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Lupinus Angustifolius, a protein rich legume seed, is gaining global attention due to its 

blood glucose lowering properties in animals and humans. This research focuses on 

exploring in-vitro anti-diabetic potential of proteins extracted and purified from 

Lupinus angustifolius seed. The proteins extracted from lupin seeds were initially 

hydrolysed by digestive enzymes to mimic oral gastrointestinal proteolytic digestive 

condition. The insulin secretory property of protein extract in rat derived pancreatic β 

cell lines (BRIN-BD11 and INS-1E) was explored. The extract hydrolysate exhibited 

glucose permissive insulin secretion along with enhanced glucose metabolism 

subsequently leading to membrane depolarisation and insulin secretion in pancreatic β 

cell. Also, a novel insulin secretory mechanism of extract hydrolysate mediating 

through Gαq protein signalling transduction by activating PLC-PKC pathway and 

increasing downstream intracellular Ca2+ levels was established.  

The glucose modulating property of lupin has been attributed to a particular seed 

protein ‘γ-conglutin’ as reported from different clinical studies in animal and humans. 

Despite its potential value in diabetes, its application in nutraceutical and functional 

foods is limited. The conventional methods for purification of γ-conglutin from lupin 

seed extract involves number of steps which increases the overall cost of the process. 

Also, the purity of γ-conglutin is either not reported or calculated on the basis of semi-

quantitative techniques. Thus, an in-house γ-conglutin purification method was further 

improved with an objective to achieve pure γ-conglutin fractions. The identity of 

purified γ-conglutin was confirmed by western blotting and mass spectrometry and its 

purity was determined by sodium do-decyl sulphate polyacrylamide gel 

electrophoresis (~100%) and reverse-phase high performance liquid chromatography 

(95.2%) techniques.  

In order to evaluate its effect as oral supplements, the purified fraction of γ-conglutin 

was hydrolysed by gastrointestinal proteolytic enzymes. Later, γ-conglutin peptides 

were evaluated for their anti-diabetic properties in pancreatic β-cells and primary 

human muscle cells. γ-conglutin peptides did not exhibit insulin secretory action in β 

cells but exhibited potent insulin-mimetic action by activating different branches of 
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insulin signalling pathway responsible for glycogen and protein synthesis and glucose 

transport in muscle cells. Peptides also inhibited dipeptidyl peptidase 4 enzyme. This 

inhibitory action can potentially increase the blood levels of incretin hormones 

responsible for triggering insulin secretion in pancreatic β cells.   

The current research has identified lupin seed proteins as a valuable source of anti-

diabetic biomolecules that can improve glucose homeostasis in type 2 diabetic patients. 

The results presented herein substantiate the health benefits achieved from lupin seeds 

which can be one of the preliminary steps in driving the current market of lupins as 

stockfeed, towards lupin-based food products for human consumption.  
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1.1 INTRODUCTION 

In humans, after food intake, there is a rapid rise in blood glucose levels peaking about 

one hour after the meal. Insulin helps to transport the circulating glucose from the 

blood into the cells for the production of storage molecules such as glycogen or 

triacylglycerol, thus achieving blood glucose homeostasis. Diabetes is a chronic 

condition in which the production and/or function of insulin is impaired, subsequently 

leading to a high blood glucose level i.e. hyperglycaemic condition. Type 1 diabetes 

is an autoimmune condition where the body’s own immune system attacks pancreatic 

β cell inducing progressive depletion in β cell mass and low levels of insulin in the 

blood [1].  In type 2 diabetes, the body cells develop resistance to the normal effects 

of insulin. Due to this, pancreatic β cells produce more insulin to maintain glucose 

homeostasis and the overproduction of insulin eventually results in wear and tear of β 

cells. By the time an individual is diagnosed, there is already a loss of ~50-70% of β 

cells [2]. Thus, type 2 diabetes is a combination of early insulin resistance and 

progressive loss of β cells leading to insufficient amounts of insulin in blood [3].  

Type 1 and type 2 diabetes represents about 10-15% and 85-90% of all diabetes cases 

respectively [4]. Type 1 diabetes, known as juvenile-onset diabetes, most frequently 

begins in childhood and the peak age of diagnosis is 10-14 years [4]. It is treated by 

injecting insulin several times a day or by using insulin pumps. Type 2 diabetes 

generally affect adults over the age of 45-55 years. This condition can be initially 

managed by changing lifestyle and managing diet, maintaining a healthy weight, and 

regular physical activity [5]. Later, blood glucose levels can be maintained by proper 

medications. The medications used for the treatment of type 2 diabetes work by either 

improving body cell’s sensitivity to insulin and/or decrease glucose production in the 

liver and/or increase insulin secretion from pancreatic β cells [6]. Drugs inhibiting 

dipeptidyl peptidase 4 (DPP4) enzyme increases the level of incretin hormone 

responsible for triggering insulin secretion in pancreatic β cells and drugs inhibiting α-

glucosidase enzyme in intestine delays the degradation of starch into glucose [7, 8]. 
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As a result, inhibition of these enzymes directly or indirectly regulate blood glucose 

level in hyperglycaemic conditions. 

A diabetic condition can increase the risk of heart attack, stroke, visual impairment, 

kidney failure, amputation, depression, stress and anxiety [4]. Because of all the 

complications associated with diabetes, it is recorded as the seventh major leading 

cause of death [9]. According to the International Diabetes Federation, 1 in 11 adults 

worldwide has diabetes (425 million) and 1 in 2 diabetic adults is undiagnosed [10]. 

Medication and treatments related to diabetes are a major source of household 

expenditure in many parts of the world. The total economic cost of diagnosed diabetes 

in the USA (2017) was $327 billion [11]. People diagnosed with diabetes have medical 

expenditure 2.3 times more than people with the absence of diabetes. Also, due to the 

increasing prevalence of diabetes, the economic costs of diabetes has raised by 26% 

from 2012 to 2017 [11]. All this has imposed a huge economic burden on diabetic 

patients and/or healthcare systems in society.  

To prevent and control pathophysiological changes in diabetes, dietary interventions 

with supplements as well as functional foods are being encouraged for type 2 diabetes 

patients [12, 13]. The objectives of the dietary treatments in diabetes are to help bring 

blood glucose and lipid levels under control, prevent/reduce diabetes-related 

complications and improve health and fitness by providing balanced nutrition [14]. An 

anti-diabetic agent improves blood glucose homeostasis by (a) enhancing insulin 

secretion from pancreatic β cells (insulinotropic), (b) mimicking/improving insulin 

action in peripheral tissues (insulin-mimetics) or (c) exhibiting extra-pancreatic effects 

by inhibiting the enzymes (α-glucosidase and DPP4) which can contribute to the 

regulation of blood glucose levels [15]. Before the introduction of therapeutic drugs 

for diabetes, its treatment relied heavily on dietary supplements using traditional plant 

therapies like extracts from roots, leaves, and bark [16, 17] consisting of different 

bioactives like proteins, polypeptides, alkaloids and glycosides [18-20]. Bioactive 

compounds from plants are currently regaining the momentum as compared to 

synthetic medicines for the treatment of diabetes due to their abundant availability, 

efficacy and fewer side effects [21, 22].  
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Grain legumes are the source of protein, minerals, vitamins, dietary fibres and anti-

oxidants that have important health protective benefits [23]. Lupin (Lupinus 

angustifolius) is one of the largest legume seed crops grown in Australia and a major 

rotation crop in Western Australia [24]. It is crucial for sustainable grain production 

through its nitrogen-fixing ability [25]. Its balance of essential amino acids is 

complementary to cereal proteins. In recent years, leguminous seeds have played a 

primary role in the search for vegetable sources of proteins as a replacement for animal 

proteins [26]. Australian sweet lupin has recently been recognized as such a source 

due to its low cost, non-genetically modified status, and low levels of potentially 

hazardous phytoestrogenic compounds and alkaloids [27]. This has resulted in 

increased commercial interest in lupin as a health food ingredient and nutraceutical.  

1.2 MOTIVATION 

The majority of lupin production is consumed as ruminant, pigs and poultry feed [28]. 

Recently, however, the emerging health benefits of lupins has shifted the focus towards 

human consumption [29]. Lupin has high protein and fibre content with negligible 

sugar and starch and thus can lower the glycaemic load of the diet [26, 30]. Clinical 

studies in animals and humans focusing on hypoglycaemic actions of lupin seed based 

food preparations (bread, pasta, beverages) and/or proteins have been reported [31-

35]. This stimulated research in exploring the hypoglycaemic mechanism of action of 

lupin seed proteins. 

Identification of a bioactive is relatively straightforward as compared to investigating 

its mechanism of action. Only a few studies have demonstrated the insulinotropic 

property of lupin seed extract/protein with very limited focus on its mechanism of 

action [36, 37]. As a result, investigating signaling pathways responsible for insulin 

secretory action of lupins in pancreatic β cells will provide scientific substantiation for 

its health benefits and will help in the promotion of lupin seed as human food.  

The glucose modulating property of lupin has been attributed to a specific seed protein 

component ‘γ-conglutin’ as evaluated from different cellular and animal models and 

human post-prandial studies. In spite of its potential value in diabetes, application of 

γ-conglutin protein as a nutraceutical and pharma food is still commercially restricted. 
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This undervaluation is due to lack of an efficient food-grade scalable γ-conglutin 

purification process. The conventional method for lupin protein isolation is alkaline 

extraction of proteins from defatted lupin flour, separation of insoluble fibres 

remaining after extraction, and acidification of the extract at the isoelectric point of 

major lupin globulins (α and β) [38].  The precipitated globulins (α and β) are 

recovered by centrifugation, whereas the supernatant enriched with γ-conglutin is 

further purified by a combination of chromatographic processes (anion exchange 

followed by cation exchange coupled with zinc and insulin affinity chromatography) 

[38]. This existing lab-scale purification method involves a number of steps which 

increases the total operating cost. Also, zinc affinity chromatography can lead to 

contamination of purified γ-conglutin with leached zinc making it unfit for human 

consumption. In literature, the purity of γ-conglutin used for deducing hypoglycaemic 

mechanism of action is either not reported or calculated based on semi-quantitative 

technique like gel electrophoresis. In order to address all the above short-comings in 

the purification processes, a cost-effective purification process for selective extraction 

and purification of γ-conglutin from L. angustifolius seed flour with a minimum 

number of steps was previously optimised in our laboratory [39]. However, there is a 

need to further develop this process to improve the purity of γ-conglutin. The 

development of such a purification process yielding high purity γ-conglutin can drive 

the market of lupins from a cattle feed to anti-diabetic nutraceutical or bio-

pharmaceutical agent. 

The insulin-mimetic property of γ-conglutin peptides in derived muscle, liver and fat 

cell lines has been studied in detail [40-42]. γ-conglutin activated insulin signalling 

pathways responsible for muscle energy metabolism, glucose transport, and protein 

and glycogen synthesis in derived mouse muscle myoblasts. However, these insulin-

mimetic effects of γ-conglutin have not been validated in primary human muscle cells. 

