 with LDs (Fig. 6.7, column 2) or PLIN2 

(Fig. 6.8, column 2) as indicated by more yellow dots. This data demonstrated a direct 

association of LDs/PLIN2 with LC3 in kaempferol-treated RIN-5F cells. Further, inhibition of 

autophagosomes by means of Atg7 siRNA inhibited the kaempferol-mediated increase in co-

localization of LC3 and LDs/PLIN2 (Fig. 6.7, column 8)/ (Fig. 6.8, column 8). Atg7-mediated 

inhibition led to decrease in LC3 expression while the increase in more LDs in kaempferol-

treated RIN-5F cells which confirms the involvement of autophagosomes in lipid degradation. 

While in presence of chloroquine, kaempferol treatment exhibited an increased number of co-

localization as compared to cells treated with kaempferol alone (Fig. 6.7, column 4)/ (Fig. 6.8 

column 4). Such an observation is affirmative of the fact that increase in autophagosomes, as 

well as LDs, are due to inhibition of their degradation by lysosomes. Thus, together it can be 

clearly inferred that kaempferol-induced lipophagy is involved in LDs degradation in PA-

induced RIN-5F cells.  

 
Fig. 6.7. Autophagy inhibitors attenuate kaempferol-induced sequestration of lipid 
droplets into autophagosomes. Representative confocal images showing co-localization of 
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immunostained LC3 protein with BODIPY-stained lipid droplets after RIN-5F cells were 
treated with kaempferol (10 µM) with or without various inhibitors in presence of PA (0.5 
mM) for 48 h. PA, palmitic acid; K, kaempferol; C, control; CQ, chloroquine. 
 

 

Fig. 6.8. Inhibition of autophagy impairs interaction of LC3 protein with PLIN2 protein. 
Representative confocal images showing co-localization of LC3 protein with PLIN2 protein as 
visualized by double immunofluorescence labeling. PA, palmitic acid; K, kaempferol; C, 
control; CQ, chloroquine. 

 

6.3.3. AMPK/mTOR pathway signaling mediates kaempferol-mediated lipophagy 

 

In our previous study, we showed that AMPK/mTOR pathway is involved in kaempferol-

induced autophagy (Varshney et al., 2017). Thus we intended to determine whether 

AMPK/mTOR signaling is involved in kaempferol-mediated lipid degradation as well. In order 

to confirm the specific involvement of AMPK signaling in lipophagy induction, intracellular 

lipid deposition was analyzed in presence of AMPK inhibitors namely compound C and 

AMPK siRNA. As shown in Fig. 6.9a, b and c, the compound C treatment abolished the 

kaempferol-induced decrease in lipid stores (Fig. 6.9a and b) and led to increase in triglyceride 

content (Fig. 6.9c). The cells co-treated with kaempferol and compound C showed about 2- 

and 3.5-fold increase in lipid (Fig. 6.9b) and triglyceride (Fig. 6.9c) content respectively as 
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compared to kaempferol-treated cells in presence of PA (p<0.05). Further, compound C and 

kaempferol co-treated cells exhibited more BODIPY stained regions with respect to 

kaempferol-treated cells (Fig. 6.9d), indicative of AMPK dependent actions.  

 

Fig. 6.9. AMPK/mTOR signaling is involved in kaempferol-induced reduction of lipid 
stores. The RIN-5F cells were incubated with kaempferol (10 µM) with or without compound 
C (10 µM) in presence of PA (0.5 mM) for 48 h. (a) Representative microscopic images of Oil 
Red O stained cells. Histograms represent quantification of (b) lipid and (c) triglyceride 
content within cells. Results are the mean ± S.D. of three independent experiments. (d) 
Representative confocal images showing BODIPY- and DAPI-stained cells.  b, p < 0.05 versus 
PA control; d, p < 0.05 versus (PA + K ). PA, palmitic acid; K, kaempferol; C.C., compound 
C. 

 

In the next phase, the immunoblot analysis of cells treated with kaempferol in presence 

of compound C (Fig. 6.10a) or AMPK siRNA (Fig. 6.10b) showed an increased level of PLIN2 

protein as compared to cells treated with kaempferol alone (p<0.05). Interestingly, as expected, 

inhibition of AMPK by compound C or siRNA also abolished the kaempferol-induced 
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conversion of LC3-I to LC3-II and led to increased p62 accumulation within cells with 

concomitant increase in the level of mTOR, indicative of inhibition of autophagy (Fig. 6.10a 

and b).  

 

Fig. 6.10. AMPK inhibitors abolish kaempferol-mediated lipophagy. Representative 
immunoblots of various proteins in presence of (a) compound C (10 µM) and (b) AMPK 
siRNA. The histogram in the right panel of each figure represents the mean relative arbitrary 
pixels intensities in terms of fold over control (PA) in respective figures. Results are the mean 
± S.D. of three independent experiments. b, p < 0.05 versus PA control;   d, p < 0.05 versus 
(PA + K 10 μM). PA, palmitic acid; K, kaempferol; C.C., compound C. 

 

Moreover, LC3 and LDs/PLIN2 co-localization studies in presence of AMPK inhibitor 

strengthened the fact that AMPK/mTOR signaling is involved in kaempferol-induced 

lipophagy as indicated by decreased number of co-localization of LC3 with LDs (Fig. 6.11a, 

column 4) or PLIN2 (Fig. 6.11b, column 4) in cells treated with kaempferol respectively in 

presence of AMPK siRNA. This could be attributed to the fact that the treatment with AMPK 

siRNA inhibited the kaempferol-mediated autophagosomes formation which in turn led to 

inhibition of lipid degradation and further deposition of lipids in RIN-5F cells. 
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Fig. 6.11. Inhibition of AMPK prevents sequestration of lipid droplets into 
autophagosomes. Representative confocal images showing immunostained co-localization of 
(a) LC3 protein with BODIPY-stained lipid droplets and (b) LC3 and PLIN2, as detected by 
double immunofluorescence staining. PA, palmitic acid; K, kaempferol; C, control. 

 

6.3.4. Kaempferol-induced autophagy abolishes PA-induced ER stress in RIN-F cells 

 

In order to determine whether kaempferol-induced autophagy can relieve the PA-induced ER 

stress the immunoblot analysis of CHOP, the main ER stress marker involved in ER-induced 

apoptosis, was performed. As shown in Fig. 6.12a and b, kaempferol treatment down-regulated 

the CHOP expression in a dose- (Fig. 6.12a) and time- (Fig. 6.12b) dependent manner. At 48 h, 

kaempferol treatment (10 µM) exhibited ~ 2.5-fold decrease in CHOP expression as compared 

to respective PA-treated group. Further, to confirm the role of autophagy in kaempferol-

induced attenuation of ER stress, the autophagy inhibitors i.e., wortmannin, chloroquine and 

Atg7 siRNA were included in the following study. As shown in Fig. 6.12c and d, inhibition of 

kaempferol-induced autophagy increased the CHOP protein expression. Co-treatment of 

kaempferol with wortmannin and chloroquine increased expression of CHOP by about 2.6- and 

3.5-fold (p < 0.05) respectively (Fig. 6.12c) with respect to only kaempferol-treated cells. 

Similarly, genetic inhibition of autophagy by means of Atg7 siRNA also averted the 

kaempferol-inhibited CHOP expression by ~ 3.2 fold (p < 0.05) (Fig. 6.12d). Thereafter, to 
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determine whether AMPK signaling is involved in the kaempferol-mediated abolition of ER 

stress, the immunoblot analysis of CHOP was performed in presence of compound C and 

AMPK siRNA. The results exhibited that AMPK phosphorylation was involved in kaempferol-

mediated inhibition of PA-induced ER stress in RIN-5F cells as indicated by increased CHOP 

expression in kaempferol and compound C/AMPK siRNA co-treated group which could be 

only marginally rescued by kaempferol treatment (p < 0.05) (Fig. 6.12e and f). 

 

 

Fig. 6.12. Kaempferol-induced autophagy abolishes PA-induced ER stress in RIN-5F 
cells. Representative immunoblot showing expression of CHOP protein in response to 
kaempferol treatment with (a) increasing doses; (b) varying time; (c) chemical inhibitors of 
autophagy; (d) Atg7 siRNA; (e) chemical inhibitor of AMPK  and (f) AMPK siRNA. In all the 
figures except “a” and “e”, kaempferol was used at a concentration of 10 µM. The histogram in 
the right panel of each figure represents the mean relative arbitrary pixels intensities in terms 
of fold over control in respective figures. Results are the mean ± S.D. of three independent 
experiments. a, p < 0.05 versus PA-treated control group for 0 h; b, p < 0.05 versus PA control 
group; c, p < 0.05 versus PA-treated group of respective time duration; d, p < 0.05 versus (PA 
+ K 10 μM). PA, palmitic acid; K, kaempferol; WT, wortmannin; CQ, chloroquine; C.C., 
compound C. 
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6.3.5. Kaempferol-induced autophagy restores the PA-induced β-cells dysfunction 

 

In our subsequent study, we evaluated whether the kaempferol-induced inhibition of lipid 

deposition and ER stress in PA-challenged β-cells are also associated with improved β-cell 

function. Chronic exposure of RIN-5F cells to PA for 48 h reduced the glucose (16.7 mM) 

stimulated insulin secretion by ~ 2.5 fold with respect to vehicle-treated cells (p < 0.05) (Fig. 

6.13a). Further, the addition of kaempferol significantly stimulated the insulin secretion in both 

normal and PA-treated RIN-5F cells and exhibited about 1.3 and 2.7-fold increase as compared 

to normal and PA-treated group respectively (p < 0.05). While insulin secretion at basal 

glucose level (2.8 mM) was only marginally increased in kaempferol-treated normal as well as 

PA-challenged RIN-5F cells (Fig. 6.13a). Moreover, autophagy and AMPK inhibitors 

significantly (p < 0.05) abolished the kaempferol-induced improved glucose-stimulated insulin 

secretion in presence of 16.7 mM glucose. Kaempferol-induced insulin secretion was found to 

be inhibited by about 2.1-, 3- and 2.5-fold in presence of wortmannin, chloroquine and 

compound C respectively as compared to only kaempferol-treated PA stressed cells (p < 0.05) 

(Fig. 6.13b). Likewise, the enhanced level of intracellular insulin content was also found to be 

inhibited by about 2-fold in presence of PA in RIN-5F cells (p < 0.05) (Fig. 6.13c). Like PA 

other autophagy inhibitors also significantly abolished the intracellular insulin levels (p < 0.05) 

(Fig. 6.13d). The decreased insulin content in presence of inhibitors is affirmative of the role of 

AMPK-mediated autophagy in kaempferol-stimulated restoration of β-cell function. 
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Fig. 6.13. Kaempferol-induced autophagy restores the insulin-secreting function of PA-
stressed RIN 5F cells. The RIN-5F cells were treated with 10 µM kaempferol with or without 
wortmannin (100 nM) or chloroquine (10 µM) or compound C (10 µM) in presence or absence 
of PA (0.5 mM) for 48 h followed by incubation with glucose for 1 h. The histograms in (a) 
and (b)  represents the level of secreted insulin in response to various treatments in presence of 
2.8 or 16.7 mM glucose; while (c) and (d) represents intracellular insulin contents in presence 
of 16.7 mM glucose. Results are the mean ± S.D. of two independent experiments performed 
in duplicates. c and d represent p < 0.05 with respect to K and (PA+K)-treated groups 
respectively in presence of 2.8 mM glucose.  a’, b’ and d’ represents p < 0.05 with respect to 
vehicle, PA and (PA + K)-treated groups respectively in presence of 16.7 mM glucose. PA, 
palmitic acid; K, kaempferol; WT, wortmannin; CQ, chloroquine; C.C., compound C, ns, non-
significant. 
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6.3.6. Kaempferol-induced autophagy abolishes PA-induced increased lipid stores, ER 

stress and β-cell dysfunction in primary islets 

 

In our next phase of the study, we validated our findings using more physiologically relevant 

model, the isolated rat islets. To confirm the role of kaempferol-mediated lipophagy in 

degradation of PA-induced lipid stores in pancreatic β-cells, the autophagosomes-LDs-

lysosomes co-localization study was performed.  As shown in Fig. 6.14a, kaempferol-treated 

islets exhibited decreased BODIPY-stained lipid droplets with respect to PA-treated islets. 

Moreover, kaempferol-treated islets exhibited more co-localization of LDs with 

autophagosomes as well as lysosomes as indicated by increased white-stained regions while 

PA-treated islets displayed a limited number of co-localization of LDs with 

autophagolysosomes. Further, autophagy and AMPK inhibitors abolished the kaempferol-

induced co-localization of LDs with autophagosomes and lysosomes. These inhibitors 

inhibited kaempferol-mediated induction of autophagy thus exhibited increased lipid stores. 

Additionally, immunoblot analysis demonstrated the increased LC3-II expression with a 

concomitant decrease in p62 expression in kaempferol-treated islets indicative of increased 

autophagy (p < 0.05) (Fig. 6.14b). Furthermore, kaempferol treatment also showed decreased 

PLIN2 and CHOP-10 expression which could be due to kaempferol-mediated inhibition of 

lipid deposition and ER stress (p < 0.05) (Fig. 6.14b). Likewise, inhibition of autophagy using 

autophagy inhibitors abolished kaempferol-mediated inhibition of PLIN2 and CHOP 

expression which confirms the involvement of autophagy (p < 0.05) (Fig. 6.14b). Further, to 

confirm the involvement of AMPK signaling in kaempferol-mediated effects, immunoblot 

analysis of PLIN2 and CHOP-10 was performed in presence of compound C, the AMPK 

inhibitor. As shown in Fig. 6.14c, kaempferol-treated islets exhibited a dose-dependent 

increase in p-AMPK expression with concomitantly decrease in p-mTOR expression (p < 

0.05). Moreover, islet cells co-treated with kaempferol and compound C exhibited a significant 

up-regulation of PLIN2 and CHOP-10 expressions (p < 0.05) (Fig. 6.14c).  
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Fig. 6.14. AMPK/mTOR-mediated lipophagy is involved in kaempferol-facilitated 
decrease in lipid stores in rat primary islets cells. Isolated primary rat islets cells were 
incubated with kaempferol (10 µM) with or without wortmannin (100 nM) or chloroquine (10 
µM) or compound C (10 µM) in presence of PA (0.5 mM) for 48 h. (a) Representative 
confocal images showing co-localization of BODIPY stained lipid droplets to autophagosomes 
as well as lysosomes stained by MDC and LysoTracker respectively. Representative 
immunoblots of various proteins in presence of (b) wortmannin and chloroquine; (c) 
compound C. The histogram in the right panel of each figure represents the mean relative 
arbitrary pixels intensities in terms of fold over control in respective figures. Results are the 
mean ± S.D. of three independent experiments. b, p < 0.05 versus PA control;   d, p < 0.05 
versus (PA + K 10 μM); e, p < 0.05 versus (PA + CQ). PA, palmitic acid; K, kaempferol; WT, 
wortmannin; CQ, chloroquine; C.C., compound C. 
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To extend our findings, insulin and LC3 double immunostaining were performed in 

isolated rat islets. As shown in Fig. 6.15a, PA-treated islets exhibited decreased expression of 

insulin as compared to untreated control islets. While the addition of kaempferol led to 

increased expression of insulin with concomitant increase in LC3 expression. Further, 

autophagy and AMPK inhibition by means of inhibitors showed decreased insulin expression 

confirmative of involvement of AMPK-mediated autophagy in kaempferol-induced insulin 

expression. Additionally, kaempferol-treated rat islets also exhibited increased glucose-

stimulated insulin secretion and insulin content in PA overload condition which was further 

found to be inhibited in presence of autophagy and AMPK inhibitors (p < 0.05) (Fig. 6.15b, c, 

d and e). Chronic exposure of isolated rat islets to PA for 48 h reduced glucose-stimulated 

insulin secretion and intracellular insulin content by about 2.8- and 2.2-fold with respect to 

untreated islets while addition of kaempferol led to its increased release and insulin content by 

about 3.1- and 2-fold respectively (p < 0.05) (Fig. 6.15b and d). Further, kaempferol-induced 

glucose-stimulated insulin secretion and intracellular insulin content were found to be inhibited 

in presence of wortmannin, chloroquine and compound C as compared to only kaempferol-

treated islets in presence of PA (p < 0.05) (Fig. 6.15c and e). Together, these results are in 

close agreement with the RIN-5F cell's data and collectively confirmed that AMPK/mTOR 

signaling-mediated lipophagy is involved in a kaempferol-facilitated decrease in lipid stores 

and ER stress and restores β-cell function in PA-challenged pancreatic clonal β-cells and 

primary islets.  
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Fig. 6.15. Autophagy and AMPK inhibitors abolish the kaempferol-mediated restoration 
of insulin content in isolated rat pancreatic β-cells. The isolated rat primary islets were 
treated with kaempferol (10 µM) with or without various inhibitors in presence or absence of 
PA (0.5 mM) for 48 h followed by glucose incubation for 1 h. (a) Representative confocal 
images showing immunostained co-localization of insulin and LC3 as detected by double 
immunofluorescence staining. The histograms at (b) and (c) represent the level of secreted 
insulin for various treatments in presence of 2.8 or 16.7 mM glucose; while (d) and (e) 
represents intracellular insulin contents for various treatments in presence of 16.7 mM glucose. 
Results are the mean ± S.D. of two independent experiments performed in duplicates. c and d 
represent p < 0.05 with respect to K and (PA+K)-treated groups respectively in presence of 2.8 
mM glucose.  a’, b’ and d’ represents ’p < 0.05 with respect to vehicle, PA and (PA + K)-
treated groups respectively in presence of 16.7 mM glucose. PA, palmitic acid; K, kaempferol; 
WT, wortmannin; CQ, chloroquine; C.C., compound C, ns, non-significant. 
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6.4. Discussion 
 

Kaempferol, a natural flavonoid, known for its various anti-oxidative and anti-inflammatory 

properties, is found abundantly in various plants including green teas, berries, grapes, apples, 

citrus fruits, onions etc. (M Calderon-Montano et al., 2011). Recently, kaempferol was 

reported to increase insulin secretion and β-cell mass in obese diabetic mice but its role in lipid 

metabolism under chronic FFA overload conditions and the underlying mechanism is poorly 

studied (Zang et al., 2015). Here, we have identified a novel mechanism of lipid mobilization 

in pancreatic β-cells mediated by kaempferol-induced autophagy. 

 The role of autophagy in sustaining pancreatic β-cell mass and function is well 

established from the very fact that its deregulation has been associated with insulin resistance, 

obesity and type II diabetes (Codogno and Meijer, 2010).  Chronic exposure of lipids (high-fat 

diet–fed animals) or acute exposure to high concentration of lipids (such as oleate or palmitate) 

may change the lipid composition of autophagosomal and lysosomal membranes that could 

modify their fusogenic abilities, and thus contribute to impaired autophagosomes clearance 

(Koga et al., 2010).  Similarly, recent reports supported these findings and showed that FFAs 

impair autophagy by inhibiting autophagic turnover in β-cells (Mir et al., 2015). (Singh et al., 

2009). Thus FFA-induced lipid accumulation in β-cells may be due to inhibition of autophagy 

by chronic exposure to FFAs, since autophagy has been known to play an important role in 

lipid degradation in various cell types including adipocytes and hepatocytes and its 

(autophagy) inhibition leads to accumulation of lipids and triglycerides (Singh et al., 2009). 

Although the beneficial role of autophagy in the regulation of β-cell mass and function is well 

known its role in β-cell lipid metabolism is rarely established. 

  In our recent study, we have reported that kaempferol protects pancreatic β-cells from 

PA-induced apoptosis through activation of autophagy (Varshney et al., 2017).  It is already 

reported that lipid deposition in β-cells is one of the major causes of loss of β-cell mass and 

function (Assimacopoulos-Jeannet, 2004; Lim et al., 2011; Singh et al., 2017). Therefore, in 

this study, we intended to determine whether kaempferol-induced autophagy can also inhibit 

PA-induced lipid deposition which in turn may be linked to the cytoprotective effect of 

kaempferol in PA-induced β-cells. To the best of our knowledge, this is the first ever report 

showing the anti-lipotoxic effect of kaempferol in the elimination of stored lipid droplets in 

clonal pancreatic β-cells (RIN-5F cells) and primary islets under PA overload conditions 

through AMPK/mTOR-mediated lipophagy.  
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Here, we have demonstrated that kaempferol could alleviate PA-induced lipid 

deposition in RIN-5F cells. Our results indicated that RIN-5F cells incubated with PA showed 

increased LDs, triglyceride content and PLIN-2 expression while the PA-induced accumulation 

of LDs and triglyceride was markedly reduced by kaempferol treatment. The cells co-treated 

with kaempferol and PA showed significant down-regulation of PLIN2 as evident by RT-PCR 

and immunoblot analysis. PLIN2 is major lipid droplet coat protein in pancreatic β-cells and is 

reported to be overexpressed in β-cells during conditions of lipid deposition (Faleck et 

al., 2010; Chen et al., 2017). PLIN2 accumulation increases lipid and triglyceride stores in 

pancreatic β-cells thus impairing its mass and function, while genetic ablation of PLIN2 was 

shown to lower triglyceride content and ER stress and thus partially restoring β-cells mass and 

function Chen et al., 2017). Our results are in line with these studies showing that PLIN2 

down-regulation led to decreased triglyceride stores in β-cells.  

   Subsequently, to confirm the link between kaempferol-induced autophagy and 

decreased lipid content, autophagy inhibitors were included in the study. Autophagy inhibitors 

namely, wortmannin and chloroquine abolished the kaempferol-mediated reduction in LDs and 

triglyceride content and led to increased lipid stores in PA-challenged β-cells. Moreover, 

autophagy inhibitors inhibited kaempferol-induced down-regulation of PLIN-2 expression. 

This data demonstrates that autophagy may be involved in the kaempferol-mediated reduction 

of lipid stores. Further, co-localization studies allowed us to infer that kaempferol-treated 

group exhibited an increased number of LDs co-localized with autophagosomes as well as 

lysosomes as compared to PA alone treated cells. In addition, co-localization of lipid droplets 

with autophagosomes was significantly increased in the kaempferol-treated cells when 

lysosomal degradation was blocked by chloroquine treatment. The reason for the lesser number 

of LDs and fewer co-localization with autophagosomes/ LC3 in presence of kaempferol 

without chloroquine could be due to rapid degradation of LDs. Moreover, increased 

kaempferol-mediated association of LC3 and PLIN2 indicated that the LDs directly fuse to 

autophagosomes which further fuse to lysosomes for their degradation. Our data were 

consistent with the recent report which showed that Epigallocatechin gallate-mediated 

lipophagy inhibited the palmitate-induced accumulation of LDs in endothelial cells Chen et al., 

2017). Thus the data revealed that kaempferol-mediated lipophagy is involved in degradation 

of PA-induced LDs in β-cells.  
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In our subsequent studies, underlying mechanism involved in kaempferol-induced 

lipophagy was elucidated. AMPK is known to be a key regulator of cellular lipid metabolism 

and is a nutrient sensor which sustains cellular energy homeostasis (Hardie et al., 2012). It is 

well known that AMPK activation regulates lipid metabolism while its inhibition is linked to 

diabetes and obesity in lipid overload conditions (Hardie, 2004; Zhang et al., 2009). On the 

other hand, the pre-existing literature strongly suggests that AMPK is the positive regulator of 

autophagy and acts by down-regulating phosphorylation of mTOR (Han et al., 2010; Kim et 

al., 2011; Yao et al., 2016). Recently, we found that AMPK/mTOR pathway is involved in 

kaempferol-induced autophagy (Varshney et al., 2017). With this as the basis, we further 

investigated the role of AMPK/mTOR-mediated signaling pathway in kaempferol-stimulated 

lipid degradation. Our results showed that AMPK inhibitors (compound C and AMPK siRNA) 

abolished kaempferol-induced autophagy and subsequently increased lipid and triglyceride 

stores in PA-challenged β-cells. Likewise, AMPK inhibitors also inhibited the kaempferol-

induced LDs-autophagosomes-lysosomes co-localization. So, together it can be inferred that 

AMPK signaling is involved in kaempferol-mediated lipophagy. 

It is well known that ER stress is one of the main features of obesity and diabetes 

associated pathological conditions. Chronic exposure of β-cells to saturated FFAs leads to 

induction of β-cell apoptosis due to oxidative ER stress and accumulation of ubiquitinated 

proteins within cells (Mir et al., 2015). The transcription factor CHOP is a downstream 

component of ER stress pathways and a key mediator of cell death in response to ER stress 

found to be augmented in PA- and high glucose-treated β-cells (Oyadomari and Mori, 2004).  

Additionally, the previous study showed that in murine models of type 2 diabetes, the CHOP 

deletion restored the β-cell mass (Song et al., 2008).  In some other studies, it was shown that 

activated autophagy could reduce ER stress and thus β-cell apoptosis but its impairment may 

lead to the chronic stage of ER stress, thus eliciting the expression of stress-CHOP protein 

expression (Bachar-Wikstrom et al., 2013; Mir et al., 2015). Our results were also consistent 

with those findings, indicating that PA-induced suppression of autophagic turnover in β-cells 

leads to increased CHOP expression whereas treatment with kaempferol exhibited down-

regulation of CHOP protein. Further, autophagy and AMPK inhibitors abolished the 

kaempferol-mediated down-regulation of CHOP protein. Based on these results it could be 

inferred that that kaempferol alleviates ER-stress induced CHOP-mediated death pathway in 

PA-challenged β-cells. Thus, kaempferol-stimulated autophagy could reduce lipid-activated 
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ER stress and simultaneously autophagy has been shown to degrade lipid droplets (Dong and 

Czaja, 2011). Therefore, it can be inferred that stimulation of kaempferol-mediated autophagy 

could inhibit PA-induced lipid deposition as well as ER stress in β-cells which may further 

lead to cytoprotection of these cells. Moreover, the cytoprotected RIN-5F cells and rat primary 

islets were also found to be functional in nature as indicated by increased glucose-stimulated 

insulin secretion and intracellular insulin content. It is to be noted that insulin-secreting 

capacity of β-cells is always considered to be a prominent marker of healthy cells. Based on 

these facts it could be asserted that our findings are in close agreement with the previous study 

which showed that PA inhibited glucose stimulated insulin secretion while stimulation of 

autophagy by means of rapamycin, a positive regulator of autophagy, restored the PA-inhibited 

insulin secretion in INS1 cells (Las et al., 2011). 

In summary, all the results delineated in the present study corroborate well with each 

other to arrive at the conclusion that kaempferol restores PA-induced loss of β-cell mass and 

function through AMPK/mTOR-mediated autophagy. In this study, we reported that 

kaempferol-mediated autophagy abolished the PA-induced ER stress and lipid accumulation 

which seems to be one of the possible mechanisms by which kaempferol attenuates PA-

induced cellular lipotoxicity of β-cells which in turn lead to restoration of β-cell function. To 

the best of our knowledge, this study uncovers a novel phytochemical based therapeutic 

strategy to restore pancreatic β-cell mass and function in obesity-linked type 2 diabetic 

condition. Thus, this study suggests that kaempferol could be a promising candidate as 

nutraceutical either singly or in combination with other drugs/ chemicals for the prevention of 

obesity-linked type II diabetes. Though flavonoids have been known for their various health 

beneficial effects, their poor bioavailability poses a limitation in therapeutic applications. 

However, the dose of kaempferol (10 µM) which is found to be significant in exerting its 

positive effect on pancreatic β-cells in our study, may be of physiological relevance since it has 

been reported that attainable plasma concentrations of flavonoids through diet are within 

several micromolar ranges (Gates et al., 2007 and Zhang et al., 2013). However, further 

comprehensive in vivo and clinical studies are needed to establish the exact cross-talks among 

various pathways in causing autophagy and its related effects by kaempferol to establish 

nutraceutical potential of this phytochemical where our data would provide a base for such 

studies. That would indeed help in the management of obesity-linked type-2 diabetes using this 

phytochemical.  
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Chapter 7. Role of kaempferol in restoration of autophagy and functional 
pancreatic β-cell mass in a murine model of type 2 diabetes 

 

7.1. Introduction 

 

The prevalence of type 2 diabetes mellitus (T2DM) is increasing worldwide, the incidence of 

which correlates in most of the cases with development of obesity. In obese condition, the elevated 

level of circulating free fatty acids (FFAs) is one of the predisposing factors in the development of 

insulin resistance and hyperglycemia in the early phase of diabetes (Giacca et al., 2010). The 

initial response to increased insulin resistance in peripheral tissues is the compensatory increase in 

β-cell mass and insulin secretion by pancreatic β-cells. However, with the progression of diabetes, 

dysfunction and loss of β-cells occur in response to increased metabolic load which further leads 

to complications associated with T2DM (Assimacopoulos-Jeannet, 2004; Boden, 2011). 

Accumulating evidence suggests that the loss of β-cells in T2DM is closely related to increased 

apoptosis of β-cells, secondary to increased glucotoxicity and lipotoxicity (Maedler et al., 2001; 

Lupi et al., 2002; Yuan et al., 2010). Chronic lipid accumulation, endoplasmic reticulum (ER) 

stress and impaired autophagy could be the key pathways involved in the loss of β-cell mass and 

function (Assimacopoulos-Jeannet, 2004; Biden et al., 2014; Masini et al., 2009).  

Chronic lipid accumulation with subsequent loss of β-cell mass and function has been 

reported in islets of T2DM animal models and human subjects (Lee et al., 1994; Tushuizen et al., 

2007). PLIN2 is a lipid coat protein which helps in lipid deposition and has been reported to be 

up-regulated in human and murine islets in chronic lipid overload conditions (Shao et al., 2013; 

Faleck et al., 2010; Chen et al., 2017). Recently, it has been reported that increased expression of 

PLIN2 is involved in triggering ER stress and apoptosis in islets of diabetic Akita mice which 

further links to β-cell death and dysfunction.  

ER stress is one of the key mediators involved in the middle stage of the pathophysiology 

of diabetes (Ozcan & Tabas, 2012). In obese and insulin resistant conditions, the increased 

demand for insulin production along with higher levels of FFAs, lead to chronic ER stress in β-

cells (Sharma & Alonso, 2014). The transcription factor C/EBP homologous protein (CHOP) is a 
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downstream component of ER stress pathways and a key mediator of cell death in response to ER 

stress found to be increased in high glucose and palmitic acid-treated pancreatic β-cells. However, 

CHOP deficiency has been found to restore β-cell mass and function in type 2 diabetic murine 

models (Song et al., 2008).  

Macroautophagy (hereafter mentioned as autophagy) is a cellular quality control process. It 

involves engulfment and lysosomal degradation of damaged organelles, fat droplets, nonfunctional 

proteins and other macromolecules which serve as an alternative energy source during adverse 

conditions like starvation and stress (Mizushima, 2007; He & Klionsky, 2009; Jung & Lee, 2009). 

Several pathophysiological conditions including T2DM have been linked to impaired autophagy 

(Singh & Cuervo, 2011). Recently, it is reported that autophagy is important in islet homeostasis 

and compensatory increase of β-cell mass in response to high-fat diet (HFD). The autophagy-

deficient β–cell specific Atg7 knockout mice fed with HFD showed progressive degeneration of 

β–cells with impaired insulin secretion and compromised glucose tolerance (Ebato et al., 2008). 

Moreover, HFD-induced mice model and type 2 diabetic patients often show aberrant autophagic 

activity that further confirms the effect of deregulated autophagic process in the progression of the 

pathophysiology of T2DM (Masini et al., 2009; Codogno & Meijer, 2010). Thus, induction of 

autophagy could be a potential target to combat FFA-mediated apoptotic cell death and 

progression of T2DM (Stienstra et al., 2014).  

 Kaempferol (3,5,7,4-tetrahydroxyflavone), a natural flavonol found in several fruits and 

vegetables such as berries, grapes, apples, cabbage, beans, onion, garlic, tomatoes, green tea (M 

Calderon-Montano et al., 2011) holds a great promise as a phytotherapeutic agent. It has been 

explored extensively for its physiological beneficial role as anti-oxidative, cardioprotective, 

neuroprotective, anti-inflammatory, anti-osteoporotic and anticancer agent (Liao et al. 2016; Lin et 

al. 2007; Abo-Salem, 2014;  Filomeni et al., 2012; Huang et al., 2010). Recently, some studies 

have reported the antidiabetic and antiobesity activity of kaempferol (Zang et al., 2015; Alkhalidy 

et al., 2015). However, the underlying mechanisms regarding such activities remain poorly 

understood. In our recent in vitro and ex vivo studies, we demonstrated that kaempferol activates 

autophagy and preserves β-cell mass and function in clonal pancreatic β-cells and isolated islets 
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under chronic lipid overloaded condition (Varshney et al., 2017). In continuation to that study, we 

found that kaempferol-induced autophagy alleviates lipid deposition and ER stress generated 

during lipid overload condition in β-cells which was supposed to be etiological factors that usually 

predispose the pancreatic β-cells to undergo apoptosis (Varshney et al., 2018). Based on these 

studies, further comprehensive in vivo and clinical studies are warranted to establish the exact 

cross-talks among kaempferol’s effect on β-cell mass and function and the various pathways 

involved establishing nutraceutical potential of this phytochemical. Therefore, in this present 

study, we intended to validate our findings in more promising diabetic model, the HFD and STZ-

induced type 2 diabetic mice, an alternative animal model of type 2 diabetes, simulating human 

syndrome which has been extensively used to test antidiabetic effects of various drugs/compounds 

(Skovsø, 2014). These animals are raised on an HFD to induce insulin resistance and glucose 

intolerance and further exposed to low dose of streptozotocin which results in compromised β-cell 

mass and function (Skovsø, 2014). In the present study, we evaluated the role of kaempferol on 

autophagy in pancreatic β-cells of HFD-STZ induced diabetic mice. Out data showed that 

kaempferol preserves the function and mass of pancreatic β-cells of the diabetic mice involving 

autophagy. 

 

7.2. Brief methodology 

 

7.2.1. Experimental animals  

 

All the animal experiments were performed as per CPCSEA guidelines with prior approval from 

Institutional Animal Ethics Committee  (approval number: BT/IAEC/2017/02).  Male C57BL/6 

mice of age 7 weeks old were procured from CSIR-Institute of Microbial Technology, 

Chandigarh, India. They were housed under standard conditions (temperature 23±2°C and 12 h 

dark-light cycle) in a well-maintained animal house and acclimatized for two weeks prior to start 

of the experiments. The mice were fed ad libitum with either standard chow-fed or a HFD and 

allowed to free access to water.  
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7.2.2. Experimental design 

 

After acclimatizing, the mice were divided into eight groups (n = 6) as follow: 

Group I – Standard normal chow-fed  (Normal control)                                                 

Group II – HFD  fed  + streptozotocin (Diabetic control)                                                   

Group III – HFD  fed + streptozotocin +  metformin (25 mg/kg body weight (bw)/day) (Positive 

control) 

Group IV – HFD  fed + streptozotocin +  rapamycin (0.2 mg/kg bw/day) (Positive control for 

autophagy) 

Group V – HFD fed + streptozotocin +  kaempferol (10 mg/kg bw/day) (Low dose) 

Group VI – HFD  fed + streptozotocin + kaempferol (25 mg/kg bw/day) (High dose) 

Group VII – HFD fed + streptozotocin + chloroquine (25 mg/kg bw/day) (Autophagy-impaired 

diabetic control) 

Group VIII – HFD  fed + streptozotocin +  kaempferol (25 mg/kg bw/day) + chloroquine (25 

mg/kg bw /day) (Autophagy-impaired treatment) 

 

7.2.3. Model development 

 

Obesity-linked type 2 diabetes was induced in mice of all the groups; except for group I (Normal 

control group) by feeding mice with HFD  that  contained approximately 60% kcal fat, 20% kcal 

protein and 20% kcal carbohydrate wherein soybean oil and lard were used as the fat source 

(D12492, Research Diets, New Brunswick, NJ, USA) for 10 weeks.  While normal control group 

was fed with standard chow diet which contained approximately 7.5% kcal fat, 17.5% kcal 

protein, 75% kcal carbohydrate (RM1, Special Diet Services, Witham, Essex, UK). The weight 

gain was monitored after every two weeks. After 10 weeks of HFD feeding, obese mice were 

fasted overnight and intraperitoneally injected with a low dose of STZ [35 mg/kg dissolved in 

freshly prepared 0.1 M cold citrate buffer (pH 4.5)], while normal control mice from the group I 
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received the same volume of 0.1 M cold citrate buffer (pH 4.5). After one week, the mice with 

fasting glucose > 240 mg/dl were considered as diabetic and were then allowed to stabilize for one 

more week.  The mice from all the groups were continued with respective diet till 16 weeks of the 

whole experiment. 