Also, exploring other γ-conglutin antidiabetic activities like insulinotropic action in 

pancreatic β cells and inhibitory action on enzymes (α-glucosidase and dipeptidyl 

peptidase 4) responsible for directly or indirectly increasing blood glucose levels can 

help in better understanding the glucose modulating action of γ-conglutin peptides. 

Further fractionation and identification of bioactive peptide(s) can guide the 

development of innovative peptide-based nutraceuticals from lupin. 
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1.3 AIMS AND OBJECTIVES 

The primary aim of this thesis is to gain a deep insight into mechanisms underlying 

the anti-diabetic action of lupin proteins in crude extract and in purified form. 

Following are the specific objectives of this research: 

• To deduce insulin secretory (insulinotropic) mechanism of action of lupin extract 

in pancreatic β cell lines – BRIN-BD11 and INS-1E.  

• To improve the in-house cation exchange chromatography purification process 

with an objective to achieve pure γ-conglutin fractions. 

• To characterize the purified γ-conglutin by a range of analytical methods such as 

sodium do-decyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE), 

western blot, reverse phase high-performance liquid chromatography (RP-HPLC) 

and mass spectrometry.  

• To explore different potential anti-diabetic action of γ-conglutin like insulinotropic 

action in pancreatic β cells, insulin-mimetic action in human muscle cells, and 

enzyme (DPP4 and α-glucosidase) inhibitory action. 

1.4 THESIS STRUCTURE 

The thesis is divided into 6 chapters as summarised in Figure 1.1 and explained in the 

text: 
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Figure 1.1 Outline of thesis chapters 

 

• Chapter 1 gives a brief introduction to the research problems along with the 

motivation and objectives of the research work 

• Chapter 2 presents a comprehensive literature review in relation to production and 

market for lupin seeds, bioconstitutents present in the seed, their physicochemical 

properties and bioactivities associated with them. It also provides an overview of 

existing extraction and purification methods devised for separation of lupin 

proteins, in particularly, γ-conglutin. The chapter is concluded by identifying 

research gaps in existing research and by formulating different set of questions as 

starting point for further investigation. 

• Chapter 3 (experimental) focuses on extraction, purification, and hydrolysis of 

lupin proteins. First, the established in-house process protocol for extraction of 

lupin proteins and purification γ-conglutin is summarised and discussed. Later, this 

purification process is further developed and improvised with an objective to 

achieve maximum possible pure γ-conglutin. The identity and purity of eluted γ-
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conglutin fraction is determined using different analytical techniques. In order to 

evaluate the effect of both the extract and γ-conglutin as oral supplements, they are 

subjected to proteolytic gastrointestinal digestion (hydrolysis). The anti-diabetic 

action of the hydrolysates obtained at the end of hydrolysis is evaluated in further 

chapters.  

• Chapter 4 (experimental) is based on deducing the insulinotropic mechanism of 

action of crude lupin extract hydrolysate in BRIN-BD11 pancreatic β cells. This 

chapter focuses on the identification of the insulin secretory action of hydrolysate 

in β cells. Effect of the hydrolysate on glucose metabolism and classical membrane 

depolarisation mechanism involved in insulin exocytosis is discussed. Detailed 

investigation of different signalling pathways responsible for the hydrolysate’s 

insulinotropic action in β cells is accomplished. This chapter, for the first time, 

provides the evidence of insulinotropic action of lupin hydrolysate via G-protein 

receptor-mediated signal transduction (Gαq/PLC/PKC pathway) in β cells. 

• Chapter 5 (experimental) is focused on exploring potential anti-diabetic actions of 

peptides (hydrolysate) obtained from hydrolysis of pure γ-conglutin protein. 

Insulinotropic (insulin secretion) action of peptides in pancreatic β cells (BRIN-

BD11) is studied. Effect of the peptides on different branches of insulin signal 

transduction pathway in primary muscle myotubes is also investigated. Lastly, the 

inhibitory effect of peptides on the enzymatic activity of DPP4 and α-glucosidase 

enzymes is evaluated.   

• Chapter 6 is an overall conclusion of the research work by highlighting important 

new knowledge, potential outcomes and areas of improvement and suggestion for 

the future work.   
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2.1 INTRODUCTION 

Legumes include all forms of peas, beans, lentils, peanuts and other types of plants 

with seeds in pods used as food. The seeds accumulate a large number of proteins in 

their development stage that provides amino acids, carbon, and nitrogen skeleton to 

the developing seedling in its germination stage [43]. Proteins in legume seed 

constitute about ~20% (dry weight) in pea and beans with an exceptionally high 

amount (35-40%) in lupins and soybeans and can, thus, be regarded as one of the 

richest sources of plant proteins for animal and human consumption [26]. Apart from 

being a source of amino acids, legume proteins also play an important role as sources 

of bioactives and may protect against health problems in humans such as diabetes, 

cardiovascular disease, obesity, digestive malfunctions, and hypocholesterolemia [26].  

This chapter describes various health benefits of a legume seed, lupin. Initially, the 

chapter discusses the agricultural production and market for lupin seeds, the 

bioconstitutents present in the seed, their physicochemical properties, and bioactivities 

associated with them. Then, an overview of existing extraction and purification 

methods for separation of lupin proteins, particularly, γ-conglutin along with the 

associated challenges are presented. The chapter concludes by identifying the research 

gaps in current literature and the areas that need further exploration.  

2.1.1 Lupin taxonomy 

Lupinus, commonly known as ‘lupin’ (in Australia and Europe) or ‘lupine’ (in North 

America), is an ancient, large and diverse genus in the leguminous family. 

Taxonomically, lupins are classified within the class Magnoliophyta, order Fabales, 

family Fabaceae (or leguminosae), tribe Genisteae and genus Lupinus L. [44]. The 

number of species in this genus is not well defined and is estimated to be more than 

1000. However, the existing well recorded lupin species are around 280 with 164 of 

them accepted officially as species in Integrated Taxonomic Information System [28, 

45]. Out of these species, only four of them are of agronomic interest - L. angustifolius, 

Chapter 2 

Literature review 
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L. albus, L. luteus, and L. mutabilis and are produced in Australia, Denmark, Chile, 

Poland, Germany, USSR, USA, and Ukraine [46]. L. angustifolius, known as blue or 

narrow-leafed lupin, is extensively grown in Australia, whereas L. albus (white lupin) 

and L. luteus (yellow lupin) are native to Europe and Mediterranean region 

respectively [46] and L. mutabilis, known as Andean or Tarwi or pearl lupin, belongs 

mostly to the Andean region of Ecuador, Peru, and Bolivia [47]. Recently developed 

varieties of L. angustifolius are known as ‘Australian sweet lupin’ due to their low 

alkaloid content (<200mg/kg) compared to other wild lupin types (5,000 – 

40,000mg/kg alkaloids) [27]. 

2.1.2 Production 

Australia is the largest lupin producer contributing to 85% of lupin production in the 

world. Other leading producers include Chile, Belarus, Russian Federation and 

European Union producing lupin which contribute a lesser percentage as compared to 

Australia [30]. Western Australia is the leading exporter of lupin producing 80% of 

Australia’s lupin in the wheat belt tracts while the remainder is grown in southwestern 

slopes of Victoria and South Australia [29, 30]. The majority of L. angustifolius variety 

is grown in Western Australia while the L. albus variety is grown in New South Wales 

and Victoria [48].  

L. angustifolius prefer sandy acidic soil (pH 4.5-7) with a supply of manganese and 

potassium for high yield and grain quality [25]. Being a leguminous crop, they fix 

nitrogen in the soil with the deep root system and, thus, can tolerate infertile soil. Since 

lupins have hard seed coat and low moisture content they can be stored for several 

years. Lupin production in Australia peaked in 1980s and 1990s before the prevalence 

of weed issues [25]. Eventually, due to low prices, growers opted for canola cultivation 

instead of lupin as a rotation crop. As a result, the production of lupin fell from 

1200,000 hectares/tonnes in 1998 to 700,000 hectares/tonnes in 2016 [29]. 

Optimistically, cultivation of new varieties resistant to different pests and viruses 

coupled with continuous awareness and promotion of health benefits from lupin seeds 

should escalate lupin production again in the near future.  
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2.1.3 Market 

The majority of lupin production is primarily consumed as ruminant feed followed by 

pigs and poultry feed with small percentage used in aquaculture [28]. Western 

Australia is a leading exporter of lupin to Germany, Japan, Malaysia, Netherland and 

South Korea [30]. Lupins are valued at 70 to 75% of soybean meal price in the export 

market [29]. Even though a decreased percentage of lupin production (~4%)  is 

consumed in human food, it is estimated that around 500,000 tonnes of food (bread, 

pasta, noodles) with lupin flour, flakes, hull, splits, and kibble is increasingly being 

produced each year in European countries [29]. Overall, lupins are being used as 

animal feed in most of the markets, however, emerging health benefits in diabetes, 

cardiovascular and obesity diseases in recent years is increasing the development of 

lupin-based food products for human consumption [49, 50]. 

2.1.4 Allergens 

Due to high protein and fibre content, there is a growing development of lupin in food 

products for human consumption and thus allergenicity to lupin-based products should 

be considered. ‘Lup an 1’ (55-61 kDa β-conglutin protein from L. angustifolius) and 

‘Lup a 5’ (15 KDa profilin peptide from L. albus) allergens have been identified and 

recorded in the International Union of Immunological Societies database  [51, 52]. 

Since, the properties of these allergens are found similar to major peanut allergen, Ara 

h1, people allergenic to peanuts might also show a reaction to lupin [53]. The 

prevalence of lupin allergy seems to be very low (<1%) in the population that have 

consumed lupin-based food products. Only a few reports [54, 55] on lupin allergy in 

Australia has been accounted and there is a further need to establish a clinical 

assessment for lupin allergenicity in order to help with its risk management. In 2017, 

lupin was added in the list of allergens to be declared on food products in Australia to 

inform potentially sensitive consumers of the risks [56]. 

2.2 CHEMICAL COMPOSITION OF LUPIN SEEDS 

Lupin seeds are dicotyledonous in structure. The seed is composed of ~25% hull (seed 

coat) and 75% cotyledons (kernels).  The cotyledons are made of outer thickened cell 
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wall region (25-30%) consisting of pectin like dietary fibres whereas the inside region 

comprises of proteins, fats, oligosaccharides, starch, phytic acid, and water [46, 57]. 

Different chemical constituents present in the seed are discussed below: 

2.2.1 Carbohydrates 

Lupins seeds have low starch content (<1.5%) and the major carbohydrate content 

(~40%) consist of non-starch polysaccharides (dietary fibres) [58]. Lupin hulls 

predominantly comprise non-starch polysaccharides like cellulose, hemicellulose, and 

pectins with small amounts of proteins and lipids. The outer region of cotyledons 

contains non-starch polysaccharides consisting mainly of galactose, arabinose, and 

uronic acids whereas the inner region contains ~5-12% of oligosaccharides like 

raffinose (trisaccharide), stachyose (tetrasaccharide), verbascose (pentasaccharide), 

and ajugose (hexasaccharide) [59]. Raffinose has one galactose linked to sucrose 

whereas stachyose, verbascose, and ajugose have 2, 3, and 4 such galactose residues 

respectively [59]. Lupins have high protein and fibre content with negligible sugar and 

starch. It can lower the glycaemic load of the diet legumes thus having positive 

implications in the treatment of diabetes [27]. 