 

7.2.4. Experimental treatment 

 

After two weeks of STZ injection (after 12 weeks of HFD), diabetic mice from group III and IV 

were injected intraperitoneally with metformin (25 mg/kg bw/day) and rapamycin (0.2 mg/kg 

bw/day) respectively. While group V and VI were injected intraperitoneally with low (10 mg/kg 

bw/day) and high dose (25 mg/kg bw/day) of kaempferol respectively. The mice from the group I 

and II were injected with sterile 10% ethanol: 40% PEG 400: 50% PBS as vehicle control. All the 

compounds i.e., metformin, rapamycin and kaempferol were dissolved in same solvent i.e., sterile 

10% ethanol: 40% PEG 400: 50% PBS for experimental uniformity within each group. The mice 

were then allowed to continue to feed on their respective diets until the end of the study (total 16 

weeks). 

 

7.2.5. Autophagy flux determination 

 

For autophagic flux determination, mice from Group VII and Group VIII were given an 

intraperitoneal injection of chloroquine (25 mg/kg bw/day) for last 10 days before completion of 

the experiment. 

 

7.2.6. Estimation of blood parameters 

 

On completion of 16 weeks of the experiment, fasting blood glucose of each mouse was recorded 

with a glucometer (Accu-chek active, Roche Diagnostics, Barcelona, Spain). The other blood 
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parameters such as serum cholesterol, triglycerides, LDL and NEFA levels were quantified by 

using commercially available kits as discussed in chapter 3 in detail. 

 

7.2.7. Glucose tolerance test (GTT) and insulin tolerance test (ITT) 

 

Glucose and insulin tolerance test were performed according to the protocol mentioned in chapter 

3. 

7.2.8. Fasting and glucose-stimulated insulin secretion 

On completion of treatment, the mice were fasted for 6 h and then intraperitoneally injected with 

glucose (1 g/kg bw). The blood was withdrawn from the tail vein at 0, 15, 30, 45 and 60 min. 

Thereafter, the plasma was separated and insulin level was checked with insulin enzyme 

immunoassay kit as per the manufacturer' instructions (SPI-Bio, Bertin Pharma, Montigny-le-

Bretonneux, France). 

 

7.2.9. Pancreatic insulin content analysis 

 

For measurement of total insulin content, pancreas slices were lysed with acid/ethanol (0.18 N 

HCl in  70%  ethanol) overnight at 4°C and further homogenized.  After centrifugation, the lysates 

were neutralized to pH 7.2 with 0.4 M Tris buffer pH 8.0. Further, the insulin levels in each lysate 

were measured with insulin enzyme immunoassay kit (SPI-Bio, Bertin Pharma, Montigny-le-

Bretonneux, France). 

 

7.2.10. Immunoblot analysis 

 

The islets were isolated with collagenase method as described in chapter 3. The lysates were 

prepared by harvesting the islets in RIPA lysis buffer (150 mM NaCl, 50 mM Tris pH 7.6, 0.5% 
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sodium deoxycholate, 0.1% SDS, 1% Triton X-100 and 1X protease inhibitor cocktail). The total 

proteins were quantified by BCA method and immunoblot analysis was performed protocol 

described in chapter 3. The developed blots were then subjected to densitometric analysis by 

Image J 1.45 software (NIH, USA) and normalized with β-actin as internal control.  

7.2.11. Histopathological studies 

 

For histopathological studies, pancreas tissues were removed and immediately fixed in 10% 

neutral buffered PBS. After fixation, the tissues were dehydrated with upgrading from 30 to 70% 

series of alcohol for 1 h each then incubated in xylene for next 1 h followed by embedding in 

paraffin wax. The tissues were then sectioned to 4 µm thickness and stained with hematoxylin and 

eosin as described elsewhere (Ebato et al., 2008).  

 

7.2.12. Immunohistochemistry 

 

The paraffin-embedded pancreatic tissues were sectioned at a thickness of 4 µm and mounted on 

positive-charged slides. The slides were transferred into boiling citrate buffer for 15 min and then 

incubated with 3% hydrogen peroxide and blocking serum. The tissue sections were then 

incubated with the primary anti-insulin antibody (1:100 in PBS) overnight at 4℃. The sections 

were washed with PBS followed by incubation with texas red-conjugated secondary antibody for 2 

h at room temperature. The slides were then examined and images were taken under a confocal 

microscope (LSM 780, Carl Zeiss, Germany). 

 

7.2.13. Statistical analysis 

 

 Quantitative data are presented as means ± standard deviation (SD) of three independent 

experiments and statistically evaluated by one-way/  two-way ANOVA followed by Tukey’s post 

hoc test using Graph Pad Prism 6 software (Graph Pad Software, San Diego, CA, USA). A p-

value < 0.05 was considered to be statistically significant for data analysis. 
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7.3. Results 

 

7.3.1. Kaempferol improves body weight and lipid profile in HFD-STZ-induced diabetic 

mice 

To investigate the systemic effects of kaempferol, mice were subjected to 4 weeks of daily 

kaempferol treatment at 10 or 25 mg/kg bw doses after 12 weeks of HFD-STZ treatment. As 

shown in Fig. 7.1a and b, after 16 weeks of treatment, the HFD-STZ mice (the diabetic group) 

exhibited a significant increase in body weight (~ 38.5 ± 2.7 gm) as compared to normal control 

group (~ 28.1 ± 1.6) (p<0.05). While kaempferol (25 mg/kg bw) treated diabetic mice showed 

significantly decreased body weight (~ 31 ± 2.1) which was comparable to that of the normal 

control group (p<0.05) (Fig. 7.1a and b). Moreover, metformin- (the positive control drug for 

diabetes) and rapamycin- (the positive control of autophagy) treated mice displayed marginally 

reduced body weight as compared to HFD-STZ group (p<0.05) (Fig. 7.1a and b).  

 

 
Fig. 7.1. Kaempferol decreases the body weight of HFD-STZ induced diabetic mice. (a) 
Representative images of mice fed with normal chow diet (control) or with high-fat diet for 10 
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weeks followed by injection with streptozotocin (35 mg/kg bw) and successive treatments for 4 
weeks; (b) Body weight measurements of mice of respective groups. Data are mean ± SD of n = 6 
for each group. a, p<0.05 versus normal control; b, p<0.05 versus HFD-STZ control. HFD, high-
fat diet; STZ, streptozotocin; K, Kaempferol; Met, metformin; Rapa, rapamycin. 

 

7.3.2. Kaempferol improves fasting glucose level, glucose tolerance and insulin sensitivity 

 

After 16 weeks of the experiment, HFD-STZ control mice had a high baseline fasting blood 

glucose level (~ 272 ± 17 mg/dl) as compared to normal control group (~ 107 ± 12 mg/dl) 

(p<0.05) (Fig. 7.2a). However, this level was reduced down to ~ 168 ± 21 and ~ 130 ± 16 mg/dl 

when the mice were treated with kaempferol at 10 and 25 mg/kg bw respectively. As expected, 

metformin and rapamycin also exhibited a significant decrease in fasting blood glucose level with 

respect to HFD-STZ mice (p<0.05).  

As discussed earlier, impaired glucose tolerance and insulin resistance are the key 

characteristics of T2DM. Therefore, glucose tolerance was evaluated at the end of the experiment 

by administering glucose overload to the mice. As shown in Fig. 7.2b, HFD-STZ mice exhibited 

hyperglycemia at 0 min which was further exacerbated by glucose load. The increased glucose 

level of HFD mice did not reduce significantly even at 120 min, indicating impaired glucose 

tolerance. Administration of kaempferol to HFD mice resulted in significant and dose-dependent 

improvement in glucose tolerance which was almost comparable to normal animals (p<0.05) (Fig. 

7.2b). Further, to check the effect of kaempferol on insulin sensitivity, insulin tolerance test (ITT) 

was performed by injecting insulin intraperitoneally.  As shown in Fig. 7.2c, kaempferol treatment 

significantly improved insulin sensitivity at both the doses tested with better effect at 25 mg/kg bw 

dose in diabetic mice as indicated by a decrease in glucose level with increasing time (p<0.05). 

Together, it can be concluded that kaempferol-treated mice exhibited significant improvements in 

glucose tolerance and insulin sensitivity at both the doses with respect to HFD-STZ-induced 

diabetic mice. 
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Fig. 7.2. Kaempferol improves glucose and insulin tolerance in diabetic mice. (a) Histogram 
showing fasting glucose levels of mice from different treatment groups. Blood glucose 
concentrations measured after administration of (b) glucose for glucose tolerance test (GTT) and 
(c) insulin for insulin tolerance test (ITT) after 16 weeks of the experiment. Data are mean ± SD of 
n = 6 for each group. a, p<0.05 versus normal control; b, p<0.05 versus HFD-STZ control. HFD, 
high-fat diet; STZ, streptozotocin; K, Kaempferol; Met, metformin; Rapa, rapamycin. 

 

7.3.3. Kaempferol improves pancreatic insulin content and insulin secretion 
 

In subsequent studies, we investigated whether kaempferol-induced fasting glucose level, glucose 

tolerance and insulin sensitivity were accompanied by increased insulin content and secretion. As 

demonstrated in Fig. 7.3a and b, HFD-STZ induced diabetic mice had significantly reduced levels 

of plasma insulin level (Fig. 7.3a) and pancreatic insulin content (Fig. 7.3b) as compared to 

normal mice in both the cases. As expected, kaempferol treatment improved plasma and 

pancreatic insulin contents in HFD-STZ mice at both the doses albeit it was significantly high at a 

higher dose (p<0.05) (Fig. 7.3a and b).  Metformin and rapamycin treatment also exhibited a 
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marginal increase in plasma and pancreatic insulin contents. Further, to evaluate the normal β-cell 

function the glucose-stimulated insulin secretion (GSIS) was evaluated. GSIS is a hallmark assay 

for testing functionality of β-cells which plays a major role in lowering postprandial glucose levels 

and thereby maintaining glucose homeostasis. As displayed in Fig. 7.3c, kaempferol significantly 

enhanced GSIS at both the doses tested by us (p<0.05). Kaempferol-treated (25 mg/kg bw) HFD-

STZ mice resulted in about 2-fold  increase in plasma insulin concentration at 15 min after glucose 

administration as compared to  HFD-STZ control mice (p<0.05). A similar pattern of 

improvement was observed with both metformin and rapamycin albeit to a lesser extent than that 

of a higher dose of kaempferol. Collectively, these findings suggest that kaempferol-induced GSIS 

is likely to have a positive impact on maintaining glucose homeostasis in a glucose overloaded 

condition. Thus based on these data it could be inferred that kaempferol not only improves glucose 

intolerance and insulin resistance but also restores β-cell functions. 
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Fig. 7.3. Kaempferol enhances insulin secretion and content in pancreatic islet cells. 
Histogram showing (a) plasma insulin; (b) pancreatic insulin content; (c) plasma insulin measured 
during intraperitoneal glucose tolerance test of mice treated with various chemicals as mentioned.  
Data are mean ± SD of n = 6 for each group. a, p<0.05 versus normal control; b, p<0.05 versus 
HFD-STZ control. HFD, high-fat diet; STZ, streptozotocin; K, Kaempferol; Met, metformin; 
Rapa, rapamycin. 

 
7.3.4. Kaempferol induces autophagy in HFD-STZ-induced diabetic mice 
 

In our recent study, we have reported that kaempferol protects clonal pancreatic β-cells (RIN-

5Fcells) and isolated islets against palmitic acid-induced apoptosis, lipid accumulation and ER 

stress through modulation of autophagy (Varshney et al., 2017; Varshney et al., 2018). Thus, in 

the present study, we sought to determine the in vivo efficacy of kaempferol in the modulation of 

autophagy and its related effects. To determine if kaempferol induces autophagy in pancreatic β-
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cells of HFD-STZ-induced diabetic mice, initially, the expressions of autophagy-linked genes 

were analyzed. It has already been reported that both LC3 and Atg7 plays critical roles in 

autophagosomes formation and maturation and hence are considered as a reliable marker for 

autophagosomes formation. Apart from these, another protein which is involved in targeting the 

cargo to autophagosomes is p62 which degrades during autophagic flux. As shown in Fig. 7.4a, 

HFD-STZ mice exhibited increased expression of LC3-II protein (~ 1.82 fold) in isolated islets 

preparation which was further increased in kaempferol-treated HFD-STZ mice by about  2.29 and 

2.67-fold  at 10  and 25 mg/kg bw doses respectively  (p<0.05). As expected, rapamycin (an 

autophagy inducer) treatment exhibited increased expression of LC3-II. Moreover, the expression 

of Atg7 protein was also upregulated in a similar manner (p<0.05) though there was a marginal 

increase in islets of HFD-STZ control mice (Fig. 7.4a). Although the observed increase in LC3-II 

indicates increased autophagosomes, it can also be an outcome of artifact in autophagic turnover 

which may lead to accumulation of autophagosomes. Thus, in order to confirm that the increase in 

LC3-II expression is solely due to increase in autophagic activity and not due to impairment of 

autophagy turnover, we further checked the expression of  p62 protein which acts as the specific 

substrate of autophagy and is degraded during autophagosomal degradation. As shown in Fig. 

7.4a, there was a significantly high level of accumulation of p62 (~ 2.4-fold) in HFD-STZ mice 

islets as compared to normal control mice indicative of the impairment of autophagosomes 

degradation (p<0.05). Interestingly, kaempferol treatment showed a dose-dependent decrease in 

p62 expression with respect to HFD-STZ mice (p<0.05) (Fig. 7.4a). Based on this data it could be 

inferred that kaempferol could manifest induction of autophagy in β-cells of HFD-STZ mice. 

It is already established that mTOR signaling pathway is the main regulatory pathway of 

autophagy (Kim et al., 2011). In our previous study, we have also reported that AMPK/mTOR 

pathway is involved in the induction of kaempferol mediated autophagy (Varshney et al., 2017). 

Thus in order to validate these findings in diabetic mice model, immunoblot analysis of p-AMPK 

and p-mTOR was performed in the current set of experiments. As shown in Fig. 7.4b, kaempferol 

treatment dose-dependently up-regulated the AMPK phosphorylation in pancreatic islets of 

diabetic mice with a concomitant decrease in p-mTOR expression (p<0.05). In comparison to 
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HFD-STZ group, kaempferol at 25 mg/kg bw dose increased AMPK phosphorylation by about 

2.9-fold with simultaneous reduction of mTOR phosphorylation by about 2.3-fold (p<0.05) (Fig. 

7.4b). Based on this data it could be speculated that kaempferol affects AMPK/mTOR signaling 

pathway which subsequently instigates autophagy. 

 

 

 

Fig. 7.4. Kaempferol induces autophagy and inhibits apoptosis in pancreatic islet cells. 
Representative immunoblot analysis of (a) autophagy-, lipid droplets, ER stress- and apoptosis-
related proteins and (b) p-AMPK and p-mTOR, in isolated islets from respective mice groups.  
The histogram in right panel represents the mean relative arbitrary pixels intensities in terms of the 
fold of normal control mice group for respective proteins.  Data are mean ± SD of n = 6 for each 
group. a, p<0.05 versus normal control; b, p<0.05 versus HFD-STZ control. HFD, high-fat diet; 
STZ, streptozotocin; K, Kaempferol; Met, metformin; Rapa, rapamycin. 
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7.3.5. Chloroquine treatment impairs kaempferol-induced autophagic flux 

 

In order to analyze the correlation between kaempferol-mediated autophagy and its related 

effects, in the next phase, the autophagy inhibitor chloroquine was included in the study. 

Chloroquine is a lysosomotropic agent which inhibits fusion of autophagosomes with lysosomes 

and leads to inhibition of autophagic flux and increased accumulation of autophagosomes. Thus, 

to study autophagic flux, HFD-STZ control and kaempferol treated mice groups were injected 

with chloroquine for last ten days of the experiment followed by collection of pancreatic islets 

from the animals.  As shown in 7.5a, chloroquine treatment exhibited a non-significant but 

marginal increase in LC3-II, Atg7 and p62 expression (p<0.05) (Fig. 7.5a) which further confirms 

that in diabetic condition autophagosomes formation occur but those autophagosomes do not 

further degrade which leads to inhibition of autophagy flux. At the same time, chloroquine 

treatment displayed significant accumulation of LC3-II, Atg7 and p62 proteins in islets of 

kaempferol-treated HFD-STZ mice (p<0.05) as marked by their enhanced expressions (Fig. 7.5a). 

This accumulation further ascertains that kaempferol stimulates autophagy in HFD-STZ-induced 

diabetic mice. 

Likewise, TEM analysis revealed that pancreatic β-cells in HFD-STZ mice showed a few 

numbers of double or multilamellar autophagosomes and a limited number of unilamellar or 

degraded membraned autophagolysosomes which was associated with limited lysosomes (Fig. 

7.5b). Moreover, no significant increase in the number of autophagic vacuoles was observed in β-

cells of chloroquine-treated HFD-STZ mice which confirmed that the increased autophagosomes 

in β-cells of HFD-STZ were solely due to impairment of autophagic flux and not due to increased 

autophagy. Besides, a high number of degenerating β-cells were found in  HFD-STZ and 

chloroquine-treated HFD-STZ mice on the basis of the observation that they contained condensed 

nuclear chromatin (a characteristic feature of the apoptotic cell), distorted mitochondria and 

limited insulin granules (Fig. 7.5b). In kaempferol treated mice, TEM examination demonstrated 

that β-cells had increased autophagolysosomes with degraded organelles and cytoplasm 

sequestered within them and fewer double-membrane autophagosomes. These cells also exhibited 
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an increased number of lysosomes. Inhibition of autophagosomes degradation by chloroquine led 

to significant increase in accumulation of autophagic vacuoles in β-cells of kaempferol treated 

HFD-STZ mice as compared to only kaempferol-treated HFD-STZ mice (Fig. 7.5b). These cells 

exhibited non-condensed nuclear chromatin, healthy mitochondria and increased number of 

insulin granules. These protective effects of kaempferol were abrogated by chloroquine treatment. 

Taken together, these data strongly suggested that kaempferol not only augments autophagy 

induction but also induces the increase in autophagosomes turnover, which is partially impaired in 

HFD-STZ mice. These results were in accordance with immunoblot data. Moreover, TEM 

analysis also revealed the protective effect of kaempferol induced autophagy on degenerating β-

cells of HFD-STZ diabetic mice. 
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Fig. 7.5. Chloroquine treatment inhibited kaempferol-induced autophagic flux. (a) 
Representative immunoblot analysis of autophagy marker proteins in the respective groups. The 
histogram in right panel represents the mean relative arbitrary pixels intensities in terms of the fold 
of normal control mice group for respective proteins. Data are mean ± SD of n = 6 for each group. 
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a, p<0.05 versus normal control; b, p<0.05 versus HFD-STZ control; d, p<0.05 versus HFD-STZ 
+ K; e, p<0.05 versus HFD-STZ + CQ . (b) Representative transmission electron microscopy 
images of pancreatic β-cells after various treatments; the yellow arrow and arrowheads indicate 
autophagosomes and lysosomes respectively. Whereas, red and green arrows indicate 
mitochondria and insulin granules respectively. The fusion of autophagosome with lysosome in β-
cells of kaempferol treated HFD-STZ are marked with blue arrows. N and L indicate nucleus and 
lysosome respectively. The scale bar in each image represents 0.5 µm. HFD, high-fat diet; STZ, 
streptozotocin; K, Kaempferol; CQ, chloroquine; ns, non-significant. 

 

7.3.6. Kaempferol-induced autophagy alleviates ER stress and apoptosis of β-cells and 

preserves β-cell mass 

 

In our subsequent studies, we validated whether kaempferol could help in reduction of lipid 

deposition in β-cells. Recently, it has been established that PLIN2, the lipid droplet coat protein, is 

involved in lipid deposition and triggering ER stress in diabetic Akita mice islets that led to the 

loss of β-cell mass and function (Chen et al., 2017). Similarly, in our recent study, we reported 

that kaempferol inhibited PLIN2 expression which in turn reduced lipid accumulation and ER 

stress in clonal pancreatic β-cells (RIN-5F cells) and isolated islets (Varshney et al., 2018). Thus, 

to validate our recent findings in vivo, immunoblot analysis of PLIN2 was performed. As 

compared to normal control mice islets, the PLIN2 expression was significantly increased (~ 2.4-

fold) in islets of HFD-STZ mice which was further down-regulated by kaempferol treatment in a 

dose-specific manner. At 25 mg/kg bw dose, kaempferol exhibited ~ 1.65-fold decrease in PLIN2 

expression with respect to HFD-STZ control (p<0.05) (Fig. 7.6a). As expected, rapamycin 

treatment also down-regulated PLIN2 expression in HFD-STZ mice. In order to determine 

whether kaempferol treatment can relieve the PA-induced ER stress the immunoblot analysis of 

CHOP, the main ER stress marker involved in ER-induced apoptosis was performed. As shown in 

Fig. 7.6a, the islets of HFD-STZ group showed increased CHOP expression while kaempferol 

treatment down-regulated the CHOP expression in a dose-specific manner. Kaempferol treatment 

(25 mg/kg bw) showed ~ 3.5-fold decrease in CHOP expression as compared to HFD-STZ control 

group (p<0.05) (Fig. 7.6a).  Thus it can be inferred that kaempferol treatment inhibited ER stress 
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in HFD-STZ mice. Further, to determine whether kaempferol-mediated alleviated ER stress was 

also linked to reduced apoptosis of β-cells, protein expression analysis of cleaved caspase-3, a 

hallmark apoptosis marker, was performed (Porter & Jeanicke, 1999). As shown in Fig. 7.6a, the 

increase in cleaved caspase-3 mediated by HFD-STZ was markedly reduced by kaempferol 

treatment at both the doses. The cleaved caspase-3 expression was reduced by ~ 3.1 fold in islets 

of kaempferol (25 mg/kg bw) treated mice (p<0.05). Thus, these results clearly suggest that 

kaempferol alleviates lipid deposition and ER-stress induced death pathway in HFD-STZ mice 

thus protecting β-cells from apoptosis.  

 Furthermore, as shown in Fig. 7.6b, inhibition of autophagy by means of chloroquine 

averted the kaempferol-inhibited PLIN2, CHOP and cleaved caspase 3 expressions which indicate 

the involvement of autophagy in a kaempferol-mediated reduction in lipid deposition, ER stress 

and apoptosis (p < 0.05). 

In our subsequent studies, we intended to determine whether kaempferol induced 

alleviation of ER stress and the antiapoptotic property was also associated with increased β-cell 

mass and for this the morphometric and immunohistochemical analysis was performed.  As shown 

in Fig. 7.6c, in HFD-STZ and chloroquine-treated HFD-STZ group, islets showed a significant 

reduction in size which was associated with multiple cyst-like structures inside, exhibiting a 

decreased number of cells. Whereas, in the kaempferol-treated group, the islets size was 

significantly improved with a reduced number of cysts like structures and increased cell number. 

Kaempferol-mediated this effect was abolished in islets of chloroquine and kaempferol co-treated 

mice, indicative of the role of induced autophagy in the protection of islets morphology. Further, 

insulin immunolabeling in islets confirmed that kaempferol-induced islet mass was actually 

associated with increased β-cell mass as observed by an increased number of insulin-stained β-

cells (Fig. 7.6d). On the contrary, chloroquine treatment abolished the kaempferol-mediated 

improvement of the islet morphology and β-cell number. Collectively, it could be inferred that 

kaempferol-mediated autophagy improves β-cell mass in HFD-STZ induced diabetic mice. 
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Fig. 7.6. Inhibition of autophagy abolished the kaempferol-mediated protection of pancreatic 
β-cells. Representative immunoblot analysis for lipid droplets, ER stress and apoptosis marker 
proteins in (a) absence and (b) presence of chloroquine, over and above the respective treatments 
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as mentioned in materials and methods. The histogram in right panel represents the mean relative 
arbitrary pixels intensities in terms of the fold of normal control mice group for respective proteins 
except for CHOP and cleaved caspase where it was with respect to HFD-STZ mice group. Data 
are mean ± SD of n = 6 for each group. a, p<0.05 versus normal control; b, p<0.05 versus HFD-
STZ control; d, p<0.05 versus HFD-STZ + K. (c) Representative histological images of 
hematoxylin and eosin stained pancreases of respective groups (original magnification, ×400); (d) 
Representative immunofluorescence images of pancreatic islets from mice of various treatment 
groups for presence of insulin. HFD, high-fat diet; STZ, streptozotocin; K, Kaempferol; CQ, 
chloroquine. 

 

7.3.7. Kaempferol-induced autophagy improved insulin content and secretion 

 

In our subsequent study, we evaluated if kaempferol-mediated autophagy was also involved in the 

improvement of pancreatic insulin content and glucose-stimulated secretion by estimating the 

levels of insulin in serum and pancreatic islets of treated animals. As shown in Fig. 7.7, 

chloroquine treatment significantly abrogated kaempferol mediated improvement in insulin 

content (Fig. 7.7b) and secretion in fasting (Fig. 7.7a) and glucose fed (Fig. 7.7c) conditions 

(p<0.05).  

Further, to determine the involvement of autophagy in the kaempferol-mediated improvement of 

glucose tolerance and insulin sensitivity, we investigated the physiological effects of kaempferol-

induced autophagy in presence of chloroquine. Inhibition of autophagy by chloroquine exhibited a 

marginal increase in body weight in kaempferol-treated HFD-STZ mice (Fig. 7.8a). Also, the 

chloroquine and kaempferol co-treated HFD-STZ mice had significantly higher fasting blood 

glucose levels (Fig. 7.8b) and impaired glucose tolerance (Fig. 7.8c) as compared to only 

kaempferol-treated HFD-STZ mice (p< 0.05) (Fig. 7.8b and c). Autophagy-impaired kaempferol- 

treated mice also showed a significant increase in insulin resistance (p<0.05) (Fig. 7.8d). Thus, 

together it could be inferred that kaempferol-mediated autophagy is involved in enhanced glucose 

tolerance and insulin sensitivity in HFD-STZ mice. 
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Fig. 7.7. Inhibition of autophagy by chloroquine abolished kaempferol-mediated insulin 
functions. Histogram showing the level of insulin in the (a) plasma of fasting mice; (b) pancreatic 
tissues of treated mice; (c) plasma of glucose administered mice measured during intraperitoneal 
glucose tolerance test after treated with various chemicals as mentioned. Data are mean ± SD of n 
= 6 for each group. a, p<0.05 versus normal control; b, p<0.05 versus HFD-STZ control; d, p<0.05 
versus HFD-STZ + K. HFD, high-fat diet; STZ, streptozotocin; K, Kaempferol; CQ, chloroquine; 
ns, non-significant.  

 



  

Chapter 7. Role of kaempferol in restoration of autophagy and functional pancreatic β-cell mass 
in a murine model of type 2 diabetes 

 

209 

 

 

 

 

Fig. 7.8. Inhibition of autophagy abrogated kaempferol-mediated enhanced glucose and 
insulin tolerance. Histogram showing (a) body weights and (b) fasting blood glucose levels of 
mice treated with respective treatments; Blood glucose concentrations measured during (c) 
intraperitoneal glucose tolerance test and (d) intraperitoneal insulin tolerance test from mice of 
various groups. Data are mean ± SD of n = 6 for each group. a, p<0.05 versus normal control; b, 
p<0.05 versus HFD-STZ control; d, p<0.05 versus HFD-STZ + K. HFD, high-fat diet; STZ, 
streptozotocin; K, Kaempferol; CQ, chloroquine. 

 

7.4. Discussion 

The two pathophysiologic abnormalities of obesity-linked T2DM are insulin resistance and β-cell 

failure. Lipid and glucose overload are the major risk factors predisposing individuals to T2DM. 

At the organelle level, dysfunction or stress of ER and mitochondria is a major etiological 

component in diabetes development. Recently, it is well established that autophagy dysfunction 

due to lipid overload can lead to ER and mitochondrial dysfunction in β-cells that in turn may lead 
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to loss of β-cell mass and function. Autophagy is a lysosomal degradation process involved in cell 

quality control during adverse conditions like starvation and stress (Mizushima, 2007). The role of 

autophagy in sustaining pancreatic β-cell mass and function is well established and its failure has 

been linked to the pathophysiology of type 2 diabetes (Codogno & Meijer, 2010). Thus, 

identifying agents that could modulate autophagy in pancreatic β-cells in lipid-excess stressful 

conditions could be a better target in developing therapies for obesity-linked T2DM.  

Currently, an active area of diabetes research focuses on identifying naturally occurring 

phytochemicals that can be modulated or developed into diabetes therapies due to their intriguing 

role in treating various diseases. One such phytochemical found extensively in various plants is 

kaempferol. Kaempferol has been known for its anti-oxidant and protective effects in various 

diseases. In our recent in vitro and ex vivo studies, to the best of our knowledge, we were the first 

group to report that kaempferol activates autophagy and thus preserves β-cell mass and function in 

clonal pancreatic β-cells and isolated islets under lipid overloaded condition (Varshney et al., 

2017). In our subsequent studies, we found that kaempferol-induced autophagy alleviates palmitic 

acid-induced lipid deposition and ER stress that usually predispose the pancreatic β-cells to 

undergo apoptosis (Varshney et al., 2018). Thus, in the present study, we sought to determine the 

in vivo efficacy of kaempferol in the modulation of autophagy and its related effects.  To the best 

of our knowledge, this is the first ever report providing evidence that kaempferol protects β-cell 

mass and function through AMPK-mTOR mediated autophagy in HFD-STZ induced type 2 

diabetic mice.  

In the present study, we have successively developed HFD-STZ induced type 2 diabetic 

mice characterized by hyperglycemia, glucose intolerance, insulin resistance and decreased insulin 

secretion. This model has been extensively used in various studies to test antidiabetic effects of 

various compounds (Skovsø, 2014). To test antidiabetic and its related effect of kaempferol the 

developed diabetic mice were treated with this phytochemical. Kaempferol treatment resulted in 

significant improvement in glycemic control and metabolic profile. The improved glucose 

homeostasis was found to be associated with increased insulin sensitivity. Our results are in 
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accordance with a recent study which demonstrated that kaempferol improves hyperglycemia and 

insulin sensitivity in middle aged-old obese mice (Alkhalidy et al., 2015) 

In our subsequent study, we attempted to elucidate the level of autophagy in pancreatic β-

cells of HFD-STZ control and kaempferol-treated mice. Numerous studies have shown that β-cells 

of HFD-fed animals exhibited increased autophagy which is an adaptive endogenous mechanism 

that protects themselves from HFD-mediated stress (Ebato et al., 2008; Sun et al., 2016). On the 

other hand, chronic exposure of HFD led to impaired autophagy which exacerbated metabolic 

stress and contributes to the development of diabetes (Liu et al., 2017; Sheng et al., 2017). In spite 

of long known implication of autophagy in diabetes, it is still poorly understood whether this 

adaptive increased autophagy response is defective in diabetes. Thus, detailed studies are 

warranted to decipher the level of autophagy in β-cells of HFD induced obese or diabetic mice. In 

this study, we found that the β-cells of HFD-STZ induced diabetic mice exhibited compromised 

autophagy. These cells displayed a marginal increase in autophagosomes accompanied by limited 

fusion of autophagosomes with lysosomes. Also, LC3-II and p62 expression were elevated in 

islets of HFD-STZ diabetic mice compared to those of normal control mice which suggests 

impaired autophagy. This data is in line with the studies which exhibited impaired autophagy in 

diabetic mice and T2DM patients reported earlier (Masini et al., 2009; Codogno & Meijer, 2010). 

Conversely, kaempferol treatment exhibited significantly enhanced autophagy in pancreatic islets 

as evidenced by the up-regulated level of Atg7 and LC3-II with a concomitant decrease in p62 

expression which corroborated well with TEM analysis showing increased autophagic vacuoles 

and lysosomes. Together, it is evident that kaempferol-mediated increase in autophagosomes and 

LC3-II expression was not due to impairment of autophagosomes degradation but solely due to 

increased autophagy flux. Apart from this, kaempferol was found to up/down-regulate 

AMPK/mTOR phosphorylation respectively. It is well established that AMPK and mTOR are the 

positive and negative regulators of autophagy respectively and activation of AMPK-mediated 

autophagy pathway protects β-cells from apoptosis (Han et al., 2010). Our data are consistent with 

the report which showed that kaempferol exhibited increased autophagy in the rotenone-induced 

neuronal model (Filomeni et al., 2010).  
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Additionally, kaempferol treated mice islets exhibited decreased PLIN2 expression which 

was found to be elevated in diabetic mice. PLIN2 is major lipid droplet coat protein which is 

reported to be overexpressed in β-cells during conditions of lipid deposition (Faleck et al., 2010; 

Chen et al.,2017). Genetic ablation of PLIN2 was shown to lower triglyceride content and ER 

stress and thus partially restoring β-cells (Chen et al., 2017). Further, to confirm the role of 

kaempferol in the alleviation of ER stress, CHOP expression was analyzed. CHOP is a 

downstream component of ER stress pathways and a key mediator of cell death in response to ER 

stress that has been demonstrated to be increased in PA-treated β-cells and murine models of type 

2 diabetes, the deletion of which restored the β-cell mass (Oyadomari & Mori,2004). In our study, 

CHOP was found to be up-regulated in islets of HFD-STZ induced diabetic mice while 

kaempferol treatment significantly down-regulated CHOP and cleaved caspase 3 indicative of a 

reduction in ER stress-mediated apoptosis. Our data are consistent with the report by Chen et al. 

which demonstrated that PLIN2 downregulation alleviates ER stress which further links to the 

protection of β-cell mass and function (Chen et al., 2017). 

Further, chloroquine-treated mice groups were evaluated to establish a link between 

kaempferol-induced autophagy and its positive effects on metabolic parameters and β-cell 

protection. As discussed earlier, chloroquine blocks fusion of autophagosomes with the lysosomes 

thus inhibiting autophagic flux. Inhibition of autophagy attenuated kaempferol-induced down-

regulation of PLIN-2, CHOP and cleaved caspase 3 which was further linked to degenerated β-cell 

mass as evidenced by hematoxylin-eosin stain and decreased the number of insulin-stained β-cells. 

These data are consistent with studies which demonstrated that stimulation of autophagy improves 

ER-stress-induced diabetes and protects functional β-cell mass (Bachar-Wikstrom et al., 2013; 

Sheng et al., 2017). Moreover, chloroquine treatment abrogated the kaempferol-mediated 

improvement in hyperglycemia and glucose tolerance which is associated with decreased insulin 

sensitivity and insulin secretion. Our present data is in line with a  recent finding which showed 

that dipeptidyl peptidase-4 inhibitor, MK-626, restores insulin secretion through enhancing 

autophagy in HFD-induced mice (Liu et al., 2016).  
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In summary, all results delineated in the present study corroborate well with each other to 

arrive at the conclusion that, kaempferol induced autophagy is involved in the protection of β-cell 

mass and function which in part ameliorates diabetes in HFD-STZ induced diabetic mice.  To the 

best of our knowledge, this study provides new insights into our understanding of kaempferol’s 

therapeutic potential and suggests that it could be a promising candidate either singly or in 

combination with other drugs/ chemicals for the prevention of obesity-linked type 2 diabetes. 

However, based on these data further comprehensive studies are warranted involving transgenic 

mouse models and human subjects to establish the exact cross-talks among various pathways in 

causing autophagy and its associated effects by kaempferol. This sort of study would help in 

establishing the nutraceutical potential of this phytochemical where our data would provide a base. 
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Chapter 8. Role of kaempferol-induced autophagy in amelioration of hepatic 
lipid accumulation and insulin resistance: an in vitro and in vivo study 

 

8.1 Introduction 

 

The non-alcoholic fatty liver disease is a most common form of the chronic liver disease, which is 

linked to obesity and diabetes (El-Kader and El-Den Ashmawy, 2015).The incidence of this 

ailment is increasing in parallel with the increase in obesity. In mammalian system, the liver plays 

a central role in modulation of fatty acid metabolism. The export of lipid in the form of 

triglycerides (TGs), deposited in lipid droplets (LDs) within the hepatocytes, depends on the 

synthesis as well as the availability of TGs (Zechner et al., 2012; Alves‐Bezerra and Cohen, 2017). 