2.2.2 Lipids 

The fat content varies considerably within different lupin species with a maximum in 

L. albus (~10.7% of seed) and minimum in L. angustifolius and L. luteus (5.6-5.9% of 

seed) [59, 60]. The major fatty acids (% of oil) present in these species are palmitic 

acid (0.6-7.6%), stearic acid (1.5-3.0%), oleic acid (31.5-47.6%), linoleic acid (20.3-

46.9%), and linolenic acid (2.6-9.2%) [61]. Apart from the fats and fatty acids, the 

other components like triglycerides, phospholipids, sterol, wax esters, and 

hydrocarbons are also present in lupin oil [28].  Lupin oil can be used in bakery, meat 

and sausage goods. Due to the presence of high oleic acid content, it has also been 

used in anti-wrinkle cosmetic formulations [62]. 

2.2.3 Proteins 

Lupin is one of the richest source of proteins (35-40% w/w of seeds) among legumes 

[27]. Lupin proteins, when combined with cereal proteins, makes them almost 
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nutritionally equivalent to animal proteins [27]. This legume has relatively less anti-

nutritional properties such as proteinase inhibitors or hemagglutinins compared to 

other legume grains like soybean, peas, string beans [63]. Lupin, when mixed with 

wheat flour, increases the amino acid score equivalent to egg proteins. Moreover, lupin 

proteins have excellent emulsifying properties and thus are used as egg substitute in 

different bakery products [64]. The amino acid profile of proteins in lupin seed is high 

in leucine, lysine, arginine, and phenylalanine as compared to soybean seed proteins 

[58]. 

The majority of proteins in legumes are located in the storage vacuoles of cotyledons 

and are referred to as storage proteins serving as basic carbon and nitrogen source to 

the growing plantlet. According to Osborne classification, these seed proteins can be 

divided into four classes depending on their solubility: albumin (water soluble), 

globulins (soluble in 10% NaCl), prolamins (alcohol-water soluble) and glutenins 

(dilute acid/alkali soluble) [65]. Lupin seed proteins are majorly classified into 

albumin and globulin present in ~1:9 (albumin/globulin) ratio [66]. Minor fractions of 

prolamins have also been detected [67]. Albumins are represented as functional 

proteins of the seed due to their role in plant defence systems (hydrolase inhibitors and 

lectins) or as metabolic enzymes related to storage function of cotyledonary tissues, 

whereas, globulins are generally seed storage proteins and are referred as ‘conglutins’ 

[68].  

Molecular features of lupin conglutins 

On the basis of electrophoretic mobility, Blagrove and Gillespie further separated lupin 

conglutins into four major fractions as α and β-conglutins (major fraction), γ and δ-

conglutins (minor fraction) [66]. Structural molecular features lupin conglutins' (L. 

albus) has been summarised in Table 2.1. 
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Table 2.1 Summary of lupin conglutins' (L. albus) molecular features. Source: [38] 
Cong-

lutin 

% of total 

globulins 

Native protein Monomer composition Glycosylat

-ion Mol. 

wt. 

pI Quaternary 

structure 

Subunit 

name 

Mol. 

wt. 

pI 

α 35-37 330-430 5.1-5.8 Hexamer Acidica 

Basica 

42-52 

20-22 

4.5-4.7 

6.7-8.6 

Yes/Nob 

No 

β 44-45 143-260 5.0-6.0 Trimer HMW 

IMW 

LMW 

53-64 

25-46 

17-20 

5.1-5.7 

5.3-8.4 

4.2-5.0 

Yes 

Yes/Nob 

Yes/Nob 

γ 4-5 200 7.9 Tetramer Largea 

Smalla 

29 

17 

8.2-8.9 

5.8-6.6 

Yes 

No 

δ 10-12 13 Acidic monomer Largea 

Smalla 

9 

4 

4.1-4.3 

n.d. 

No 

No 

Mol. Wt.: Molecular weight, pH(I): isoelectric point, HMW: High molecular weight, IMW: 

Intermediate molecular weight, LMW: Low molecular weight. 
a covalently linked disulphide bond(s). 
b not all peptides are glycosylated. 

α-conglutin, belonging to 11S globulin family (legumin like globulin), accounts for 

35-37% of total globulins in lupin seeds (L. albus) [69]. It is a hexameric oligomer 

acidic protein (330-430KDa) consisting of acidic (42-52KDa) and basic subunits (20-

22KDa) as observed in reducing and non-reducing SDS-PAGE analysis (Figure 2.1; 

lane 1 and 2) [38]. Some of the acidic subunits of α-conglutin are glycosylated [70]. 

The α-conglutin is located in the storage vacuoles of cotyledons and functions as 

storage protein for the plantlet’s development [71].  

β-conglutin, the most abundant protein among globulins (44-45%), belongs to 7S 

globulin family called as vicilin-like globulin [69]. The native conformation of β-

conglutin is a trimer (143-260KDa) consisting of a number of monomeric polypeptides 

in the range from 16 – 70KDa. The reducing and non-reducing SDS-PAGE profile of 

β-conglutin indicates the absence of any disulphide bonds (Figure 2.1; lane 3 and 4) 

[38]. Like α-conglutin, β-conglutin is also a storage protein found in cotyledonary 

protein bodies [71].  

γ-conglutin, unique basic 7S protein, accounts for 4-5% of total proteins in lupin seeds 

[69]. It is equally soluble in water and in salt solutions. At neutral pH, γ-conglutin 

exists in its native tetrameric [72] or hexameric [66] form. The transition from tetramer 
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(200Kda) to monomer (48Kda) occurs when the pH shifts from neutral to acidic (pH 

4.5) [73]. Each monomer is composed of a heavy subunit (29kDa) and a light subunit 

(17KDa) linked together by disulphide bonds (Figure 2.1; lane 5 and 6) [74]. The 

heavy subunit is glycosylated by link to mannose and glucosamine sugar units [75]. 

Like other conglutins, γ-conglutin is also located in the protein bodies of developing 

seeds. However, its unusual resistance to degradation during germination and 

proteolysis (in-vitro) suggests that protein probably has non-storage role like other 

basic 7S globulins storage protein [70]. 

δ-conglutin, a 2S sulphur-rich albumin, is present in very low content (~3-4%) in lupin 

seeds [69]. It is a monomeric low molecular weight (13KDa) protein consisting of 

heavy (9KDa) and light (4Kda) polypeptide subunits connected by disulphide linkages 

(Figure 2.1; Lane 7 and 8) [38]. Its location in seed and biological function are not yet 

known.  

 

Figure 2.1 Non-reducing (lane 1,3,5 and 7) and reducing (2,4,6 and 8) SDS-PAGE 

profile of purified L. albus conglutins (α, β, γ, and δ) 

 

2.2.4 Alkaloids 

The total alkaloid content in lupin range between 0.01 – 4% (%w/w of seed) depending 

on the species and its cultivation conditions [76]. The quinolizidene (and its 
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derivatives) alkaloids predominate in the lupin species of agricultural importance. 

Australian sweet lupins contain 4 types of alkaloids: lupanine 0.98 to 73.0 %, 13-

hydroxy lupanine 15.6 – 71.1 %, angustifoline 0 – 49.8 % and isolupanine 0 – 34.0 % 

of total alkaloid content [77]. Alkaloids extracted from the lupin seed was reported to 

exert hypoglycaemic effects in type 2 diabetic humans and rats and increased insulin 

secretion from pancreatic islets [78, 79]. 

2.2.5 Other components 

Carotenoids are the pigments synthesized by plants. Recent studies have explored their 

antioxidant activity, role in regulating the immune system and controlling cell growth 

and differentiation [80]. The total carotenoids in different lupin species range from 

53μg/g to 229.73μg/g (weight of seed) with predominant forms being lutein, 

zeaxanthin, β-carotene, and lycopene [81]. Lupin seeds also show the presence 

polyphenolics, tocopherols, and tannins which have anti-oxidant activity [82]. The 

mineral content of lupin (L. angustifolius) varies from 3.2-4.6g/100g dry matter, 

typically containing calcium, magnesium, sodium, and potassium ions and trace 

elements like iron, zinc, and copper [27]. 

2.3 ANTI-DIABETIC PROPERTIES ASSOCIATED WITH CONSTITUENTS 

IN LUPIN SEEDS 

After food intake, starch breaks down into glucose molecules by the gastrointestinal 

enzymes. In the absorptive stage, the intestinal cells absorb glucose resulting in a rise 

in blood glucose level. In the post-absorptive stage, glucose from blood gets 

transported into cells and is metabolised to generate energy and excess glucose is 

stored as glycogen. Subsequently, the blood glucose level falls. The normal 

physiological fasting glucose concentration lies between 3.3-6.1 mmol/L. Glucose 

concentration below and above this range results in hypoglycaemia and 

hyperglycaemia respectively. In the absorptive stage, an increase in glucose 

concentration triggers the release of insulin from pancreatic β cells. Insulin stimulates 

glucose transport into muscle, adipose, and liver cells. Insulin also promotes glycolysis 

(glucose metabolism to release energy), glycogenesis (conversion of glucose to 

glycogen for storage), and inhibition of lipolysis (breakdown of lipids to release 



16 

 

energy), thus, overall reducing blood glucose level. Several hours after food intake, in 

the post-absorptive stage, both levels of insulin and glucose fall down. This triggers 

the release of glucagon from pancreatic α cells. Glucagon, as opposite to insulin’s 

function, increases blood glucose level by stimulating glycogenolysis (conversion of 

glycogen into glucose) and gluconeogenesis (production of glucose from lactic acid 

and other metabolites) in liver cells. Besides insulin and glucagon, other hormones 

also help in blood glucose homeostasis. Increased post-prandial glucose concentration 

causes the release of somatostatin from pancreatic δ cells. Somatostatin inhibits gut 

motility, nutrient absorption and release of pancreatic digestive enzymes. On contact 

with food, intestinal cells release gastrin, cholecystokinin and incretin hormones that 

stimulate insulin secretion from pancreatic β cells. In this manner, through negative 

and positive feedback mechanisms glucose concentration is maintained in blood [83]. 

Pancreatic β cells secrete insulin in a glucose-dependent manner. With an increase in 

plasma glucose levels, glucose enters pancreatic β cells through the glucose transporter 

2 (GLUT2) and the enzyme glucokinase, glucose sensor, allows the β cell to respond 

to a physiological rise in glucose concentration. Glucose is subsequently metabolised 

via glycolysis, citric acid cycle and mitochondrial oxidative phosphorylation pathways 

which generate different coupling factors and increases adenosine triphosphate (ATP) 

/ adenosine diphosphate (ADP) ratio [84]. ATP is one of the important signalling 

molecules in β cells with respect to insulin secretion. Increase in ATP/ADP ratio 

causes closure of ATP dependent potassium channels (K-ATP) leading to a rise in β 

cell membrane potential [84]. The membrane depolarisation eventually opens the 

voltage-dependent L-type calcium channels followed by the influx of calcium ions in 

the cells. This elevation of calcium ions can drive insulin exocytosis in the presence of 

ATP and other metabolic signalling molecules ultimately increasing blood insulin 

levels [85]. 

The evidence for nutritional and health benefits of lupin is growing rapidly. Various 

reviews have showcased its health benefits in different metabolic dysfunction 

conditions like diabetes, hyperlipidaemia, and cardiovascular disease [38, 86, 87]. The 

anti-diabetic action i.e. hypoglycaemic effect of lupin has been explored in detail in 

different animal and cell models. The in-vivo animal studies involve usage of different 

normal (healthy) and diabetic animal models. Streptozotocin, an anti-neoplastic agent 
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particularly damages pancreatic β cells, thus, hampering production of insulin [88]. 

This induces hypoinsulinemic and hyperglycemic conditions in animals resulting in 

development of diabetic model. Insulin resistant model is generated by feeding animals 

with either high carbohydrate (fructose/sucrose) or high fat (free fatty acids) diet for a 

long period of time until they develop resistance to insulin [89]. 

Reduction in glucose and insulin levels with positive effects on satiety, palatability, 

and food intake was observed in volunteers consuming lupin (L. angustifolius) bread 

breakfast compared to volunteers eating white bread breakfast [33-35]. Decreased 

acute glycaemic response and increased insulin and C-peptide serum levels were found 

in type 2 diabetic individuals consuming lupin and soy (protein and fibre) beverages 

[32]. Prolonged administration of L. albus dry extract (manufactured by Vital 

laboratory; Ben Arous, Tunisia) for 12 weeks improved the fasting and post-prandial 

serum glucose concentration and insulin sensitivity in type 2 diabetic Tunisian patients 

[90]. Also, lupin seed powder when combined with anti-hyperglycaemic drugs like 

metformin and gliclazide displayed a synergistic hypoglycaemic effect in diabetic rats 

and improved the overall biochemical parameters like body weight, serum insulin, 

glycated hemoglobin, and lipid profile [91, 92]. All these animal and clinical trial 

studies indicated that bio-constituents in lupin seed might have a significant beneficial 

role in diabetes prevention and control. However, a thorough investigation in 

understanding its mode of action is necessary before its application as a nutraceutical 

agent. An insulinotropic (insulin release or secretion) study of lupin extract reported 

an increase in insulin secretion at high glucose concentration in pancreatic β cells [36]. 

Lupin extract is a mixture of macro (proteins, peptides, carbohydrate) and micro 

(alkaloids, polyphenols, amino acids, di-tri saccharide) biomolecules which either 

alone or in combination might be responsible for its anti-diabetic action. Out of these 

biomolecules, alkaloids and proteins from lupin extract have been reported to modulate 

serum glucose levels. Anti-diabetic properties associated with them have been 

discussed in following sections.  

2.3.1 Alkaloids 

Low levels of quinolizidene alkaloids are present in L. albus and L. angustifolius seed. 

Alkaloids extracted from the lupin seeds demonstrated a hypoglycaemic effect in type 
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2 diabetic humans and rats [79, 93]. These alkaloids also improved insulin secretion 

in rat islets by mediating their action through closure of K-ATP channels and 

stimulated insulin secretion in glucose-dependent manner [36, 37]. Similar 

insulinotropic action along with an increase in expression of gene encoding insulin 

(Ins-1) was observed in derived insulin secreting β cell line – INS-1E on treatment 

with lupanine and its derivatives [94]. Lupanine reduced blood glucose levels and 

improved glycaemic control in streptozotocin-treated diabetic rats [94]. Thus, the anti-

diabetic action of lupin can, at least partially, be attributed to alkaloids present in the 

extract, however, further investigation in deducing their mechanism of action is 

required.  

2.3.2 Proteins 

Dietary proteins have shown to attenuate the postprandial hyperglycaemia by either 

slowing down gastric emptying rate or delaying absorption of glucose or stimulating 

insulin secretion by releasing incretin hormones that augment insulin release from 

pancreatic β cells [95-97]. Lupin proteins and peptides, apart from being an amino acid 

suppliers, exhibited their role in controlling blood pressure (hypertension), plasma 

lipids (hypercholesterolemia) and glucose concentrations (hyperglycaemia) in 

different mechanistic ways [49, 50]. Here, the clinical, animal, cellular and molecular 

studies related to the anti-diabetic action of lupin proteins is discussed.  

The lupin protein responsible for hypoglycaemic action has been identified to be γ-

conglutin in most of the reports except for two that attribute the anti-diabetic action of 

lupin proteins to β-conglutin [98, 99]. Isoforms of recombinant β-conglutins (β1, β3, 

and β6) (a) increased the glucose uptake which subsequently improved insulin 

secretion, (b) up-regulated mRNA expression of key mediators involved in insulin 

signalling pathway, (c) activated intracellular insulin receptor substrate (IRS) / 

phosphoinositide kinase-3 (PI3K) pathway involved in glucose homeostasis and (d) 

improved cell oxidative stress in an insulin-resistant pancreatic β cell model [98, 99]. 

Apart from these reports, γ-conglutin has been identified as the main anti-

hyperglycaemic component in lupin seed. This information has been summarised in 

Table 2.2 and is discussed below: 
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2.3.2.1 γ-conglutin protein 

Clinical and Animal studies 

Pasta enriched with γ-conglutin peculiarly diminished the serum glucose concentration 

after glucose overload compared to pasta with other lupin isolates (α+β+δ conglutins), 

or ovalbumin control [31]. In addition, reduction in food intake and bodyweight was 

observed in rats consuming pasta supplemented with lupin protein isolates. Also, the 

structure of γ-conglutin was not degraded during the preparation process of pasta [31]. 

In another report, a dose-dependent reduction of blood glucose levels was observed on 

acute oral administration of purified γ-conglutin in rats [100]. Similar acute 

hypoglycaemic effect was also detected in healthy mouse models and human 

volunteers administered with γ-conglutin enriched preparations [101]. Like the acute 

effects, chronic treatment of γ-conglutin exhibited a reduction in plasma glucose and 

insulin levels in rats supplied with 10% D-glucose water for 3 weeks [92]. Increased 

levels of Ins-1 gene expression and pancreatic β cell insulin content was reported in 

streptozotocin-induced type 2 diabetic rat models after administration of γ-conglutin 

[102]. In all these studies, γ-conglutin displayed its hypoglycaemic action only at high 

glucose concentration and not at normal glucose concentration, thus, preventing 

hypoglycaemic episodes at normal glucose concentration. These studies highlighted 

the potential use of γ-conglutin in food supplements for diabetic patients. The major 

tissues responsible for clearing glucose from blood are muscle, liver and adipocyte 

tissues which become insulin resistant in type 2 diabetes [103] and, thus, these cell 

models were used to investigate the insulin-mimetic mechanism of action of γ-

conglutin. 

Mechanistic studies in hepatocytes/liver cell lines 

The liver maintains blood glucose levels by creating a balance between glucose 

production (gluconeogenesis) and glucose storage in the form of glycogen 

(glycogenesis). Observation of the internalization of intact γ-conglutin and its 

phosphorylation at multiple sites in human liver carcinoma cell line (HepG2) was 

proposed as the first step in hypoglycaemic mechanism of action [104]. HepG2 cells, 

on exposure to γ-conglutin for 24 to 48 hours, increased glucose consumption when 

cultured in high glucose concentration [92]. GLUT2, a primary transporter of glucose 
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between blood and liver, is encoded by the Slc2a2 gene [105]. The γ-conglutin 

treatment increased the expression of this gene in the hepatic tissue of type 2 diabetic 

rat model and augmented glucose uptake/consumption in liver cells [106].  

A typical characteristic of type 2 diabetes is abnormally high glucose production by 

the liver [107]. Hepatic glucose-6-phosphatase (G6Pase) and phosphoenol pyruvate 

carboxykinase (PEPCK) are the key enzymes activating the hepatic gluconeogenic 

pathway. In type 2 diabetes, overexpression of these enzymes increase the rate of 

glucose production and consequently augment the release of  glucose into the blood 

[108]. It was reported that γ-conglutin reduced the expression of G6pc and Pck1 genes 

(responsible for encoding G6Pase and PEPCK enzymes respectively) in hepatic tissues 

isolated from an insulin-resistant rat model resulting in attenuation of liver glucose 

production [109]. A recent publication corroborated similar reduction of 

gluconeogenesis and PEPCK expression levels in HEPG2 cells on treatment with γ-

conglutin hydrolysates absorbed through intestinal epithelial cells [40].  

Usually, diabetic patients have the same total cholesterol level and high-density 

lipoproteins as the general population but the levels of low-density lipoproteins (LDL) 

and triglycerides in the blood are higher. Sirtori et al., found that γ-conglutin stimulated 

LDL receptor-mediated uptake of LDL in HepG2 cells, thus, extrapolating its potential 

use in hypercholesterolemia [110]. 

Mechanism studies in muscle cell lines 

The insulin-mimetic property of γ-conglutin was explored in the immortalized mouse 

myoblast cell line C2C12. Figure 2.2 summarises the activation of different 

intracellular proteins of the insulin signalling pathway by γ-conglutin in this cell line 

[41]. In brief, γ-conglutin phosphorylated IRS leading to activation of PI3K and 

phosphorylation of protein kinase B (Akt-1) eventually associated with glucose 

homeostasis. Like insulin, γ-conglutin also stimulated cellular protein synthesis by 

activating downstream targets such as phosphorylation of ribosomal protein S6 kinase 

(p70S6K) and eukaryotic translation initiation factor (eIF4E). It also increased 

flotillin-2 and caveolin levels which are responsible for translocation of intracellular 

glucose transporter 4 (GLUT4) vesicles to the membrane, thus, facilitating glucose 
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transport from serum into the cell [111]. Lastly, γ-conglutin influenced muscle cell 

differentiation and regulated muscle energy metabolism [41]. 

 

Figure 2.2: Activation of different intracellular proteins of the insulin signalling 

pathway by γ-conglutin in C2C12 cells [41] 

Mechanism studies in adipocytes 

Overweight and obese patients are often found to be present with metabolic disorders 

and diseases such as dyslipidemia, cardiovascular problems, risk of stroke, high cancer 

risk, and risk of type 2 diabetes. In these patients, an excess of fat deposition in tissues 

results from hypertrophy and hyperplasia of adipocytes and differentiation of pre-

adipocytes into mature adipocytes [112]. γ-conglutin suppressed differentiation of pre-

adipocytes (3T3-L1 cells) into mature fat cells by (a) downregulating the mRNA 

expression of adipogenic transcription factors (Pparγ, C/ebpα, Fabp4, leptin) involved 

in the differentiation process and (b) decreasing accumulation of lipid content in the 

cells [42]. The γ-conglutin peptides, absorbed through intestinal epithelial cells (Caco-

2) assisted in translocation of GLUT-4 receptors to the membrane, thus, increasing 

glucose uptake in adipocytes in an in vitro model [40].  
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Table 2.2 literature reported hypoglycaemic actions of γ-conglutin from lupin seeds 

Animal Diet/Model 
Treatment period 

and groups 

γ-conglutin 

characterisation 
Test Outcomes of γ-conglutin treatment Reference 

Clinical study 

Healthy 

human 

volunteers 

Healthy diet Acute treatment 

(30mins): 

• Control (placebo) 

• γ-conglutin 

enriched extract 

(750, 1500, 3000 

mg/volunteer) 

 

60.0±7% γ-

conglutin in the 

extract (by 

SDS-PAGE)  

• Oral glucose 

overload test  

• All hemodynamic parameters stable. 