Decreased turnover of hepatic lipid droplets can lead to the development of non-alchoholic fatty 

liver disease (NAFLD) (Greenberg et al., 2011). Excessive accumulation of these TGs leads to 

oxidative and ER stress which in turn triggers hepatic insulin resistance (Farese Jr et al., 2012).  

Insulin resistance is the major pathological conditions related to obesity-linked NAFLD 

and diabetes. Several studies revealed the positive correlation between HFD-induced insulin 

resistance and its lipogenic effect, which leads to the fact that ectopic lipid accumulation can 

interrupt insulin signaling pathway (Samuel and Shulman, 2012). Importantly, ER stress recently 

emerged as another mechanism underlying insulin resistance (Samuel et al., 2004; Fu et al., 2012). 

Major regulators of unfolded protein response (UPR) pathways like protein kinase RNA-like 

endoplasmic reticulum kinase (PERK) and inositol-requiring enzyme 1 (IRE1) can activate c-Jun 

N-terminal kinase (JNK)/inhibitory-B kinase (IKK), that are involved in the inhibition of insulin 

signal transduction by phosphorylating insulin receptor substrate 1(IRS1) at serine sites (Urano et 

al., 2000; Aguirre et al., 2002; Liang et al., 2006).  

A number of recent reports indicate that the impairment of autophagy is associated with 

obesity-linked ER stress, insulin resistance and diabetes (Codogno and Meijer, 2010; Yang et al., 

2010; Toshima et al., 2018). In addition, some reports also claim the close association of ER stress 

and autophagy, a self-degradative process to remove damaged organelles and protein aggregates in 



Chapter 8. Role of kaempferol-induced autophagy in amelioration of hepatic lipid accumulation 
and insulin resistance: an in vitro and in vivo study 

 

216 

 

order to balance the sources of energy inside the cells (Yorimitsu et al., 2006; Wang et al., 2015). 

Apart from ER-associated proteasomal degradation, autophagy is supposed to be an alternative 

machinery to degrade lipids in hepatic cells (Qiu et al., 2011; Yamada and Singh, 2012; Gracia-

Sancho and Guixé-Muntet, 2018). 

Autophagy is a well-orchestrated physiological phenomenon with a vital function in 

balancing sources of energy and maintaining cellular homeostasis (Singh and Cuervo, 2011). It 

also plays a housekeeping role in removing the misfolded proteins, eliminating damaged 

organelles and recycling the cytosolic components during nutritional stress (Glick et al., 2010). 

Recently, lipids are also reported as the target of macroautophagy which is known as lipophagy 

(Dong and Czaja, 2011; Schulze et al., 2017). Lipophagy plays an important role in the selective 

removal of LDs which helps in balancing the intracellular lipid storage, cellular level of free fatty 

acids and eventually the energy homeostasis (Singh et al., 2009; Singh and Cuervo, 2012). In 

liver, the impairment of autophagy can lead to steatosis which in turn results in liver injury as well 

as steatohepatitis (Czaja, 2010; Gonzalez-Rodriguez et al., 2014). Animals fed with an HFD have 

shown reduced hepatic autophagy (Yang et al., 2010; Wang et al., 2015). A number of evidences 

suggests that autophagy plays an indispensable role in regulating lipid metabolism in the liver 

(Singh et al., 2009; Gonzalez-Rodriguez et al., 2014). It is evident that in vivo and in 

vitro inhibition of autophagy results into the intracellular accumulation of fat whereas 

enhancement of autophagy ameliorates the condition of hepatic steatosis which further suggests 

that strategic inhibition of autophagy may be adapted for treating fatty liver disease (Hsiao et al., 

2017; Wang et al., 2015; Yang et al., 2010; Zhang et al., 2017). Hence, autophagy is now regarded 

as one of the emerging targets for abnormalities in lipid metabolism as well as accumulation. 

Kaempferol (3,5,7,4-tetrahydroxyflavone), a natural flavonoid, has been known for its anti-

oxidant and protective effects in various diseases. It is found in various dietary resources such as 

apples, cabbage, beans, berries, grapes, garlic, tomatoes, green tea and onion (M Calderon-

Montano et al., 2011). Recently, our group has reported that kaempferol preserved pancreatic β-

cell mass and function under lipid overloaded condition (Varshney et al., 2017; Varshney et al., 

2018). It is well established that the two pathophysiological abnormalities which links obesity to 
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type 2 diabetes mellitus (T2DM) are insulin resistance and β-cell failure. Thus, in this study, we 

intended to determine the effects of kaempferol in the alleviation of insulin resistance and 

impaired insulin signal transduction. The current study investigates the potential role of autophagy 

in kaempferol-mediated amelioration of lipid accumulation and insulin resistance in palmitic acid 

(PA)-challenged HepG2 cells in vitro and in the liver of HFD-STZ induced diabetic mice in vivo. 

 

8.2. Materials and methods 

 

8.2.1. Cell culture and treatment 

 

HepG2 cell line, a human hepatoma-derived cell line was cultured in DMEM with 10% heat-

inactivated fetal bovine serum  and 1% penicillin-streptomycin solution under a humidified 

atmosphere with 5% CO2 maintained at 37oC. Before initiating the cell-based assays, the basal 

media was replaced with complete DMEM supplemented with 1% bovine serum albumin and 0.5 

mM PA. The cells were then treated with different concentrations of kaempferol in presence or 

absence of chloroquine (10 µM). One hour prior to addition of kaempferol the cells were treated 

with chloroquine.  The cells treated with only DMEM containing 1% bovine serum albumin were 

considered as normal control group.  

 

8.2.2. siRNA transfections 

 

Specific siRNAs targeting human Atg7 and AMPK along with a negative control siRNA were 

used in the experiments. Briefly, the HepG2 cells were seeded in 6 well plates at a density of 5 

X 105 cells/well. The cells were transiently transfected with 50 nM of each siRNA in respective 

wells using the transfection reagent (Qiagen, Valencia, USA) according to the manufacturer’s 

instructions and incubated for 24 h in a 5% CO2 incubator at 37oC. Further, the transfected cells 

were treated with or without 10 µM kaempferol in presence of 0.5 mM PA and incubated in a 

CO2 incubator at 37oC at this condition for another 24 h. 
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8.2.3. Luciferase reporter assay 

 

HepG2 cells were seeded in a 12-well plate at a density of 4×104 cells/well and incubated 

overnight at 37oC in a 5% CO2 incubator. Then the cells were incubated in serum-free DMEM  for 

6 h before performing transfection. Subsequently, the cells were transiently transfected with 200 

ng/well PPREx3-tk-Luc reporter plasmid and 25 ng pcMX-PPARα plasmid using Polyfect 

transfection reagent (Qiagen), according to the protocol provided by the manufacturer. As an 

internal control for transfection, β-gal plasmid was also transfected with the luciferase reporter 

plasmid. The transfected cells were then exposed to various concentrations of kaempferol and 

vehicle in the charcoal-stripped medium and incubated for 24 h. After the treatment period was 

accomplished, the cells were lysed with lysis buffer (0.6 M NaCl, 0.2 M MgSO4, 0.1 M EDTA, 

0.08 M Tricine, 0.1 % Triton X-100, 0.2 M DTT) and the luminescence was estimated 

using luciferin as substrate. The experiment was repeated in triplicates with all the experimental 

treatment conditions. The observed luciferase values for each lysate were normalized to β-

galactivity of respective lysate and expressed as fold luciferase activity with respect to the vehicle-

treated cells.  

 

8.2.4. Preparation of PA-containing media  

 

The DMEM media with 0.5 mM PA was prepared as discussed earlier in chapter 3 of this thesis. 

DMEM containing 1% bovine serum albumin was used as vehicle control all throughout the 

experiments (until and unless mentioned) as the final concentration of serum was 1% in PA-

containing DMEM. 

 

8.2.5. Oil Red O staining for lipids 

 

The lipid accumulations in the HepG2 cells were verified with Oil Red O staining. The assay was 

performed according to the protocol described in chapter 3. 



Chapter 8. Role of kaempferol-induced autophagy in amelioration of hepatic lipid accumulation 
and insulin resistance: an in vitro and in vivo study 

 

219 

 

8.2.6. Labeling of autophagic vacuoles and lysosomes with mono dansylcadaverine (MDC) 

and LysoTracker stains 

 

MDC is widely used as a probe to label autophagic vacuoles whereas LysoTracker Red DND-99 is 

used for labeling lysosomes specifically. The MDC-LysoTracker staining was performened as per 

protocol mentioned in chapter 3. The cells were analyzed and imaged under confocal laser 

scanning microscope (LSM 780, Carl Zeiss, Germany) at 355 nm and 577 nm excitation and 460 

nm and 590 nm emission wavelengths for MDC and LysoTracker respectively. 

 

8.2.7. Experimental animals  

 

All the experimental procedures conducted on laboratory mice were conducted  in accordance 

with the approved guidelines of Committee for the Purpose of Control and Supervision of 

Experiments on Animals (CPCSEA), India, with prior approval from Institutional Animal Ethics 

Committee ( Approval number: BT/IAEC/2017/02). For the experiment, 7 weeks old male 

C57BL/6 mice were procured from CSIR-Institute of Microbial Technology, Chandigarh, India 

and housed in a well-maintained animal house under standard conditions (12 h dark-light cycle 

and temperature 23±2oC). The mice were acclimatized under this ideal condition for two weeks 

prior to the start of  experiment and they were provided  ad libitum access to either normal chow 

diet or a HFD  and  water till the completion of the experiment.  

 

8.2.8. Experimental design 

 

After acclimatizing, mice were divided into eight groups (n=6) as follow; 

Group I -Standard normal chow-fed mice (Normal Control)                                                 

Group II – HFD  fed mice + STZ (Diabetic control)                                                   

Group III – HFD  fed + STZ +  metformin (25 mg/kg body weight (bw)/day) (Positive control) 

Group IV – HFD  fed + STZ + rapamycin (0.2 mg/kg bw /day) (Positive control for autophagy) 

Group V – HFD  fed + STZ+ kaempferol  (10 mg/kg bw /day)  (low dose) 
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Group VI - HFD fed + STZ  + kaempferol (25 mg/kg bw /day) (High dose) 

Group VII – HFD fed + STZ (Diabetic control) + chloroquine (25 mg/kg bw /day) (Autophagy-

impaired diabetic control) 

Group VIII – HFD fed + STZ+ kaempferol (25 mg/kg bw/day) + chloroquine (25 mg/kg bw/day) 

(Autophagy-impaired treatment group) 

 

8.2.9. Model development 

 

Diet-induced obesity-linked type 2 diabetes mice model was developed in  all the groups; except 

for group I (Normal control group). The normal control group was fed with standard chow diet 

containing approximately 17.5% kcal protein, 75% kcal carbohydrate and 7.5% kcal  fat (RM1, 

Special Diet Services, Witham, Essex, UK) whereas the obesity-induced mice were fed with high-

fat diet containing approximately 20% kcal protein, 20% kcal carbohydrate and 60% kcal fat 

(D12492, Research Diets, New Brunswick, NJ, USA)  in which lard and soybean oil were 

primarily used as the fat source for 10 weeks. The mice were monitored for the change in their 

weight every two weeks. After completion of 10 weeks of high-fat diet induction, the obese mice 

were kept under fasting condition for overnight and were intraperitoneally injected with an 

optimum dose of STZ(35 mg/kg dissolved in freshly prepared 0.1 M cold citrate buffer (pH 4.5). 

The normal control mice group were injected with equal volume of 0.1 M cold citrate buffer (pH 

4.5). After one week, the mice were monitored for fasting blood glucose  and the animals having 

glucose level > 240 mg/dl were considered as diabetic and were kept in this condition for one 

more week for stabilization. All the mice groups were fed on their respective diet formulations 

until the completion of the experiment (for a total period of 16 weeks).  

 

8.2.10. Experimental treatment 

After 12 weeks of HFD and simultaneous two weeks of STZ induction during this period, the 

diabetic mice from group III and IV were injected intraperitonally with  metformin (25 mg/kg 

bw/day) and rapamycin (0.2 mg/kg bw/day) respectively. The group V and VI were 
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intraperitoneally injecetd with  low dose (10 mg/kg bw/day) and high dose (25 mg/kg bw/day) of 

kaempferol respectively. The control group mice i.e.,  from the group I and II were adminstered 

with a solvent of sterile 10% ethanol: 40% PEG 400: 50% PBS as vehicle. To maintain 

homogeneity of treatment conditions, all the compounds were dissolved in the same solvent 

containing sterile 10% ethanol: 40% PEG 400: 50% PBS. The mice were fed with their respective 

diet until the completion of the study (for a total period of 16 weeks). 

 

8.2.11. Autophagy flux determination 

 

Mice from group VII and VIII were intraperitoneally injected with chloroquine (25 mg/kg bw/day) 

for the last 10 days before the completion of the experiment allowing determination of flux as a 

more precise measure of autophagic activity. 

 

8.2.12. Transmission electron microscopy (TEM) analysis 

The liver samples isolated from the mice were chopped uniformly and sliced into 2 mm2 sections. 

The samples were further prepared as per protocol mentioned in chapter 3.  

 

8.2.13. Measurement of lipid profile 

 

To measure the total cholesterol, triglyceride, LDL and NEFA content, the serum was isolated 

from blood samples of the animals and further analyzed with the help of commercially available 

kits (Erba, Germany) according to the manufacturer’s instructions. 

 

8.2.14. Statistical analysis 

 

All the experimental results were represented as the mean ± standard deviation (SD) of three 

independent experiments. The comparison between groups were evaluated by one-way/ two-way 

ANOVA followed by Turkey’s post hoc test using Graph Pad Prism 6 software (Graph Pad 
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Software, San Diego, CA, USA). The statistical significance of the experimental results was 

considered for a p-value < 0.05.  

 

8.3. Results 

 

8.3.1. Kaempferol inhibits lipid accumulation in PA-induced HepG2 cells 

 

Firstly, to determine the effect of kaempferol on lipid deposition in PA-induced HepG2 cells, the 

intracellular lipid content was determined by oil red o staining. As shown in Fig. 8.1a and b, PA-

treated cells exhibited a significant increase in lipid deposition which was significantly reduced in 

response to kaempferol treatment in a dose-dependent manner (p<0.05). Since TGs  are the main 

components during lipid deposition, we next analyzed the TGs  accumulation into each treatment 

group. Interestingly, kaempferol treatment led to a reduction in triglycerides accumulation in a 

dose-dependent manner (p<0.05) (Fig. 8.1c). As displayed in Fig. 8.1b and c, kaempferol at 10 

µM dose exhibited around 1.84- and 2.1-fold decrease in lipid and TG  accumulation with respect 

to PA-treated HepG2 cells (p<0.05). Additionally, mRNA expression analysis of PLIN2, a gene 

which expresses PLIN2 protein (a lipid droplet coat protein involved in hepatic lipid 

accumulation), was performed by RT-PCR analysis. PA-treated cells exhibited ~ 3.2-fold increase 

in PLIN2 gene expression as compared to normal cells, which however, was significantly down-

regulated by kaempferol in a dose-dependent manner (p<0.05) (Fig. 8.1d ). Kaempferol at 10 µM 

dose showed ~ 1.4-fold decrease in PLIN2 expression with respect to PA-treated HepG2 cells 

(p<0.05) (Fig. 8.1d). Moreover, immunoblot analysis exhibited that kaempferol treatment led to 

significant down-regulation of PLIN2 protein in a dose- (Fig. 8.1e) and time (Fig. 8.1f)-dependent 

manner (p<0.05). As shown in Fig. 8.1e, PA-induced PLIN2 expression was markedly inhibited ~ 

2.3-fold by kaempferol at 10 µM concentration (p<0.05). Similarly, kaempferol inhibited the PA-

induced time dependent upregulation of PLIN2 till 48 h (Fig. 8.1f) (p<0.05). Thus, together it can 

be clearly inferred that kaempferol treatment inhibited PA-induced lipid accumulation in HepG2 

cells. In our subsequent studies, 10 µM dose of kaempferol was chosen as this is the lowermost 
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dose at which kaempferol showed a significant reduction in lipid accumulation and this 

concentration is also physiologically relevant. 

 

 

 

Fig. 8.1. Kaempferol treatment inhibits PA-induced lipid accumulation in HepG2 cells. 
HepG2 cells were treated with various concentrations of kaempferol in presence of 0.5 mM PA for 
24 h. (a) Microscopic images of Oil Red O stained-HepG2 cells; Histograms showing (b) lipid 
content; (c) triglycerides content of treated cells; Representative (d) RT PCR analysis of PLIN2 
gene; (e) immunoblot analysis of PLIN2 with increasing dose and (f) time durations. The 
histogram below each figure denotes the mean relative arbitrary pixels intensities expressed as 
fold change with respect to vehicle-treated control cells. The results are mean ± S.D. of three 
independent experiments. a, b and c indicates p<0.05 versus vehicle-treated control group, PA-
treated control group and  PA-treated group of respective time durations respectively. C, control; 
PA, palmitic acid; K, kaempferol. 
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8.3.2. Kaempferol up-regulates PPAR-α expression and increases cytosolic lipolysis in PA-

induced HepG2 cells 

 

Peroxisome proliferator-activated receptor alpha (PPAR-α) is a key transcriptional regulator of 

hepatic lipid metabolism and its activation is known to reduce hepatic intracellular lipid content. 

To determine the role of kaempferol on lipid metabolism, the expression level of PPAR-α and its 

responsive genes were analyzed in PA-induced HepG2 cells. Firstly, we investigated whether 

kaempferol activated PPAR-α in cell-based transactivation system using luciferase as reporter 

system. As shown in Fig. 8.2a, kaempferol transactivated PPAR-α in a dose-dependent manner in 

presence of PA whereas PA treatment alone did not show any such response. Kaempferol at 10 

µM concentration significantly activated ~ 2.2-fold PPAR-α activity with respect to PA treatment 

(p<0.05) (Fig. 8.2a). Moreover, mRNA (Fig. 8.2b) and protein (Fig. 8.2c) expression levels of 

PPAR-α were up-regulated significantly in kaempferol-treated PA-challenged HepG2 cells in a 

dose dependent manner (p<0.05). Likewise, mRNA expressions of genes involved in cytosolic 

lipolysis pathway i.e., adipose triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL) 

were also increased significantly in response to kaempferol treatment (p<0.05) (Fig. 8.2b). 