• Dose-dependent reduction in blood glucose 

level (75% and 79% of placebo with 1500 

and 3000mg/kg concentration respectively). 

• No modification in overall insulin response. 

[101] 

Animal studies 

Rat Standard rat 

diet 

Acute treatment 

(30mins):  

• Control (vehicle) 

• Metformin 

(50mg/kg) 

• γ-conglutin (30, 

60, 120 mg/kg 

BW) 

γ-conglutin 

analysed by 

SDS-PAGE 

(purity not 

mentioned) 

• Oral glucose 

overload test 

• Dose dependent reduction in blood glucose 

level.  
[100] 

Rat Standard rat 

diet 

Acute treatment 

(30mins):  

• Control (vehicle) 

• Metformin 

(50mg/kg) 

60.0±7% γ-

conglutin in 

extract (by 

SDS-PAGE) 

• Oral glucose 

overload test 

• Dose dependent reduction in blood glucose 

level (14%, 42%, 64% reduction with 50, 

100 and 200mg/kg concentration 

respectively compared to control). 

[101] 
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• γ-conglutin 

enriched extract 

(50, 100, 200 

mg/kg BW) 

Rat 10% D-

glucose in 

drinking water 

for 1 week (2-

3g daily 

intake/rat) 

Chronic treatment (3 

weeks): 

• Control (vehicle) 

• D-glucose+ γ-

conglutin  

enriched 

preparation 

(100mg/kg BW) 

• D-glucose + 

vehicle 

28% (w/w) γ-

conglutin in 

preparation (by 

SDS-PAGE) 

• Blood glucose and 

insulin level  

• Oral glucose 

overload test  

• Attenuation in the rise of blood glucose (1.9 

fold) and insulin (1.8 fold) levels compared 

to D-glucose + vehicle group. 

• Reduction in insulin resistance (expressed 

by HOMA-IR**) by 2.3fold compared to D-

glucose + vehicle group. 

• Glucose overload test – Reduction in blood 

glucose level (by 25%) compared to D-

glucose + vehicle group. 

[92] 

Rat STZ induced 

T2D model 

Chronic treatment (1 

week): 

• Control (vehicle) 

• Glibenclamide 

(10mg/kg BW) 

• γ-conglutin 

(120mg/kg BW) 

γ-conglutin 

analyzed by 

SDS-PAGE  

(purity not 

mentioned) 

• Blood glucose and 

insulin level  

• β cell insulin 

content and 

• Ins-1gene 

expression 

• Reduction in serum glucose level (17%) and 

an increase in insulin level (63%) compared 

to glucose level before treatment. 

• Increase in % insulin content than control. 

• Increase in Ins-1 gene expression (1.77 fold) 

than control. 

[102] 

Rat IR Group- 

Insulin 

resistant rat 

model – 30% 

sucrose in 

Chronic treatment (1 

week): 

• Control (vehicle) 

• Metformin 

(300mg/kg BW) 

γ-conglutin 

analysed by 

SDS-PAGE  

(purity not 

mentioned) 

• Serum glucose and 

insulin level 

• Gene expression of 

enzymes involved 

in hepatic 

gluconeogenesis 

• Increase in glucose level (27% - IR group 

and 16% - STZ group) compared to control 

• Decrease in insulin level in IR group (38%) 

and increase in STZ group (46%) compared 

to control. 

•  No renal and hepatic damage/lesions 

observed. 

[109] 
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drinking water 

for 20 weeks 

STZ Group- 

STZ induced 

T2D model 

• γ-conglutin 

(120mg/kg BW) 

(treatments for IR 

and STZ group) 

(G6pc, Pck1, 

Fbp1) 
• Increase of G6pc expression in IR and STZ 

group, decrease of Pck1 expression in IR 

group and increase in STZ group, decrease 

of Fbp1 expression in IR group and increase 

in STZ group. 

Rat STZ induced 

T2D model 

Chronic treatment (1 

week): 

• Control (healthy) 

• STZ control group 

• STZ group + γ-

conglutin 

(120mg/kg BW) 

γ-conglutin 

analysed by 

SDS-PAGE  

(purity not 

mentioned) 

• Serum glucose 

level 

• GLUT2 content in 

pancreatic islets 

• Slc2a2, Pdx-1, Gck 

gene expression in 

islets and hepatic 

tissue 

• Reduction in serum glucose level (18%) 

compared to glucose level before treatment. 

• Reduction in GLUT2 protein content (1.6 

fold) compared to STZ control group. 

• Pancreatic tissue – increase in expression of 

Slc2a2 (1.7 fold) and Pdx-1 (1.12 fold) 

compared to STZ control; Gck expression 

was not quantifiable. 

• Hepatic tissue – increase in expression of 

Slc2a2 (1.26 fold) but decreased levels of 

Gck (0.56 fold). 

[106] 

Cellular mechanism studies 

HepG2 - • Control 

• Insulin 

• Metformin 

• γ-conglutin 

(10μM) with and 

without insulin 

and metformin 

γ-conglutin 

analysed by 

SDS-PAGE  

(purity not 

mentioned) 

• Glucose 

consumption at 

5.5,11.1, 16.5mM 

glucose 

concentration in 24 

to 48 hour 

• At normal glucose concentration (5.5mM) - 

no glucose consumption by cells. 

• At high glucose concentration – increase in 

cellular glucose consumption (γ-conglutin in 

presence and absence of Met and Insulin). 

[92] 

HepG2 - • Control 

• γ-conglutin 

(10mM) 

- • Time course (0.5, 

3, 6, 24hours) 

study of γ-

conglutin uptake 

• Intracellular accumulation of γ-conglutin at 

6hr incubation with cells (confocal 

microscopy). 

[104] 
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• Detection of intact γ-conglutin in the cell 

lysate (2D electrophoresis). 

• Phosphorylation of internalised γ-conglutin 

(Mass spectrometry). 

Dual 

layered 

Caco-2 

with 

HepG2  

- • Control 

• Metformin 

• γ-conglutin 

hydrolysates (5 

and 2mg/ml) 

γ-conglutin 

analysed by 

SDS-PAGE and 

immunoblot  

(purity not 

mentioned) 

• Glucose 

production 

(gluconeogenesis) 

• expression of 

phosphoenol 

pyruvate 

carboxykinase in 

cell lysate 

• Co-culturing of Caco-2 and HepG2 cells to 

mimic gastrointestinal digestion absorption 

condition. 

• Decrease in glucose production in HepG2 

cells (effect similar to metformin) by 

absorbed peptides through Caco-2 cell 

monolayer. 

• Decrease in phosphoenolpyruvate 

carboxykinase expression. 

[40] 

HepG2 - • Control 

(Lipoprotein 

deficient serum) 

• Total protein 

extract (125, 250, 

500mg/ml) 

• γ-conglutin (125, 

250, 500mg/ml) 

- • Detection of 

isoflavones in 

lupin protein 

extract and γ-

conglutin 

• LDL receptor 

mediated uptake 

and degradation 

• Isoflavones below limit of detection (mass 

spectrometry). 

• Upregulation of LDL-receptor (21-53%) 

thus involved in mechanism for reduction of 

cholesterolemia. 

[110] 

C2C12 

myoblasts 

- • Control 

• γ-conglutin  

(10 μM) 

• Insulin 

• Metformin 

γ-conglutin 

analysed by 

SDS-PAGE and 

immunoblot  

(purity not 

mentioned) 

• Exploring 

activation of 

intracellular 

kinases in insulin 

signalling pathway 

at 5, 10, 20 , 30 

mins) 

• Activation of IRS-1/PI-3K pathway involved 

in glucose homeostasis. 

• Activation of eIF4E and p70S6K responsible 

for cell protein synthesis. 

• Increase in levels of follitin-2 and caveolin-3 

associated with GLUT-4 translocation. 

[41] 
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• Increase in the accumulation of myosin 

heavy chain and myogenin (differentiation 

markers) in myotubes. 

3T3-L1  - • Control 

• γ-conglutin (1, 

2.5, 5μM) 

- • mRNA expression 

of adipogenic 

transcription 

factors  

• lipid content 

• Suppression of pre-adipocyte differentiation 

into mature fat cells by (a) downregulation 

of adipogenic transcription factors (Pparγ, 

C/ebpα, Fabp4, leptin) and (b) diminished 

lipid accumulation 

[42] 

Dual 

layered 

Caco-2 

with 3T3-

L1 

- • Control 

• Insulin 

• γ-conglutin 

hydrolysates (5 

and 2mg/ml) with 

and without 

insulin 

γ-conglutin 

analysed by 

SDS-PAGE and 

immunoblot  

(purity not 

mentioned) 

• Glucose uptake 

• GLUT-4 

translocation 

• Co-culturing of Caco-2 and 3T3-L1 cells to 

mimic gastrointestinal digestion absorption 

condition. 

• Absorbed peptides through Caco-2 cells 

increased glucose uptake into the cell in 

presence and absence of insulin and 

stimulated GLUT-4 translocation to the 

plasma membrane 

[40] 

STZ: Streptozotocin; T2D: Type 2 Diabetes; SDS-PAGE: Sodium do-decyl sulphate gel electrophoresis; BW: Body weight; HOMA-IR: 

Homeostatic model assessment- insulin resistance; IR: Insulin resistance
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As discussed above, majority of the γ-conglutin cellular mechanism studies were 

focused on its insulin-mimetic property. There are no studies reporting the direct or 

indirect (via incretins) action of γ-conglutin on insulin release from pancreatic β cells. 

On contact with food, intestinal cells release incretin hormones that stimulate insulin 

secretion from pancreatic β cells (Kim & Egan, 2008). Exploring the mechanism of γ-

conglutin peptide induced insulin secretion by (a) either stimulating incretin release 

from intestinal cells or (b) directly triggering insulin release from pancreatic β cells 

can lead to a greater understanding of its hypoglycaemic action. 