Besides, genes which mediates β-oxidation of fatty acids i.e., carnitine palmitoyltransferase I 

(CPT-1A) and acyl-CoA oxidase (ACOX1) were also significantly up-regulated in kaempferol-

treated cells (p<0.05) (Fig. 8.2b). This data suggests that cytosolic lipolysis and β-oxidation were 

involved in kaempferol-mediated hypolipidemic effects. 

Recently, an alternative pathway for lipid degradation has been identified known as 

lipophagy (lipo-macro-autophagy). In the lipophagy process, the hepatic degradation of lipid 

droplets are caused by lysosomal acid lipases (LAL) in lysosomes, which mobilizes large amounts 

of lipid rapidly. Thus to elucidate whether kaempferol exerts it lipolytic effect through lipophagy 

the mRNA expression analysis of LAL was performed. Interestingly, the LAL expression was 

found to be up-regulated by about ~4-folds in kaempferol (10 µM)-treated cells suggesting the 

role of lysosomes in kaempferol-mediated degradation of lipids (p<0.05) (Fig. 8.2b). 
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Fig. 8.2. Kaempferol alters expression of genes involved in cytosolic lipolysis and β-oxidation. 
Representative (a) histogram showing relative PPAR-α luciferase activity expressed as fold of 
vehicle-treated control; (b) RT-PCR analysis of genes involved in cytosolic lipolysis and β-
oxidation and (c) immunoblot analysis of PPAR-α protein. The histogram in the right panel 
represents the mean relative arbitrary pixels intensities of mean ± S.D. of three independent 
experiments expressed as fold change with respect to the vehicle-treated control group or only PA 
treated control group (for  b). a, p<0.05 versus vehicle-treated control group; b, p<0.05 versus the 
PA-treated control group. C, control; PA, palmitic acid; K, kaempferol. 
 

8.3.3. Kaempferol enhances autophagy in PA-induced HepG2 cells 

 

As discussed earlier, autophagy is one of major mechanisms which is involved in hepatic lipid 

catabolism and found to be impaired during lipid overload conditions which in turn lead to lipid 

accumulation inside the cells. In order to determine if autophagy was induced by kaempferol in 
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PA-induced HepG2 cells, MDC-LysoTracker co-staining was performed. As shown in Fig. 8.3a, 

in normal condition, kaempferol treatment exhibited an increased number of autophagosomes and 

lysosomes as evidenced by a concerted increase in MDC and LysoTracker staining respectively. 

Whereas, PA-treated cells displayed few numbers of autophagosomes co-localized with a limited 

number of lysosomes which in presence of  kaempferol  led to a prominent increase in co-

localization of autophagosomes with the lysosomes, thus, forming autophagolysosomes. 

Collectively, this data suggests that kaempferol induces autophagolysosomes formation in normal 

as well as PA-treated condition, however, the increase in autophagolysosomes formation was 

more prominent in PA-challenged condition (Fig. 8.3a). In order to reconfirm this further,  protein 

expression analysis of LC3 and p62, the major proteins involved in autophagy process, were 

analyzed. LC3-II is a major protein involved in autophagosomes formation and serves as a reliable 

marker of autophagy induction. The immunoblot analysis revealed the dose (Fig. 8.3b)- and time 

(Fig. 8.3c)-dependent increase in LC3-II/LC3-I protein expression in response to kaempferol 

treatment which was found to be decreased in PA-treated cells (p<0.05). At 10 µM concentration, 

kaempferol showed ~ 2.8-fold up-regulation in LC3-II/LC3-I expression as compared PA-treated 

control cells for 24h (p<0.05) (Fig. 8.3c). Though, the concerted increase in LC3-II protein 

exhibited an increased number of autophagosomes, however, it can be due to inhibition of 

autophagosomes turnover. Thus, in order to elucidate whether the increase in LC3-II expression 

was solely due to the increased number of autophagosomes, protein expression analysis of p62 

was performed. The p62 is the specific autophagy substrate which directly binds to LC3 and 

degrades at later stages upon fusion with lysosomes. As shown in Fig. 8.3b and c, kaempferol 

treatment showed the significant decline in p62 expression in dose- and time-dependent manner 

which was found to be up-regulated in PA-treated control cells. PA treatment increased p62 

expression by ~ 3.3-fold which was then  decreased to ~ 1.67-fold in response to kaempferol at 10 

µM concentration (p<0.05) (Fig. 8.3b). In this experiment temsirolimus was used as positive 

control (Fig. 8.3b) which is a potent autophagy inducer. Interestingly our data showed that 

kaempferol showed almost similar effect as that of temsirolimus at 10 µM concentration.  
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Fig. 8.3. Kaempferol induces autophagy in PA-challenged HepG2 cells. HepG2 cells were 

treated with kaempferol (10 µM) with or without 0.5 mM PA and/or 200 nM temsirolimus 

(positive control) for 24 h. (a) Representative confocal images of MDC-LysoTracker stained cells 

to selectively stain autophagosomes and lysosomes. Images are representative of three 

independent experiments.  Representative immunoblot analysis for the expression of LC3 and p62 



Chapter 8. Role of kaempferol-induced autophagy in amelioration of hepatic lipid accumulation 
and insulin resistance: an in vitro and in vivo study 

 

228 

 

with (b) increasing doses and (c) time duration of kaempferol treatment. The histogram in the right 

panel of each figure represents the mean relative arbitrary pixels intensities in terms of fold over 

vehicle-treated control (for dose-dependent studies) and PA (0h) for time-dependent studies. 

Results are the mean ± S.D. of three independent experiments. a, p<0.05 versus vehicle-treated 

control, whereas, a, p<0.05 versus PA (0h) group for Fig. 8.3c; b, p<0.05 versus PA-treated 

control; c, p<0.05 versus PA control of respective time duration. PA, palmitic acid; K, kaempferol; 

Tem, temsirolimus. 

 

In the subsequent studies, autophagy inhibitor chloroquine was used to detect autophagic 

flux. Chloroquine is a lysosomotropic agent which inhibits fusion of autophagosomes with 

lysosomes thus inhibiting autophagic flux. EGFP-LC3 puncta formation, a marker of autophagy, 

was monitored to ascertain kaempferol-induced autophagy in PA-induced HepG2 cells.  The LC3 

protein is  found in two forms i.e., cytosolic LC3-I form and membrane-bound LC3-II form. LC3-

II is formed by lipidation of LC3-I and subsequently recruited onto autophagosomal membranes 

and leading to the formation of LC3 puncta (as indicated by large number of dotted spots in cells) 

which serves as a reliable marker to monitor autophagosomes formation. To monitor EGFP-LC3 

puncta formation, stably transfected EGFP-LC3-HepG2 cells were treated with kaempferol with or 

without chloroquine. As shown in Fig. 8.4a, kaempferol treatment exhibited a prominent increase 

in EGFP-LC3 puncta which was further increased in presence of chloroquine. On the contrary, PA 

treatment showed limited puncta with diffused cytoplasmic EGFP fluorescence which could only 

marginally increased further in response to chloroquine treatment (Fig. 8.4a). Such an observation 

is affirmative of the fact that observed increase in autophagosomes is due to kaempferol-mediated 

induction of autophagy itself not due to impairment of autophagic turnover. Moreover, 

immunoblot analysis revealed that chloroquine treatment increased expression of autophagic 

marker proteins (LC3-II/LC3-I, Atg7 and p62) in kaempferol treated cells (as compared on PA + 

kaempferol treated group) which could be attributed to inhibition of lysosomal degradation of 

autophagosomes (p<0.05) (Fig. 8.4b). Together, this data confirmed that kaempferol treatment not 

only enhances autophagy induction but also augments autophagic flux. 
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Fig. 8.4. Chloroquine treatment impairs kaempferol-mediated autophagic flux. HepG2 cells 
were treated with kaempferol (10 µM) with or without 10 µM chloroquine in presence of 0.5 mM 
PA for 24 h.  Representative (a) confocal images of EGFP-LC3 puncta formation in response to 
various treatments and (b) immunoblot analysis of autophagy marker proteins in response to 
various treatments. The histogram in the right panel of “b” represents the mean relative arbitrary 
pixels intensities in terms of the fold of vehicle-treated control group. Results are the mean ± S.D. 
of three independent experiments. a, p<0.05 versus vehicle-treated control; b, p<0.05 versus PA 
control; d, p<0.05 versus (PA + K) group; e, p<0.05 versus (PA + CQ) group. PA, palmitic acid; K, 
kaempferol; CQ, chloroquine.  
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8.3.4. AMPK signaling is involved in kaempferol-mediated autophagy induction 

 

It is well established that hyper-nutrition conditions during obesity can inhibit AMPK and 

subsequently activate mTORC1 which may further be linked to impaired autophagy and increased 

anabolic metabolism in the liver. Thus, we further elucidated whether kaempferol may activate 

AMPK/mTOR pathway which in turn activates autophagy. The treatment of HepG2 cells with 

kaempferol resulted in a dose-dependent increase in AMPK phosphorylation with a simultaneous 

decrease in mTOR phosphorylation (Fig. 8.5a and b). Kaempferol (10 µM) treatment increased 

AMPK phosphorylation by ~ 2.9-fold with concomitant ~ 2.1-fold decline in mTOR 

phosphorylation with respect to PA treatment for 24h (p<0.05) (Fig. 8.5a). A similar pattern of 

time dependent expression was observed for AMPK and mTOR in response to 10 µM of 

kaempferol (Fig. 8.5b). Based on this data, it could be speculated that kaempferol differentially 

effects AMPK/mTOR signaling which may instigate autophagy. 

In order to confirm the specific involvement of kaempferol-activated AMPK in autophagy 

induction, AMPK siRNA was included in further studies. As shown in Fig. 8.5c, kaempferol-

induced up-regulation of AMPK phosphorylation were significantly down-regulated in presence 

of AMPK siRNA (p<0.05). With the decrease in the level of AMPK, there was subsequent 

inhibition of LC3-II with  progressive accumulation of p62 proteins thus confirming a gross 

decline in the process of autophagy in the cells which could not be rescued by kaempferol 

(p<0.05) (Fig. 8.5c). The results depicted in Fig. 8.5c clearly indicate that with the down-

regulation of AMPK phosphorylation there is simultaneous up-regulation of mTOR 

phosphorylation in kaempferol-treated cells in the presence of AMPK siRNA (p < 0.05). This 

further confirms kaempferol-mediated AMPK activation is involved in the inhibition of mTOR 

and thus autophagy induction.  
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Fig. 8.5. Kaempferol instigates autophagy through AMPK/mTOR pathway. Representative 
immunoblot analysis of the phosphorylation of AMPK and mTOR in HepG2 cells in response to 
kaempferol treatment for varying (a) dosages; (b) time period and (c) at 10 μM dose in presence of 
AMPK siRNA. The histogram in the right panel of each figure represents the mean relative 
arbitrary pixels intensities in terms of fold over control in respective figures. Results are the mean 
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± S.D. of three independent experiments.  a, p<0.05 versus vehicle-treated control group and PA 
(0h) for Fig. 8.5a and Fig. 8.5b  respectively; b, p < 0.05 versus PA-treated control group; c, 
p<0.05 versus PA-treated group of respective time duration; d, p<0.05 versus (PA + K) group. PA, 
Palmitic acid; K, Kaempferol; Tem, temsirolimus. 
 

8.3.5. Inhibition of autophagy blocks kaempferol-induced reduction of lipid accumulation 

 

To draw a clear correlation between lipid inhibitory and autophagy inducing effects of kaempferol, 

in our subsequent studies, autophagy and AMPK inhibitors were included. For this Atg7 siRNA 

was used for knocking down the expression of this protein  which is an essential protein involved 

in autophagosomes formation and maturation. As shown in Fig. 8.5c and Fig. 8.6a, inhibition of 

autophagy by AMPK and Atg7 siRNAs led to inhibition of the kaempferol-mediated increase in 

LC3-II and Atg7 expressions (p<0.05). Additionally, inhibition of autophagy exhibited a 

significant increase in p62 expression which could only partially be rescued in kaempferol-treated 

HepG2 cells (p<0.05) (Fig. 8.5c and 8.6a). Further, immunoblot analysis of PLIN2, the lipid 

droplet coat protein, revealed that inhibition of autophagy increased its expression even in the 

kaempferol-treated cells (p<0.05) (Fig. 8.5c and Fig. 8.6a). Co-treatment of kaempferol with 

AMPK and Atg7 siRNA increased the expression of PLIN2 by ~ 1.5- and -1.3-fold respectively as 

compared to kaempferol treatment (p<0.05) (Fig. 8.5c and Fig. 8.6a) indicating its role in 

regulation of lipid droplets..  

Additionally, chloroquine (an autophagy inhibitor), Atg7 and AMPK siRNAs prominently 

abolished the kaempferol-mediated inhibition of lipid accumulation and led to increased 

accumulation of lipids in PA-challenged HepG2 cells as determined by Oil Red O staining 

(p<0.05) (Fig. 8.6b, c and d). As shown in Fig Fig. 8.6b, PA-induced lipid accumulation was 

prominently inhibited by kaempferol (PA + K). However, this activity was significantly abolished 

either by autophagy inhibitor (chloroquine) or when the autophagy inducers were inhibited 

(AMPK and Atg7) by siRNA. Kaempferol could only partially rescue this situation. As shown in 

Fig. 8.6c and d, estimation of stained lipid droplets showed that the inhibitory activities raised the 

level of lipid droplets by about 2-fold as compared to only kaempferol treatment (PA + K) 

(p<0.05). Similarly, kaempferol-induced inhibition of triglyceride content in PA-stressed cells was 



Chapter 8. Role of kaempferol-induced autophagy in amelioration of hepatic lipid accumulation 
and insulin resistance: an in vitro and in vivo study 

 

233 

 

also shown to be reverted in presence of autophagy inhibitors. Co-treatment of PA-induced cells 

with Atg7 and AMPK siRNAs along with kaempferol showed a significant increase in triglyceride 

content as compared to only kaempferol-treated cells  (p<0.05) (Fig. 8.6e and f). Thus, together it 

can be clearly inferred that kaempferol-induced AMPK/mTOR-mediated autophagy is involved in 

the inhibition of lipid accumulation in PA-induced HepG2 cells. 

 

 

Fig. 8.6. Kaempferol-induced autophagy facilitates a decrease in PA-induced lipid stores. 
HepG2 cells were incubated with kaempferol (10 µM) with various inhibitors in presence of PA 
(0.5 mM) for 24 h. (a) Representative immunoblots of various proteins in response to Atg7 
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siRNA. The histogram in the right panel represents the mean relative arbitrary pixels intensities of 
mean ± S.D. of three independent experiments expressed as fold change with respect to the PA-
treated group. (b) Microscopic images of Oil Red O stained cells with or without various 
inhibitors; Histogram representing (c) and (d) lipid content; (e) and (f) triglyceride content of 
treated cells. Results are the mean ± S.D. of three independent experiments. b, p < 0.05 versus PA 
control; d, p < 0.05 versus (control siRNA + PA + K) group, whereas, d, p < 0.05 versus (PA + K) 
for fig 6c and 6e. PA, palmitic acid; K, kaempferol; CQ, chloroquine. 
 

8.3.6. Kaempferol improves lipid profile and insulin resistance in HFD-STZ induced diabetic 

mice 

To investigate the systemic effects of kaempferol, mice were subjected to 4 weeks of daily 

kaempferol treatment at 10 mg/kg body weight (bw) or 25 mg/kg bw doses after 12 weeks of 

HFD-STZ treatment. The kaempferol treated diabetic mice exhibited a significant decrease in 

weight, however, there was no difference in food intake between different groups (data not 

shown).  The HFD-STZ diabetic mice exhibited  the marked increase in total cholesterol, 

triglycerides (TG), low-density lipoprotein (LDL) and non-esterified fatty acids (NEFA) levels 

which were significantly reversed by kaempferol administration at 25 mg/kg bw dose (p<0.05) 

(Fig. 8.7a, b, c and d).  
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Fig. 8.7. Kaempferol improves metabolic profile in diabetic mice. Mice were fed with normal 
chow diet (control) or with high-fat diet for 10 weeks followed by injection with streptozotocin 
(35 mg/kg BW) and successive treatments for 4 weeks. Histogram showing (a) Total cholesterol  
(b) Triglycerides (c) LDL (d) NEFA level in serum of treated mice. Data are mean ± SD of n = 6 
for each group. a, p<0.05 versus normal control; b, p<0.05 versus HFD-STZ control. HFD, high-
fat diet; STZ, streptozotocin; K, Kaempferol; Met, metformin; Rapa, rapamycin; LDL, Low-
density lipoprotein; NEFA, Non-esterified fatty acids. 
 

8.3.7. Kaempferol induces autophagy in the liver of HFD-STZ mice 

 

To determine whether kaempferol induces autophagy in the liver of HFD-STZ mice, the 

immunoblot analysis of autophagy-linked genes were evaluated in liver tissue of kaempferol-

administered mice. As shown in Fig. 8.8a, the level of LC3-II and Atg7 were dramatically 

reduced, with subsequent and significant increase in the level of  p62  in vehicle-treated HFD-

STZ mice as compared to normal control mice indicative of decreased autophagy (p<0.05). 

However, on treating the HFD-STZ mice with kaempferol, the expressions of Atg7 and LC3-II 

were significantly increased with concomitant decline in p62 expression thus indicating a direct 

involvement of kaempferol in the autophagic process in liver. Further, to study the impact of 
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autophagic flux, HFD-STZ control and kaempferol-treated mice groups were injected with 

chloroquine for last ten days to inhibit autophagic flux.  As shown in Fig. 8.8a, there was no 

significant difference in the level of LC3-II, Atg7 and p62 proteins among livers of HFD-STZ 

control mice and HFD-STZ mice treated with chloroquine. However, chloroquine treatment 

displayed significant accumulation of LC3-II, Atg7 and p62 proteins in livers of kaempferol-

treated HFD-STZ mice (p<0.05) (Fig. 8.8a).This accumulation further ascertains that kaempferol 

stimulates autophagy in HFD-STZ-induced diabetic mice.  