The common current oral anti-diabetic treatments also include inhibition of metabolic 

enzymes like α-glucosidase and DPP4. The α-glucosidase hydrolyses carbohydrates to 

glucose in the intestinal tract, which causes a rise in blood glucose levels [8]. DPP4 is 

a metabolic enzyme that cleaves and degrades glucagon like peptide 1 (GLP-1) incretin 

resulting in decreased insulin secretion [113]. γ-conglutin peptides were reported to 

inhibit DPP4 enzyme in-vitro [40]. This could potentially improve the stability and 

half-life of GLP-1. However, the purity of γ-conglutin was not reported in this study 

and, hence, if the action is resultant of γ-conglutin peptides or other lupin peptides 

known to exhibit similar action is still an open question [114].  In the DPP4 assay, the 

fluorogenic substrate Gly-Pro-aminomethylcoumarin (AMC) is used to measure DPP4 

activity. The enzyme cleaves the substrate into dipeptides and releases free AMC 

fluorogenic group which can be analysed. Inhibition of DPP4 can result in decreased 

cleavage of fluorogenic substrate resulting in reduced fluorescence. In the above 

report, the researchers did not cross-examine if γ-conglutin peptides were also 

potential DPP4 substrates. If this hypothesis holds true then γ-conglutin peptides, 

instead of inhibiting DPP4 enzyme, would be competing with the fluorogenic substrate 

thus preventing DPP4 enzyme’s accessibility to fluorogenic substrate. This eventually 

would decrease the fluorescence and lead to misinterpretation of results as inhibitory 

effect. 
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2.4 CHARACTERISTIC PHYISCO-CHEMICAL PROPERTIES OF γ-

CONGLUTIN 

2.4.1 Resistance of γ-conglutin to enzymatic hydrolysis 

γ-conglutin, a unique basic 7S globulin, exhibited an unusual resistance to proteolysis 

both during in-vivo seed germination and in-vitro trypsin and pancreatin proteolytic 

conditions [71]. Both glycosylated and non-glycosylated forms of γ-conglutin were 

found to be resistant to trypsin [115]. On the other hand, the unfolded glycosylated 

form of γ-conglutin refolded at a faster rate compared to non-glycosylated form in 

renaturing conditions [70]. Thus, it was concluded that the N-linked carbohydrate 

saccharide moieties (glycosylation) were not responsible for γ-conglutin’s resistant 

property but facilitated the structural re-organisation bringing γ-conglutin back to 

trypsin resistant conformation [116]. The oligomeric conformation at neutral or 

slightly acidic pH remained unaffected on prolonged heat treatment below a critical 

temperature (<60ᵒC), thus, contributing to the overall stability of this protein [72].   

γ-conglutin was observed to be resistant to proteolysis at pH greater than 4.25 below 

which it was susceptible to proteolytic degradation. It was hypothesized that a sharp 

conformation transition occurred from pH 3 to 4.25 transforming γ-conglutin from 

cleavable to uncleavable conformation [117]. At pH ≤4.5, the global positive charge 

on protein due to protonation of basic amino acids (histidine, lysine, and arginine) 

residues resulted in charge repulsion among monomeric units, thus, preventing their 

aggregation. However, a small drift to less acidic pH 5.5 reduced the positive charge 

and dissociation of acidic amino acid glutamate residue side groups eventually 

triggered the formation of salt-bridges leading to dimerization of monomeric units. A 

further shift to pH 6.5 balanced out the positive (protonation of lysine and arginine) 

and negative (dissociation of aspartate and glutamate) charges. As a result, 

electrostatic repulsion among proteins decreased and formation and stabilization of 

inter and intra salt-bridges increased. This phenomena at neutral or slightly acidic pH 

led the molecules to associate and adopt a compact tetramer oligomeric structure 

making it resistant to proteolysis [73]. However, γ-conglutin was found to be prone to 

proteolytic degradation by pepsin at acidic pH and chymotrypsin at neutral pH 

cleaving the protein at 97 and 124 sites respectively [118]. In addition, γ-conglutin has 



29 

 

relatively few peptide cleavage sites for trypsin and pancreatin enzymes and its 

oligomer conformation at neutral pH blocked the enzyme’s accessibility to these 

cleavage sites. These observations indicated that resistance of γ-conglutin to 

proteolytic digestion is not related only to the oligomerisation phenomena. Another 

hypothesis suggested that flavonoids released from other proteins during hydrolysis 

might have affected its susceptibility to proteolytic digestion [119]. At neutral pH, 

partially ionised flavonoids (apigenin glycosides) interacted with positively charged 

lysine and arginine residues of γ-conglutin leading to blockage of amino acids and 

preventing accessibility to cleavage sites for trypsin and pancreatin [118]. 

2.4.2 γ-conglutin interaction with metal ions 

Protein interaction with metal ions results in aggregation and precipitation of the 

protein molecules [120]. γ-conglutin precipitated in the presence of different divalent 

metal ions, specifically, Zn2+, Hg2+ and Cu2+ (1mM) at neutral pH [121]. However, 

after addition of chelating agent like ethylenediaminetetraacetate (EDTA), γ-conglutin 

re-solubilised indicating that the metal-induced precipitation did not lead to 

denaturation. The protein precipitation effect was observed only at neutral pH (7.5), 

whereas, below pH 6.0 the protein was completely soluble even at higher Zn2+ 

concentration (10-20mM). As a result, acidic pH buffer or chelators like 

EDTA/imidazole were used to elute γ-conglutin absorbed on zinc-coupled affinity 

chromatography columns during γ-conglutin purification [121].  

2.4.3 γ-conglutin interaction with insulin 

γ-conglutin protein exhibited an electrostatic binding interaction with insulin 

immobilised on agarose gel matrix and was eluted at higher ionic concentration 

(200mM NaCl) [100]. While loading lupin protein extract on the column, γ-conglutin 

specifically bound to insulin immobilised matrix indicating that other components in 

the extract did not affect this interaction. This binding property of γ-conglutin with 

insulin was observed only in its native conformation between pH 7.5 to 4.2. The 

equilibrium dissociation constant of γ-conglutin insulin interaction (10-5 M) was found 

to be in moderate affinity range of the protein-ligand interaction as recorded by real-

time Surface Plasma Resonance (SPR) analysis of γ-conglutin with insulin [100]. 

However, γ-conglutin dissociated from insulin at a low concentration of NaCl (40-
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85mM) and, thus, its binding capacity with insulin under physiological condition 

(154mM Na+ and Cl-) needs to be assessed further. 

2.5 EXTRACTION AND PURIFICATION OF γ-CONGLUTIN 

Being a ‘glucose modulating agent’ (as discussed in section 2.3.2.1), processes for 

separating γ-conglutin from lupin seeds have been developed. Depending on the 

physicochemical properties of the desired protein, the extraction and purification steps 

are tailored. A recent review on the extraction and purification of lupin conglutins, 

especially γ-conglutin, has elaborated the basic steps used for its purification such as 

(a) seed pre-treatment, (b) extraction, (c) membrane filtration and (d) chromatographic 

purification [39]. 

2.5.1 Defatting of lupin flour 

As discussed in section 2.2.3, the majority of protein (~95%) is located in cotyledons 

of lupin seeds. Thus, at first, the lupin hulls are separated from the cotyledons 

(kernels). Next, cotyledons are milled and sieved to obtain flour of desired particle 

size.  Defatting is required before extraction of proteins because lupin flour contains 

different saturated and unsaturated aldehydes, carboxylic acids, fats and fatty acids, 

and lipids that get co-extracted with the proteins during extraction, thus, decreasing 

the process efficiency [122, 123]. Defatting of flour is usually performed with hexane 

using either soxhlet apparatus [124] or by agitation/stirring method [125]. Removal of 

fats increase the stability of the extract and minimises the risk of the off-flavour 

product generation [39]. Later, the fat extracted in hexane is separated by distillation 

method and used for the production of lupin oil which can be further used in bakery 

and cosmetic industries. 

2.5.2 Extraction of defatted lupin flour 

Since the hypoglycaemic action of lupin proteins is attributed to γ-conglutin, the major 

focus of this section is to review different γ-conglutin extraction and purification 

methodologies. Lupin conglutins – α, β, and δ have acidic isoelectric point (pH(I)) in 

the range 5.1-6.0, whereas γ-conglutin has pH(I) 7-8. When pH is equal to pH(I), the 

protein surface has no net charge and thus has minimum solubility in solution. The 
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solubility of α, β and δ conglutin is minimum in acidic pH and in alkaline conditions 

these proteins are charged and maximally soluble. Conventionally, alkaline extraction 

of defatted lupin flour (step 1) was followed by acidic precipitation of proteins in 

supernatant (step 2) [38]. The alkaline extraction (step 1) yielded major conglutin 

proteins (α and β) in the precipitate while the supernatant consisted of γ-conglutin 

along with other impurities. In this alkaline extraction step, γ-conglutin was not 

completely extracted [126] and was preferentially bound to dietary fibres [127], thus, 

leading to incomplete recovery. Acidic precipitation of γ-conglutin in supernatant of 

step 1 yielded 10.3g of protein per kg flour with 53% γ-conglutin (purity based on 

densitometric scanning of SDS-PAGE analysis) [124]. γ-conglutin in the supernatant 

of step 1 was also be precipitated with zinc ions (section 2.4.2). However, for 

nutraceutical application of γ-conglutin removal of the metal ions from solution or in 

conjugation with the protein is necessary. 

Separation of lupin globulins was first reported by Blagrove and Gillespie (1975). 

Initially, defatted lupin seed flour was extracted with water resulting in 10% protein 

yield (albumins). Next, sodium chloride solution (10%) was used to extract residual 

proteins (globulins) followed by fractionation of individual globulins (α, β, and γ) 

using different percentages of saturated ammonium sulphate solution in multiple steps 

[66]. However, scaling up a process involving large number of precipitation and 

extraction steps is tedious.  

Micellisation method was also used to purify total lupin protein isolates [128]. In the 

micellisation method, the lupin flour was extracted with 1M NaCl followed by the 

conventional extraction (alkaline extraction followed by acidic precipitation) of the 

residue. The supernatants in both the steps were pooled and allowed to stand for 18 

hours at 4ᵒC. Both the micellisation and conventional extraction methods applied to 

prepare sweet and bitter lupin isolates resulted in relatively comparable nutritional 

(chemical score, essential amino acid, crude protein and ash content, alkaloid content) 

and functional (Fat and water absorption capacity, emulsification capacity, foam 

capacity) properties [128]. However, this report was focused on extraction of total 

proteins and not isolation or separation of different conglutin fractions.  
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In order to remove toxic quinolizidene alkaloids, pigments, and other non-protein 

components, aqueous methanol/ethanol solutions were used for extraction of lupin in 

consecutive, counter-current or semi counter-current manner [129]. Extraction with 

ethanol/methanol solution (80% v/v in water) resulted in lupin protein concentrates 

with 70% protein yield and 0.1-0.2% alkaloids. However, extraction of proteins with 

alcohols can lead to their denaturation in turn affecting their bioactivity [130]. 

2.5.3 Isolation and purification of lupin γ-conglutins 

Based on conventional extraction method, a semi-industrial extraction process for 

isolation of conglutins was developed by Fraunhofer Institute (Germany) [131]. This 

method involved protein extraction in alkaline conditions followed by precipitation of 

α, β and δ conglutin at acidic pH. The precipitated proteins were recovered by large 

scale centrifugation (Type E) and have excellent emulsifying properties. γ-conglutin 

in the supernatant was recovered from other non-protein small molecules by 

ultrafiltration using zirconium oxide membrane (molecular weight cut-off 15KDa) 

maintained at pH 7-8. The retentate fraction (Type F) had outstanding foaming 

properties [131]. This method separated protein isolates on pilot scale level for specific 

food application, but, individual conglutin purity in different fractions was not 

reported. Moreover, SDS-PAGE analysis of type F protein reported by Mane et al. 

(2018) showed different protein impurities in 45-14KDa range [132] along with the 

target protein (γ-conglutin).  