Further, immunoblot analysis of pAMPK and p-mTOR was performed to reconfirm the 

finding in HepG2 cells for the involvement of this pathway in vivo in kaempferol-treated HFD fed 

diabetic mice. As shown in Fig. 8.8b, kaempferol treatment dose-dependently up-regulated the 

AMPK phosphorylation in livers of diabetic mice with a concomitant decrease in p-mTOR 

expression (p<0.05). In comparison to HFD-STZ group, kaempferol at 25 mg/kg BW dose 

increased AMPK phosphorylation by about 3.1-fold with simultaneous reduction of mTOR 

phosphorylation by ~1.9 -fold (p<0.05) (Fig. 8.8b). The effect of kaempferol in inducing this 

autophagic process was comparable to rapamycin and metformin, two potent drugs known to 

induce autophagy (Fig. 8.8b). This in vivo data is in line with the HepG2 data and thus collectively 

it could be speculated that kaempferol affects AMPK/mTOR signaling pathway which 

subsequently instigates autophagy.  
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Fig. 8.8. Kaempferol induces autophagy in livers of HFD-STZ diabetic mice. Representative 
immunoblots of (a) autophagy-related proteins and (b) p-AMPK and p-mTOR, in livers of 
respective mice groups.  The histogram in right panel represents the mean relative arbitrary pixels 
intensities in terms of the fold of normal control micegroup for respective proteins.  Data are mean 
± SD of n = 6 for each group. a, p<0.05 versus normal control; b, p<0.05 versus HFD-STZ 
control; d, p<0.05 versus HFD-STZ + K. HFD, high-fat diet; STZ, streptozotocin; K, Kaempferol; 
Met, metformin; Rapa, rapamycin; CQ, chloroquine; ns, non-significant. 

 
 

8.3.8. Kaempferol-induced autophagy is involved in inhibition of lipid accumulation in the 

liver of HFD-STZ mice 

 

We further evaluated whether kaempferol could improve liver weight and TG content which 

was found to be increased in HFD-STZ diabetic mice. As shown in Fig. 8.9a and b, kaempferol 

administration abolished the HFD-mediated increase in liver weight and TG content and 
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rescued it back close to normalcy (p<0.05). Further, inhibition of autophagic flux by means of 

chloroquine partially abolished kaempferol-induced reduction in liver weight and TG content 

which suggests the involvement of kaempferol-mediated autophagy (Fig. 8.9a and b). Since, 

obesity-linked diabetes also involves damaging effects in the function of liver, we next wanted 

to assess if kaempferol could rescue the liver from this process by inducing autophagy. As 

shown in Fig. 8.9, kaempferol-treated mice  showed improved liver function as serum alanine 

aminotransferase (ALT) (Fig. 8.9c) and aspartate aminotransferase (AST) (Fig. 8.9d)  levels 

were significantly decreased by 2 and 1.5-fold respectively with respect to HFD-STZ mice 

(p<0.05). Interestingly, kaempferol could only partially improve the liver function when 

autophagy was blocked by chloroquine treatment (p<0.05) (Fig. 8.9c and d). On analyzing the 

histopathology of the liver sections with hematoxylin and eosin (H&E) staining in various 

groups of treated animals, it was found that  the livers from HFD-STZ mice showed ballooned 

hepatocytes with accumulation of fat inside cells as observed in liver sections (Fig. 8.9e). 

However, kaempferol treatment showed limited accumulation of fat which was comparable to 

livers of normal control mice. The livers of mice co-administered with kaempferol and 

chloroquine exhibited increased fat accumulation as compared to livers of kaempferol treated 

HFD-STZ mice indicative of the involvement of autophagy in kaempferol-mediated inhibition 

of lipid accumulation (Fig. 8.9e). Further,  immunoblot analysis showed that as compared to 

normal control mice, PLIN2 expression was significantly increased (~2.4-fold) in livers of HFD-

STZ mice which was  down-regulated almost to normalcy by kaempferol treatment (p<0.05) (Fig. 

8.9f). At 25 mg/kg bw dose, kaempferol exhibited ~1.7-fold decrease in PLIN2 expression with 

respect to HFD-STZ control, which however, was abrogated in presence of chloroquine treatment 

(p<0.05) (Fig. 8.9f).  
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Fig. 8.9. Kaempferol-mediated autophagy induces inhibition of lipid stores in livers of HFD-
STZ diabetic mice. Histogram showing (a) liver weight; (b) liver triglycerides; (c) serum ALT 
and (d) serum AST level of mice treated with various chemicals as mentioned. (e) Representative 
histological images of hematoxylin and eosin stained livers of respective groups (original 
magnification, ×400); (f) Representative immunoblots of PLIN2 in the respective groups. The 
histogram in right panel represents the mean relative arbitrary pixels intensities in terms of the fold 
of normal control micegroup. Data are mean ± SD of n = 6 for each group. a, p<0.05 versus 
normal control; b, p<0.05 versus HFD-STZ control; d, p<0.05 versus HFD-STZ + K. (g) 
Representative transmission electron microscopy images of pancreatic β-cells after various 
treatments; the red, blue and yellow arrows indicate lipid droplets, autophagosomes and lysosomes 
respectively. Whereas, fusion of autophagosome with the lysosomes (autophagolysosomes) in 
livers of kaempferol-treated HFD-STZ are marked with a paired-green arrows. The scale bar in 
each image represents 1 µm. HFD, high-fat diet; STZ, streptozotocin; K, Kaempferol; CQ, 
chloroquine. 
 
 

Likewise, TEM analysis revealed that hepatic cells in HFD-STZ mice showed a limited 

number of autophagic vacuoles and lysosomes with increased lipid droplets (Fig. 8.9g). In 

kaempferol treated mice, the hepatic cells exhibited an increased number of autophagic vacuoles 

fused with numerous lysosomes with a limited number of lipid droplets. Inhibition of 

autophagosomes degradation by chloroquine led to significant increase in accumulation of 

autophagic vacuoles and lipid droplets in hepatic cells of kaempferol-treated HFD-STZ mice as 

compared to only kaempferol-treated HFD-STZ mice (Fig. 8.9g). Collectively, these data strongly 

suggested that kaempferol not only augments autophagy induction but also induces the increase in 

autophagosomes turnover, which is inhibited in HFD-STZ mice. Besides, TEM analysis also 

revealed the lipid inhibitory effect of kaempferol-induced autophagy in hepatic cells of HFD-STZ 

diabetic mice. 
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8.3.9. Kaempferol-induced autophagy rescues HFD induced ER-stress and insulin signaling 

 

In the next phase of study prior to determining the ER stress and insulin signaling pathways in the 

lipid overload condition we performed glucose tolerance and insulin sensitivity tests. Our data 

showed that inhibition of autophagy by chloroquine significantly impaired both kaempferol-

mediated improved glucose tolerance and insulin sensitivity as compared to kaempferol-treated 

HFD-STZ animals (Shown in chapter 7).  As discussed earlier, free fatty acid -induced ER-stress 

mediated-pathway has been reported to activate JNK which has been reported to impair insulin 

signal transduction by phosphorylating IRS-1 at serine sites. Thus, in order to determine whether 

kaempferol treatment can relieve the PA-induced ER stress the immunoblot analysis of CHOP, the 

main ER stress marker found to be elevated in HFD fed conditions, was performed. As shown in 

Fig. 8.10c, the livers of HFD-STZ group showed increased CHOP expression while kaempferol 

treatment significantly down-regulated its expression (p< 0.05). Chloroquine treatment further 

abrogated the kaempferol-mediated decrease in CHOP expression indicative of the involvement of 

autophagy in the alleviation of ER stress (p< 0.05) (Fig. 8.10c). As expected, phosphorylation of 

JNK and IRS-1 were significantly increased in liver of HFD-STZ mice (p< 0.05) (Fig. 8.10c). This 

was further linked to inhibition of insulin-stimulated phosphorylated Akt (p< 0.05) (Fig. 8.10d). 

Whereas, treatment with kaempferol significantly abolished the HFD-mediated increase in JNK 

and IRS-1 phosphorylation (p< 0.05) (Fig. 8.10c). As a result, insulin-stimulated phosphorylation 

of Akt was restored in response to kaempferol (p< 0.05) (Fig. 8.10d). Kaempferol at 25 mg/kg bw 

dose exhibited ~ 1.5 and ~ 1.35-fold decrease in p-JNK and p-IRS-1 respectively with a 

concomitant increase in pAKT (~2.2-fold) with respect to HFD-STZ control mice (p< 0.05) (Fig. 

8.10c and d). However, chloroquine administration significantly abolished kaempferol-mediated 

effects on insulin signal transduction pathway, thus, indicating kaempferol-mediated restoration of 

autophagy is involved in its effect on insulin signal transduction pathway. 
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Fig. 8.10. Kaempferol-mediated autophagy improves insulin sensitivity and insulin signal 
transduction in livers of HFD-STZ diabetic mice. Representative immunoblots of (a) proteins 
involved in HFD-mediated insulin resistance and insulin signal transduction and (b) insulin-
stimulated Akt and p-Akt proteins. The histogram in right panel represents the mean relative 
arbitrary pixels intensities in terms of the fold of normal control micegroup. Data are mean ± SD 
of n = 6 for each group. a, p < 0.05 versus normal control; b, p<0.05 versus HFD-STZ control; d, 
p<0.05 versus HFD-STZ + K. HFD, high-fat diet; STZ, streptozotocin; K, Kaempferol; CQ, 
chloroquine. 
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8.4. Discussion 

 

The two pathophysiologic abnormalities which link obesity to T2DM, are β-cell failure and insulin 

resistance (Al-Goblan et al., 2014). Kaempferol, a natural flavonoid, has been known for its anti-

oxidant and protective effects in various diseases (M Calderon-Montano et al., 2011). Recently, 

our group has reported that kaempferol preserved pancreatic β-cell mass and function under lipid 

overloaded condition (Varshney et al., 2017; Varshney et al., 2018). In the present study, we 

intended to determine the role of kaempferol in hepatic insulin resistance and its underlying 

mechanism. To the best of our knowledge, this is the first study to evaluate the role of autophagy 

in kaempferol-mediated effects on hepatic lipid metabolism and insulin signal transduction in PA-

challenged HepG2 cells and livers of HFD-STZ induced diabetic mice. Several key findings have 

emerged from this study. First, we found that chronic lipid condition significantly increased lipid 

accumulation in HepG2 cells and livers of HFD-STZ mice whereas kaempferol treatment led to 

inhibition of lipid deposition. Second, kaempferol treatment induces AMPK-mTOR mediated 

autophagy in both HepG2 cells and livers of HFD-STZ mice which were found to be linked to its 

lipid inhibitory effect. Third, kaempferol-mediated restoration of autophagy alleviates ER stress-

induced hepatic insulin resistance and improves insulin signal transduction.  

Autophagy is a lysosomal degradation process involved in cell quality control during 

adverse conditions like starvation and stress (Mizushima, 2007). Emerging evidence suggests that 

the progression of NAFLD is concomitant with dysfunctional hepatic autophagic activity in the 

HFD-fed mice (Mao et al., 2016). In our study, firstly we showed that kaempferol inhibited PA-

induced lipid accumulation in HepG2 cells as evidenced by decreased lipid droplets and TGs 

content. The RT-PCR and immunoblot analysis exhibited significant downregulation of PLIN2 

protein, the lipid droplet coat protein found to be involved in lipid droplets accumulation under 

lipid overload conditions. Our results are in line with the recent report which showed that 

PLIN2 deficiency enhances TG catabolism and protects mice against ER stress-induced 

hepatosteatosis (Tsai et al., 2017).  

Subsequently, to elucidate the underlying mechanism, we investigated the kaempferol-mediated 

transcriptional regulation of genes involved in lipolysis and β-oxidation. Kaempferol treatment 
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enhanced PPAR-α expression, the key regulator involved in the stimulation of hepatic β-oxidation 

of fatty acids (Pawlak et al., 2015). The genes involved in lipolysis (ATGL and HSL) and β-

oxidation (ACOX1 and CPT1) were also found to be up-regulated in response to kaempferol 

treatment which further suggested the lipid inhibitory role of kaempferol in PA-induced hepatic 

cells that might be arbitrated by the elevated lipolysis and β-oxidation.  

Recent studies have demonstrated that in addition to cytosolic lipolysis, autophagy is an 

alternative and important mechanism involved in bulk degradation of lipids in hepatocytes and 

mobilizes a large number of lipids rapidly (Dong and Czaja., 2011; Schulze et al., 2017). 

Numerous studies have reported that in lipid overload conditions such as in HFD fed condition  

autophagy is impaired in hepatocytes due to significant down-regulation of Atg7 and related 

proteins involved in the autophagic process which in turn leads to hepatosteatosis (Hsiao et al., 

2017; Yang et al., 2010). Conversely, hepatic overexpression of Atg7 has been shown to improve 

fatty liver and insulin resistance in HFD-mice (Yang et al., 2010). Consistent with these reports, 

our study also demonstrated that hepatic autophagy was impaired in PA-challenged HepG2 cells 

and livers of HFD-STZ diabetic mice. Interestingly, kaempferol treatment significantly attenuated 

the dampened autophagy in both PA-treated HepG2 cells and livers of HFD-STZ mice.   

In subsequent studies, the probable mechanism involved in the kaempferol-mediated 

induction of autophagy was determined. Numerous reports suggest that AMPK, which is 

recognized as a major sensor of energy and regulates cellular energy homeostasis, plays an 

important role in the activation of autophagy (Hardie, 2011). AMPK activates autophagy by 

downregulating mTOR phosphorylation, the major negative regulator of autophagy (Alers et al., 

2012). Recent studies strongly suggest that hyper-nutrition conditions during obesity can inhibit 

AMPK and subsequently activate mTORC1 which may further be linked to impaired autophagy 

and increased anabolic metabolism in the liver (Namkoong et al., 2018). Concurrent with previous 

reports, our results also demonstrated the reduced AMPK activity and enhanced expression of p-

mTOR in the livers of HFD-STZ treated mice as compared with the non-diabetic control mice. 

Whereas, kaempferol treatment significantly upregulated p-AMPK and downregulated p-mTOR 

expression. Moreover, AMPK siRNA further abolished kaempferol induced autophagy in PA-

challenged HepG2 cells and livers of HFD-STZ mice which indicates the involvement of 
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AMPK/mTOR pathway in kaempferol mediated autophagy induction. Our data is consistent with 

the previous finding which showed that kaempferol activated autophagy through AMPK/mTOR 

pathway in hepatocellular carcinoma cells (Han et al., 2017). 

Further, to determine the specific involvement of autophagy in kaempferol-mediated lipid 

mobilization, we used pharmacological (chloroquine) and genetic (Atg7 siRNA) inhibitors of 

autophagy which abolished the kaempferol-mediated lipid inhibitory effect. These results were 

further corroborated well with the TEM analysis showing a fusion of lipid droplets with 

autophagosomes and lysosomes, indicating the lysosomal degradation of lipid droplets. 

Collectively, these results suggested that kaempferol-mediated inhibition of hepatic lipid 

accumulation is mainly by induction of autophagy. Our results are in line with the report which 

showed that autophagy induction through rapamycin, a well-known autophagy activator, improves 

hepatosteatosis and insulin sensitivity in HFD mice (Lin et al., 2013).  

Currently, studies have shown that autophagy dysfunction due to lipid overload can lead to 

ER and oxidative stress that in turn may lead to hepatic insulin resistance which plays a central 

role in the pathogenesis of T2DM  (Kim et al., 2015). Thus, in our next phase of the study, we 

intended to determine whether kaempferol-mediated induction of autophagy could restore hepatic 

insulin sensitivity under lipid overload condition. Interestingly, kaempferol reversed ER stress-

mediated induction of CHOP and p-JNK expression in livers of HFD-STZ mice. It is well 

established that hepatic TG accumulation leads to activation of ER stress which may further 

activate JNK pathway (Kim et al., 2015). Furthermore, activation of JNK phosphorylates its 

downstream target, IRS-1 at serine sites and may lead to deactivation of Akt and inhibition of 

insulin transduction (Urano et al., 2000; Aguirre et al., 2002). Kaempferol treatment significantly 

abolished the HFD-mediated increase in IRS-1 phosphorylation; as a result, insulin-stimulated 

phosphorylation of Akt was restored. This observation is consistent with the recent report which 

showed that restoration of autophagy by means of rapamycin or resveratrol reversed hepatic ER 

stress and impaired insulin transduction in high-fructose-fed mice (Wang et al., 2015).  

In summary, all results delineated in the present study corroborate well with each other to 

arrive at the conclusion that, kaempferol-induced AMPK-mTOR mediated autophagy is involved 

in alleviation of hepatic lipid accumulation and impaired insulin signal transduction in PA-induced 
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HepG2 cells and livers of HFD-STZ induced diabetic mice which, in part, ameliorates insulin 

resistance and hyperglycemia.  To the best of our knowledge, this study provides new insights into 

kaempferol’s therapeutic potential and suggests that it could be a promising candidate for the 

prevention of obesity-linked type 2 diabetes and its impact in the functioning of liver. However, 

based on these data further detailed investigations are warranted to explore the intriguing 

mechanisms involved in the kaempferol-mediated autophagy in the restoration of hepatic insulin 

sensitivity and its plausible metabolic impacts where our data would provide a base for such 

studies. These comprehensive data would help in the establishment of a base for the therapeutic 

potential of a phytochemical like kaempferol.  
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     Chapter 9. Summary 

 
 

Diabetes mellitus is an unbeaten health challenge for humankind. Worldwide, the 

prevalence of diabetes is still rising and requires an appropriate strategy to reduce morbidity and 

mortality arising from this disorder. Although the current medicines and therapies can mitigate 

diabetes to some extent, there are several unprecedented complications. The major one of them is 

that these therapies do not significantly improve β-cell mass and function simultaneously, thus 

become less effective over time as a result of progressive stress on β-cells. Therefore, the 

protection and recovery of β–cell mass and function should be the prime target for treatment and 

prevention of T2DM (Chen et al., 2017). Currently, no antidiabetic drug has been proven 

clinically effective for the prevention of β-cell atrophy although thiazolidinediones (TZDs) and 

glucagon-like peptide-1 (GLP-1) analogues have testified being effective in animals (Gastaldelli et 

al., 2007; Tourrel et al., 2002). Recent studies showed that dysfunctional autophagy is involved in 

the loss of β-cell mass and function, hence, demonstrating pathophysiology of obesity-linked 

diabetes. Therefore, identifying agents that could restore autophagy in degenerated β-cells could 

be a better target under the current therapeutic regime. Considering the importance of above 

mentioned recent strategies and targets, the major focus of this work was to search for novel 

autophagy modulators which can protect β-cell mass and function as a principal approach in the 

prevention of obesity-linked type 2 diabetes with an additional impacts on liver functions and 

further understanding their mechanism of action in detail. This chapter is devoted to summarizing 

the major findings of the current thesis. Here we provide an overview of the entire thesis and 

message delivered, in terms of autophagy stimulatory and antidiabetic activities of flavonoids 

tested and their various targets and different modes of actions during the course of the study. 