Ion exchange chromatography is used for protein purification in order to achieve a 

high level of purity by manipulating the surface charge of proteins. In ion exchange 

chromatography, the selection of appropriate resin matrix for protein purification 

depends on the protein charge which varies with surrounding pH and conductivity. 

The separation is based on reversible oppositely charged surface ionic interactions 

between the resin matrix and the protein. Below their pH(I), proteins are positively 

charged and binds to negatively charged cation exchanger and vice versa. At first, the 

protein samples (feed) are loaded on the ion exchange column (loading step). The 

charged protein from the feed binds to the oppositely charged resin matrix at low ionic 

strength and the unbound proteins (flowthrough) are washed out of the column. The 

bound proteins are gradually released (eluted) out of the column by increasing the ionic 
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strength of the medium in the column, thus, weakening ionic interaction of the protein 

with the resin (elution step). Any remainder bound proteins are later completely 

removed by passing very high ionic strength medium (1M NaCl/ 1M NaOH) through 

the column (regeneration step) [133]. 

At present, a lab-scale purification method using a combination of chromatography 

techniques is being used for separation of conglutins [38]. In these methods, first, 

defatted lupin flour was extracted at neutral pH with 0.5M NaCl followed by 

centrifugation. The supernatant was desalted using a gel filtration column (Whatman 

DE 52 DEAE-cellulose to remove low molecular weight components. The desalted 

extract was loaded on anion exchange column at pH 7.5. At this pH, all conglutins 

except γ-conglutin, having acidic pH(I) were retained on the weak anion exchange 

column, whereas, the γ-conglutin passed the column in the flowthrough. Among the 

retained conglutins, β-conglutin eluted at 0.27M NaCl and both α and δ conglutin 

eluted at 0.37M NaCl. For further separation of α and δ conglutin, the mixture was 

loaded on concanavalin A affinity chromatography for capturing glycosylated α-

conglutin protein whereas the unglycosylated δ-conglutin passed out in the 

flowthrough. The anion exchange flowthrough fraction containing γ-conglutin was 

adjusted to pH 4.5 and loaded on the cation exchange column.  At this pH, positively 

charged γ-conglutin interacted with negatively charged resin matrix and was eluted at 

0.35M NaCl. γ-conglutin was reported to bind with insulin (pH 4.2-7.5) [100] and Zn2+ 

(pH 7.5) [121] and, thus, Zn2+ or insulin-mobilized affinity chromatography was used 

as polishing step to achieve desired purity. Insulin affinity chromatography, apart from 

being used in the polishing step, was also used for capturing γ-conglutin from crude 

protein extract as discussed earlier (section 2.4.3) [100]. However, the % purity of γ-

conglutin eluted after loading crude extract was not reported. Also, there is a 

possibility of contamination of γ-conglutin fraction with zinc ions leaching from zinc-

mobilized affinity chromatography column. This can make the final purified γ-

conglutin fraction unfit for human consumption.  

Using a combination of several techniques make the process scale-up design difficult 

and less efficient. As a result, a single step extraction process yielding γ-conglutin 

enriched extract and selective capturing of γ-conglutin by one step chromatography 
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process should be formulated and optimized to achieve high purity, yield, and 

production with easy scale up. 

2.6 CONCLUSION AND RESEARCH GAPS 

As discussed in this chapter, lupin is one of the major Australian rotation crops. 

Australia contributes to 85% of lupin production in the world with Western Australia 

being the lead exporter. At present the majority of lupin production is used as stockfeed 

[29]. Despite its beneficial effects in different metabolic dysfunctions like diabetes, 

hypercholesterolemia, obesity, and cardiovascular diseases only 4% of lupin 

production is consumed as human food by incorporating low-cost lupin ingredients in 

wheat-based bakery items [49]. Though significant clinical trials and animal studies 

report positive health promoting effects of lupin seed proteins, their mechanism of 

action has not been investigated in detail. Out of the many health benefits, this research 

focuses on establishing anti-diabetic mechanism of action of lupin seed proteins. 

The hypoglycaemic effect of lupin-based food preparations or the extract obtained 

from lupin seeds has been investigated in healthy and diabetic animal model in-vivo 

(section 2.3). Only few reports have studied the insulinotropic property (insulin 

secretory action) of lupin seeds [36, 94]. These reports focused only on the activation 

of ionic mechanisms i.e. closure of K-ATP channel and opening of Ca2+ channels 

involved in membrane depolarisation pathway in pancreatic β cells. Effect of lupin 

extract on energy metabolism and different signalling pathway in pancreatic β cells 

needs a further detailed investigation. 

The globulin protein fraction, γ-conglutin, is of particular interest due to its in vivo 

glucose modulating action in animals and humans [100, 101]. In spite of its beneficial 

action, the protein is not available commercially as nutraceutical supplement in the 

market. As discussed in section 2.5.3 the conventional lab scale purification process 

involves multiple steps (anion exchange coupled with cation exchange followed by 

polishing steps) making the process difficult to scale-up and also increases the overall 

process cost. In addition, the purity of γ-conglutin is quantified based on semi-

quantitative techniques like SDS-PAGE. Researchers at Fraunhofer institute 

(Germany) have successfully developed a semi-industrial extraction process for 
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separation of γ-conglutin (type F) [131]. However, the type F fraction is contaminated 

with different protein impurities in range of 14-45KDa. Since, γ-conglutin constitutes 

only 3-4% of total lupin proteins [38] developing an efficient purification process that 

can selectively capture γ-conglutin and provide high throughput with a minimal 

number of steps to produce high purity food grade γ-conglutin is required. High purity 

γ-conglutin can then serve as ‘glucose controlling bioactive’ in nutraceutical and 

biopharmaceutical applications. 

The anti-diabetic mechanism of action of γ-conglutin has been discussed in section 

2.3.2.1. Most of these mechanistic studies were performed in animal derived liver, 

muscle and fat cells. However, the validation of these studies in cells derived from 

humans (healthy and diabetic) has not yet been reported. Also, the majority of the anti-

diabetic mechanisms of γ-conglutin was focused on its insulin-mimetic property. Other 

hypoglycaemic effects of γ-conglutin like insulinotropic action in pancreatic β cells 

and α-glucosidase and dipeptidyl peptidase 4 enzyme inhibitory effects should also be 

explored and validated. This can open a different area for exploring γ-conglutin’s 

diverse mechanism of action in diabetes.  
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A process patent application is being filed on the ‘purification process of γ-conglutin’ 

as described in this chapter. 

Part of the information in this chapter (hydrolysis of extract; section 3.5.4) is 

published in ‘Tapadia, M., Carlessi, R., Johnson, S., Utikar, R., & Newsholme, P. 

(2018). Lupin seed hydrolysate promotes G-protein-coupled receptor, intracellular 

Ca2+ and enhanced glycolytic metabolism-mediated insulin secretion from BRIN-

BD11 pancreatic beta cells. Molecular and Cellular Endocrinology’. 

3.1 INTRODUCTION 

Lupin seed conglutins have wide applications as ingredients in food industries (e.g. 

emulsifiers, foaming agent, meat extenders) and as functional foods in the treatment 

of different metabolic dysfunctions [49, 50]. The hypoglycaemic actions of lupin have 

been specifically attributed to γ-conglutin which comprises 3-4% of lupin seed 

proteins [38]. As discussed in chapter 2, based on physiochemical properties of γ-

conglutin (section 2.4) different ways for extraction and purification of γ-conglutin 

from lupin seed extract have been reported (section 2.5). Conventionally, alkaline 

extraction followed by acidic precipitation of proteins along with combination of 

different chromatographic techniques such as anion exchange chromatography 

followed by cation exchange chromatography and metal or insulin affinity 

chromatography are being employed for purification of γ-conglutin [38, 100, 121]. 

However, pure γ-conglutin is still not available commercially because the reported 

approaches involve a number of steps, increasing the overall process cost and time. In 

the literature, the purity of γ-conglutin used for exploring anti-diabetic mechanism of 

action is either not reported or calculated based on semi-quantitative techniques such 

as gel electrophoresis.   

An in-house optimised process for selective extraction and purification of γ-conglutin 

from L. angustifolius defatted seed flour with a minimum number of steps was 

Chapter 3 

Extraction, purification, and enzymatic hydrolysis of lupin 

proteins  
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previously reported [39]. In this thesis, the established in-house purification process is 

further improved with an objective to make process faster and achieve at least 95% 

pure γ-conglutin. Different protein identification and quantification techniques are 

used to characterize γ-conglutin in the purified chromatographic fraction. Later, the 

total extracted proteins and purified γ-conglutin are both subjected to in-vitro 

gastrointestinal digestion condition to hydrolyse the proteins into peptides and amino 

acids and their potential anti-diabetic action are evaluated in further chapters.  

3.2 CHEMICALS AND REAGENTS  

Hexane, sodium acetate, Tris base, hydrochloride acid (HCl), sodium hydroxide 

(NaOH), sodium phosphate monobasic and dibasic, sodium chloride (NaCl), pepsin 

from porcine gastric mucose (3200-4500 units/mg), pancreatin amylase and protease 

(USP), trypsin from bovine pancreas (10,000 units/mg), bovine serum albumin (BSA), 

carbonic anhydrase b, cytochrome C, aprotinin, angiotensin, encephalin, 

trifluoroacetic acid (TFA), formic acid, acetonitrile, β-mercaptoethanol, glycine, SDS, 

methanol, tween 20, o-phthaldehyde, and disodium tetraborate decahydrate were 

purchased from Sigma-Aldrich Pty. Ltd. (Castle Hill, NSW, Australia). Polyclonal 

goat anti-rabbit immunoglobulins/Horseradish peroxidase was ordered from Dako 

(Glostrup, Denmark). Pierce bicinchoninic acid assay method assay kit and Pierce 

quantitative colorimetric peptide assay kit were purchased form Thermo Fisher 

Scientific (San Jose, CA, USA) and D-glucose assay kit glucose oxidase/peroxidase 

format from Megazyme (Wicklow, Ireland). 4X Laemmili sample buffer, broad range 

marker, ‘Any kDa’ polyacrylamide electrophoresis gel, and Clarity Western enhanced 

chemiluminescent substrate were ordered from Bio-Rad Laboratories (Hercules, 

California, USA). 

3.3 PROCESS METHODS 

3.3.1 Lupin flour preparation 

Mature seeds of L. angustifolius, (Coromup variety) were provided by Department of 

Primary Industries and Regional Development: Agriculture and Food Western 

Australia (South Perth, WA, Australia). The seeds were cleaned and the hulls were 
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removed by passing them through a dehuller (Graintec Scientific, Queensland, 

Australia). This was followed by vacuum induced separation of hull (Kimseed vacuum 

separator, Western Australia, Australia) and any remaining hulls were separated 

manually from the kernels (cotyledons). The kernels were milled (Cyclotec sample 

mill, Foss, Denmark) into flour and passed 100% through a 300µm sieve. Since kernel 

flour of L. angustifolius (Coromup) contains 7-8% (w/w) of fat [134], defatting was 

carried out in order to remove the fats, free fatty acids, and pigments which interfere 

with protein extraction process [135]. Thus, lupin flour was defatted three times with 

n-hexane (1:10 flour: hexane (w/v)) for an hour at room temperature followed by 

centrifugation at 4500xg for 5minutes. The supernatant was decanted and the kernel 

flour residue was air dried. This defatted kernel flour was then used as starting material 

for extraction of proteins and further purification of γ-conglutin. 