Currently, an active area of diabetes research focuses on identifying naturally occurring 

flavonoids, a group of phytochemicals that can be modulated or developed into diabetic 

therapeutics due to their intriguing role in treating various diseases (Chang et al., 2013). Also, 

these phytochemicals because of their lesser side effects, more reliable in pharmacological actions 

and cost-effectiveness, are considered to be excellent alternative candidates in diabetes 
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management. In this study, firstly, we attempted to screen some flavonoids namely: quercetin, 

rutin, myricetin and kaempferol, which are abundant in various dietary sources, for their anti-

obesity and antidiabetic activities. 

 Obesity is a major risk factor associated with T2DM (Formiguera and Cantón, 2004). 

Obesity is an ailment in which adipocytes enlarge by accumulating an enormous amount of lipids. 

At cellular level, it is characterized by a surge in number and size of differentiated adipocytes in 

adipose tissues. Adipocytes are the primary site which stores energy in the form of lipids and 

indirectly responsible for insulin sensitivity (Smith and Kahn, 2016). Firstly, we elucidated the 

role of flavonoids in the inhibition of adipocyte differentiation. To determine the anti-adipogenic 

activity, the mouse pre-adipocytes 3T3-L1 cells were used as it has been widely accepted as a 

cellular model of adipose biology. Our study revealed that all the tested flavonoids were found to 

be effective in inhibiting the differentiation of pre-adipocytes 3T3-L1 cells to mature adipocytes 

which were confirmed by Oil Red O staining and lipid quantification assays with concomitant 

down-regulation of genes involved in adipocyte differentiation (Pparg, Fabp4 and Cebpa). This in 

vitro data revealed that among all tested flavonoids, kaempferol and rutin had the strongest 

inhibitory effects on adipogenesis.  

 In the next phase of this study, antidiabetic effects of flavonoids were determined by using 

L6 muscle cells. Insulin resistance in skeletal muscles plays a major role in hyperglycemic 

conditions associated with type 2 diabetes (DeFronzo and Tripathy, 2009). It is already reported 

that excess FFAs lead to insulin resistance in muscle cells by impairing insulin signaling (Kraegen 

and Cooney, 2008; Martins et al., 2012). In order to mimic obesity-linked insulin resistance in 

vitro, differentiated L6 muscle cells were incubated with PA, a cell-based model that has been 

widely used to determine the antidiabetic role of compounds (Dimopoulos et al., 2006; Wu et al., 

2015; Sinha et al., 2004). Our data showed that all tested flavonoids were found to be effective in 

significantly up-regulating insulin-stimulated glucose uptake which was found to be abrogated in 

PA-treated conditions. PA-treatment also showed impaired insulin signaling as evidenced by 

increased phosphorylation of ser307 in IRS-1 and decreased p-Akt which was further linked to 

decreased GLUT4 expression and all these were significantly improved by the test flavonoids. Our 

data is in line with the studies which showed that PA treatment impaired insulin-stimulated 
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glucose uptake (Dimopoulos et al., 2006; Powell et al., 2004; Olsen and Hansen, 2002; Li et al., 

2015; Wu et al., 2015). However, the PA-mediated impaired glucose uptake was restored by all 

tested flavonoids, out of which, kaempferol and quercetin showed profound activity. Further, the 

specific mechanisms involved in glucose uptake stimulatory activity of flavonoids were 

elucidated. Our study revealed that myricetin and rutin treatment exhibited increased expression of 

p-Akt and thus restores the classical signaling pathway. Our this observation is in line with the 

study which showed that restoring p-AKT in PA-induced insulin resistant muscle cells led to 

improved insulin signaling (Li et al., 2015). Conversely, it was found that kaempferol and 

quercetin showed a significant increase in the expression of AMPK phosphorylation (Thr172) 

indicative of the role of AMPK in inducing glucose uptake. This data is in agreement with the 

report that showed the commonly used antidiabetic drug, metformin, exerted their stimulatory 

effect on glucose uptake through AMPK activation (Wu et al., 2015). Taken together, we found 

that kaempferol and quercetin are the most potent anti-hyperglycemic agents out of all tested 

flavonoids to be taken up further as therapeutic agents. 

In the subsequent study, in order to validate the earlier obtained in vitro data in more 

physiologically relevant in vivo model, HFD-STZ-induced diabetic model was developed. This 

model has been extensively used in various studies to test anti-obesity and antidiabetic effects of 

various compounds (Skovsø, 2014). These animals are raised on an HFD to induce insulin 

resistance and glucose intolerance and further exposed to low dose of STZ which results in 

compromised β-cell mass and function (Skovsø, 2014). The type 2 diabetes in the induced HFD-

STZ mice was characterized by hyperglycemia, glucose intolerance, insulin resistance and 

decreased insulin secretion. To test anti-obesity and antidiabetic effects of these flavonoids, the 

developed diabetic mice were treated with these phytochemicals.  Our in vivo data revealed that all 

of the flavonoids showed a marked reduction in serum triglyceride, cholesterol and LDL levels of 

HFD-STZ-induced diabetic mice, however, only kaempferol was found to significantly improve 

serum NEFA profile at the dose tested. Furthermore, all tested flavonoids significantly improved 

blood glucose level, glucose and insulin tolerance in diabetic mice. Interestingly, among all tested 

flavonoids, kaempferol had the most promising effects on blood glucose level, glucose tolerance 

and insulin sensitivity. Collectively, in vitro and in vivo data demonstrated that out of all tested 
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flavonoids, kaempferol exhibited the most promising anti-obesity and antidiabetic effects (Fig. 

9.1).  

 

 

 

Fig. 9.1. Schematic representation showing the anti-obesity and antidiabetic activities of 

various flavonoids. Q, quercetin; R, rutin; M, myricetin; K, kaempferol. 

 

Recent studies showed that dysfunctional autophagy is involved in the loss of β-cell mass 

and function hence pathophysiology of obesity-linked diabetes (Mir et al., 2015; Masini et al., 

2009; Bartolome et al., 2004). Autophagy is a lysosomal degradation pathway of dysfunctional 

macromolecules and organelles which protects the cells from stressed conditions and acts as an 

adaptive pro-survival response. Thus, identifying agents that could restore autophagy in 

degenerated β-cells are of great importance presently. Our MDC-LysoTracker data revealed that 

PA treatment exhibited a marginal increase in MDC stained regions and limited lysoTracker 

stained regions indicative of impaired autophagy and this is consistent with a recent study which 

showed that PA impairs autophagy in pancreatic β-cells (Mir et al., 2015). Surprisingly, 
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kaempferol was found to be the most promising autophagy activator as evidenced by maximally 

increased autophagosomes and lysosomes formation with increased co-localization of both as 

compared other three tested flavonoids (quercetin, rutin and myricetin). This data is in line with 

the study which showed that kaempferol treatment increased autophagy and protected neurons in 

animal models of rotenone-mediated acute toxicity (Filomeni et al., 2012). Therefore, it can be 

hypothesized that the superior antidiabetic activity of kaempferol may also be due to the 

restoration of autophagy which in turn may improve the diabetic condition in vitro and in vivo. 

The present study thus suggested that among above-selected flavonoids kaempferol had potent 

anti-obesity, antidiabetic, and autophagy stimulating activities as obtained from initial screening 

tests. Therefore, kaempferol was chosen for further detailed and mechanistic studies for next phase 

of our study to confirm the role of kaempferol-mediated autophagy in the protection of functional 

β-cell mass and improvement of insulin sensitivity as it is well established that β-cell mass and 

insulin resistance are the two pathophysiological abnormalities associated with obesity-linked 

diabetes (Al-Goblan et al., 2014).  

 Autophagy is a dynamic and complicated process thus needs to be validated with two or 

more specific assays to rule out experimental artifacts. Though in initial screening it was found 

that kaempferol stimulates autophagy in PA-induced RIN-5F cells, we further validated 

kaempferol-mediated induction of autophagy with more specific methods such as EGFP-LC3 

puncta assay, LC3-II/LC3-I and p62 expression analysis in presence or absence of autophagic flux 

inhibitor (chloroquine) and TEM analysis. Even at lower concentration (10µM), Kaempferol 

exhibited prominent autophagy stimulatory activity in PA-stressed RIN-5F cells and rat primary 

islets which was comparable to temsirolimus (an autophagy activator). Moreover, we found that 

kaempferol-mediated restoration of autophagy was involved in the protection of β–cells from PA-

induced apoptosis as validated through pharmacological (wortmannin and chloroquine) and 

genetic (Atg7 siRNA) inhibitors of autophagy the presence of which blocked kaempferol-induced 

positive impacts (Fig. 9.2).  

 In subsequent studies, molecular mechanisms involved in the kaempferol-mediated 

induction of autophagy were analyzed. The pre-existing literature strongly suggests that AMPK is 

the positive regulator of autophagy and acts by down-regulating phosphorylation of mTOR. This 
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mTOR is a major negative regulator of autophagy that inhibits it by phosphorylating ULK1 and 

preventing AMPK-ULK1 interactions, thus concomitantly attenuating autophagy (Han et al., 

2010; Kim et al., 2011). With this as the basis, we further investigated the role of an AMPK-

mediated signaling pathway in kaempferol-induced autophagy in PA-stressed RIN-5F cells and 

primary rat islets. Our results showed that kaempferol activated the AMPK/mTOR pathway, as 

evidenced by the increased p-AMPK and decreased p-mTOR expressions. These results are 

consistent with the earlier studies which showed that kaempferol activated autophagy through the 

AMPK/mTOR pathway in Hela cells and thus exerting cytoprotection against apoptosis (Filomeni 

et al., 2010). Moreover, AMPK inhibitors (compound C and AMPK siRNA) abolished 

kaempferol-induced autophagy and subsequently increased β-cell cytotoxicity. Taken together, all 

the results delineated in the present study corroborate well with each other to arrive at the 

conclusion that, kaempferol exerts cytoprotective actions by inducing autophagy via 

AMPK/mTOR signaling pathway in PA-stressed RIN-5F cells and rat pancreatic islets (Fig. 9.2). 
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Fig. 9.2. Schematic representation showing mechanism underlying the kaempferol-mediated 
protection of β-cell mass involving autophagy. The genes/ proteins highlighted by the dotted red 
circles are the targets which were monitored and found to be involved in the kaempferol-mediated 
induction of autophagy.  
 

 In the next phase of our study, the molecular mechanism involved in cross-talk between 

kaempferol-mediated autophagy and its anti-apoptotic effect in PA-stressed β-cells were 

determined. Endoplasmic reticulum (ER) stress generated due to the accumulation of lipid in β-

cells is one of the major features of pathological conditions involved in cell death under lipid 

overload conditions. Interestingly, autophagy has been reported to be involved in the alleviation of 

lipid-induced ER stress thus protecting β-cell from apoptosis. Additionally, autophagy has also 

been reported to degrade lipid droplets in hepatocytes, however, its role in lipid metabolism of β-
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cell is rarely reported. Based on this information in this phase of study, the inhibitory effects of 

kaempferol-induced autophagy on PA-induced lipid deposition and ER stress were evaluated. Our 

studies showed that kaempferol-induced AMPK/mTOR-mediated autophagy abolished PA-

induced ER stress and lipid accumulation which seems to be one of the possible mechanisms 

involved in the kaempferol-mediated restoration of β-cell mass. Moreover, the cytoprotected RIN-

5F cells and rat primary islets were also found to be functional in nature as indicated by increased 

glucose-stimulated insulin secretion and intracellular insulin content. It is to be noted that the 

insulin-secreting capacity of β-cells is always considered to be a prominent marker of healthy 

cells. Based on these facts it could be asserted that our findings are in close agreement with the 

previous study which showed that PA inhibited glucose stimulated insulin secretion while 

stimulation of autophagy by means of rapamycin, a positive regulator of autophagy, restored the 

insulin secretion in INS1 cells (Las et al., 2011). To the best of our knowledge, this study uncovers 

a novel phytochemical based therapeutic strategy to restore pancreatic β-cell mass and function in 

obesity-linked type 2 diabetic condition (Fig. 9.3). 

 Based on these studies, Furthermore, we intended to validate our findings in more 

promising diabetic model, the HFD and STZ-induced type 2 diabetic mice. Our results exhibited 

that kaempferol treatment resulted in significant improvement in glycemic control and metabolic 

profiles in HFD-STZ-induced diabetic mice. The improved glucose homeostasis was found to be 

associated with increased insulin sensitivity. Further, it was evident that kaempferol-induced 

autophagy was involved in the alleviation of lipid deposition and ER stress which led to protection 

β-cell mass and function. Thus, our in vivo data was in accordance with our earlier in vitro 

findings. To the best of our knowledge, this is the first ever report providing evidence that 

kaempferol protects β-cell mass and function through AMPK-mTOR mediated autophagy which 

in part ameliorates diabetes in HFD-STZ induced type 2 diabetic mice (Fig. 9.3). Our data is in 

line with the recent finding which showed that the intermittent fasting, a clinically sustainable 

therapeutic strategy, stimulates autophagic flux to protect functional β-cell mass and ameliorate 

obesity-induced diabetes. 
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Fig. 9.3 Proposed mechanism of kaempferol-mediated autophagy in PA-challenged 
pancreatic β-cells and in islets of HFD-STZ diabetic mice. Palmitic acid (PA) impairs 
autophagy and induces lipid accumulation and endoplasmic reticulum (ER) stress in β-cells which 
in turn leads to loss of β-cell mass and function. Treatment with kaempferol inhibits PA/HFD-
induced lipid deposition and ER stress thus preventing apoptosis of β-cells by activating AMPK 
and inhibiting mTOR thus involving autophagy. 
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 The two pathophysiologic abnormalities which link obesity to T2DM, are β-cell failure 

and insulin resistance. Hence, in next phase of our study, we evaluated the effects of kaempferol 

on hepatic insulin resistance and insulin signal transduction in vitro and in vivo in PA-challenged 

HepG2 cells and livers of HFD-STZ-induced diabetic mice respectively. Dysfunctional autophagy 

and ER stress due to increased ectopic lipid accumulation in hepatocytes are the pathological 

manifestation involved in lipid-induced impairment of insulin signaling and thus insulin 

resistance. Therefore, lipid inhibitory effects of kaempferol were determined in in vitro and in vivo 

models. Our results showed that kaempferol exerted its lipid inhibitory effects in hepatocytes 

through induction of autophagy and β-oxidation mechanism under lipid overload conditions. 

Further, kaempferol-mediated autophagy protected the liver function in HFD fed mice in two 

ways, firstly it significantly inhibited the phosphorylation of JNK (Thr183/Tyr185) and IRS-1 

(Ser307) which was an off shoot of ER stress and secondly restoration of insulin-stimulated 

phosphorylation of Akt (Ser473). Our results are in accordance with an earlier report which 

showed that autophagy induction through rapamycin, a prominent autophagy activator, improves 

hepatosteatosis and insulin sensitivity in HFD mice (Lin et al., 2013). Together, this study 

revealed that kaempferol-induced AMPK-mTOR-mediated autophagy is involved in the 

alleviation of hepatic lipid accumulation and impaired insulin signal transduction in PA-induced 

HepG2 cells and livers of HFD-STZ-induced diabetic mice which, in part, ameliorates insulin 

resistance and hyperglycemia (Fig. 9.4).   
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Fig. 9.4. The proposed mechanism of kaempferol-mediated effects in hepatic cells. In normal 
condition, insulin binds to the insulin receptor (IR) and induces glucose uptake by activation of a 
cascade of signaling pathways. Activated IR promotes phosphorylation of insulin receptor 
substrate 1/2 (IRS1/2) at tyrosine residues and thus activates phosphoinositide-3-kinase (PI3K) 
which in turn induces and phosphorylates Akt resulting the translocation of GLUT4 to the plasma 
membrane from intracellular vesicles and inducing efficient glucose uptake. On the other hand, 
TAG accumulation activates a major serine/threonine kinases, such as JNK. JNK-mediated 
increase in the serine phosphorylation on IRS inhibits its tyrosine phosphorylation which in turn 
blocks insulin signaling pathway. However, kaempferol activates AMPK that inhibits mTOR 
phosphorylation, the major negative regulator of autophagy. Activation of autophagy impairs TAG 
accumulation and ultimately promotes insulin signal transduction by inhibiting JNK pathway that 
eventually blocks the serine phosphorylation of IRS-1. Kaempferol thus increases insulin-
stimulated Akt phosphorylation and promotes insulin signaling transduction. TAG, triacylglycerol 
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Collectively, all results delineated in the present study corroborate well with each other to 

arrive at the conclusion that, kaempferol induced autophagy is involved in the protection of 

functional β-cell mass and hepatic insulin sensitivity thus ameliorating  diabetes (obesity-linked) 

as was evidenced by in vitro cell based analyses as well as  in HFD-STZ induced diabetic mice 

models in vivo.  To the best of our knowledge, this study provides new insights into our 

understanding of kaempferol’s therapeutic potential and suggests that it could be a promising 

candidate either singly or in combination with other drugs/ chemicals for the prevention of 

obesity-linked type 2 diabetes. However, based on these data further comprehensive studies are 

warranted involving transgenic mouse models and human subjects to establish the exact cross-

talks among various pathways in causing autophagy and its associated effects by kaempferol. This 

sort of study would help in establishing the nutraceutical potential of this phytochemical where 

our data would provide a base. 
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