3.3.2 Extraction of proteins from defatted flour 

A previously optimised extraction process to achieve ~15% γ-conglutin enriched 

extract (w/w of kernel total proteins) developed in our laboratory was performed [39]. 

In brief, the defatted kernel flour was extracted in 10mM sodium acetate buffer, pH 

4.0 (extraction buffer) in 1:30 (w/v) flour: buffer ratio on a magnetic stirrer (1000xg) 

for 35minutes at room temperature. The extract was then centrifuged at 4700xg for 

20minutes and vacuum filtered through 0.45µm polyvinylidene fluoride (PVDF) disc 

filters (Pall Corporation, New York, USA).  

3.3.3 Preparation of load for purification of γ-conglutin 

In order to enrich γ-conglutin in the extract, pH of the extract was shifted to the 

isoelectric points of the impurities, majorly α and β conglutins (pH(I) 5 to 7), to induce 

their precipitation [38]. Therefore the pH of the extract (4.40) was adjusted to 6.5 with 

1M Tris base followed by centrifugation at 12,000xg for 20minutes [39]. The 

supernatant was vacuum filtered through 0.45 µm PVDF disc filters. This solution was 

used as a load for chromatographic purification of γ-conglutin. 
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3.3.4 Cation exchange chromatography  

At pH 6.5, γ-conglutin is below its pH(I) (7-8) and is thus positively charged. To purify 

a positively charged protein by using ion exchange chromatographic technique 

(principle explained in chapter 2; 2.4.3), it can be adsorbed (captured) on the 

negatively charged column matrix. Later, the adsorbed protein can be easily eluted 

from the matrix by increasing the ionic concentration of the buffer system. Cation 

exchange chromatographic process for purification of γ-conglutin from the extract 

(load) was optimised in our laboratory [39]. In this chapter, the established in-house 

method was further modified and developed to improve purity of eluted γ-conglutin 

fraction. HiScreen and HiTrap columns (Table 3.1) prepacked with Capto S cation 

exchange resins (GE Healthcare, Illinois, USA) were used for purification of γ-

conglutin from the extract (load) produced in section 3.3.3.  

Table 3.1 Details of pre-packed columns used for purification of γ-conglutin 

 HiTrap Capto S HiScreen Capto S 

Column Dimension 7 X 25mm 7.7 X 100mm 

Column volume 0.96ml 4.66ml 

Max. pressure (over 

column during operation) 

70psi (5bar) 44psi (3bar) 

 

Sodium phosphate buffer (10mM) was used as an equilibration buffer (buffer A) and 

sodium chloride (0.5M) in buffer A was elution buffer (buffer B) (Table 3.2). After 

eluting the proteins, the column was cleaned and regenerated using NaCl (1M) and 

NaOH (1M). The salts in the purified γ-conglutin fractions were removed by using 

HiPrep 26/10 desalting column containing Sephadex G-25 resin (GE Healthcare, 

Illinois, USA). The desalting fractions were sterile filtered and stored in a freezer at -

20ᵒC.  
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Table 3.2 Details of the buffer used in γ-conglutin purification process 

Buffers Composition pH Conductivity 

(mS/cm) 

Column 

volumes 

Equilibration 

buffer  

10mM Sodium phosphate  6.50 0.8-1.0 5 

Elution buffer  0.5M NaCl in 

equilibration buffer 

6.50 50-51 As per 

methods  

Regeneration 

buffer 

1M NaCl 

1M NaOH 

6.95 

14 

84-86 

188-190 

5 

5 

Desalting buffer 10mM Sodium phosphate 6.50 0.8-1.0 5 

3.3.5 Enzymatic hydrolysis of extract and γ-conglutin 

The extract proteins and purified γ-conglutin were subjected to proteolytic gastro-

intestinal digestion condition and the hydrolysate was further explored for their anti-

diabetic properties in chapter 4 and 5. The extract and γ-conglutin protein were 

enzymatically hydrolysed using the enzymes, pepsin from porcine gastric mucosa 

(3200–4500U/mg) (1 mg/ml) and pancreatin amylase and protease (USP standard) 

(1 mg/ml), in two stages to mimic gastrointestinal digestion conditions. First, the 

protein solutions were hydrolysed with pepsin at pH 2 for 4 hours followed by 

hydrolysis with pancreatin at pH 7.5 for another 4 hours. The extract was adjusted to 

pH 2 and pH 7.5 by 1M HCl and 1M NaOH respectively. The enzymes were 

inactivated by heating the hydrolysate at 100ᵒC for 10 min. Alternatively, the enzymes 

and the high molecular weight proteins were separated from the hydrolysate by 

ultrafiltration using 3kDa molecular weight cut off (MWCO) capsule membranes (Pall 

Corporation, New York, USA). The extract and γ-conglutin hydrolysates were sterile 

filtered and stored at -20ᵒC.     

Figure 3.1 displays an overview of the processes discussed in this chapter. 

https://www.sciencedirect.com/topics/medicine-and-dentistry/intestine-enzyme
https://www.sciencedirect.com/topics/medicine-and-dentistry/pepsin-a
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/pig
https://www.sciencedirect.com/topics/medicine-and-dentistry/stomach-mucosa
https://www.sciencedirect.com/topics/medicine-and-dentistry/pancreatin
https://www.sciencedirect.com/topics/medicine-and-dentistry/amylase
https://www.sciencedirect.com/topics/medicine-and-dentistry/proteinase
https://www.sciencedirect.com/topics/medicine-and-dentistry/digestion
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/enzymatic-hydrolysis
https://www.sciencedirect.com/topics/medicine-and-dentistry/ultrafiltration
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/molecular-weight-cut-off
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Figure 3.1 Schematic flow of different processes discussed in the chapter 

3.4 ANALYTICAL METHODS 

3.4.1 Protein, peptide and D-glucose quantification   

Proteins, peptides, and D-glucose in the extract and the hydrolysate were quantified 

using Pierce bicinchoninic acid assay (BCA) method assay kit, Pierce quantitative 

colorimetric peptide assay kit, and D-glucose assay kit glucose oxidase/peroxidase 

format respectively according to the protocol provided by the manufacturer.  Protein 

concentration was also determined by measuring the absorbance of purified protein 

fractions at 280nm and calculating its concentration from the standard curve 

(Absorbance Vs BSA protein concentration).  
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3.4.2 RP-HPLC 

RP-HPLC is an analytical technique to separate, identify and quantify the desired 

component from the mixture. γ-conglutin protein from different chromatographic 

fractions (load, flowthrough, wash, and elution) were quantified by RP-HPLC method 

[136].  This method was also used to determine purity (%) of γ-conglutin in 

chromatographic elution fractions. In brief, Agilent Technologies 1200 series HPLC 

system (Agilent Technologies, CA, USA) equipped with a quaternary pump module, 

degasser, autosampler, thermostat column compartment and diode array detector was 

used for analysis. Chromatographic analysis was carried out on Zorbax 300SB C-18 

column with 4.6 X 250mm dimension, 5μm particle size and 300Å pore size (Agilent 

technologies, CA, USA). For analysis, two different solvent gradient mobile phase 

consisting of 0.1% TFA in water v/v (phase A) and 0.1% TFA in acetonitrile v/v (phase 

B) were used. Both the mobile phases were degassed in a sonication bath for 5minutes. 

The method gradient used for the analysis of γ-conglutin is as presented in Table 3.3. 

The time take by γ-conglutin to elute from the column (retention time) was 

29.53minutes. 

Table 3.3 RP-HPLC method gradient for analysis of γ-conglutin 

Time (mins) % phase A % phase B 

0 100 0 

16 100 0 

26 50 50 

36 0 100 

41 0 100 

45 100 0 

50 100 0 

The injection volume for all the samples was kept constant i.e. 50μl and the flowrate 

was maintained at 0.8ml/min throughout the run. After every 3-4 runs a blank (water) 

injection run was performed to check the presence of any ghost peaks or sample carry 

over from previous runs. The proteins were detected at 280nm. 
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3.4.3 SDS-PAGE 

SDS-PAGE is an electrophoresis technique that separates proteins based on their mass. 

Molecular weight profile of proteins in different process steps of extraction, 

purification, and hydrolysis were analysed by SDS-PAGE method. This technique was 

also used for determining the purity of purified γ-conglutin fractions. Samples were 

diluted with 4X Laemmili sample buffer (non-reducing condition). To prepare 

reducing samples, β-mercaptoethanol was added to the samples diluted with sample 

buffer and heated at 99ᵒC for 10minutes. Protein concentration and load volume of 

samples were adjusted in order to load fixed amount of proteins (3-5μg/well) per well 

in ‘Any kDa’ polyacrylamide gels (optimal resolution of 10-100kDa proteins). Broad 

range marker consisting of protein markers as Myosin (200KDa), β-galactosidase 

(116.25KDa), phosphorylase b (97.4KDa), bovine serum albumin (66.2KDa), 

ovalbumin (45KDa), carbonic anhydrase (31KDa), soybean trypsin inhibitor (31KDa), 

lysozyme (14.4KDa) and aprotinin (6.5KDa) was loaded in each gel. The 

electrophoresis was performed using tris-glycine-SDS electrophoresis buffer (2.5mM 

Tris, 19.2mM glycine, 0.01% SDS) in Mini-Protean tetra cell electrophoresis assembly 

(Biorad Laboratories Inc., CA, USA) at 100V.  

After electrophoresis run, proteins were fixed and stained using silver staining protocol 

for visualisation of the protein bands [137]. The stained gels were scanned and 

analysed using Molecular Imager® Gel Doc™ XR System v5.2.1 (Bio-Rad 

Laboratories, CA, USA) tool.  Image Lab 4 software was used to analyse the molecular 

weights of unknown bands using the standard curve of protein markers (Molecular 

weight Vs relative front; R2=0.95). Band intensity (%) of each oligomeric band of γ-

conglutin in the lane was calculated by densitometry analysis in the software. 

3.4.4 Western blot analysis 

Western blot analysis is a protein immunoblot technique used to detect the level or 

concentration of a specific protein in sample or cell/tissue lysates. A specific antibody 

(raised against a peptide of the target protein) is incubated with a mixture of proteins 

containing the target protein. This antibody binds tightly to the specific target protein 

even after washing away other proteins in the mixture. The conjugation of antibody 
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with the target protein is then detected by chemiluminescence substrate. Western blot 

technique was used to confirm the identity of γ-conglutin in the purified fraction.  

Reduced and non-reduced protein bands in samples of extract and γ-conglutin were 

separated by SDS-PAGE as mentioned in section 3.4.3. The unstained protein gel and 

nitrocellulose membrane were equilibrated with transfer buffer (25mM Tris base, 

192mM glycine, 20% (v/v) methanol; pH 8.3) for 15 to 20minutes. Gel and membrane 

sandwich was carefully placed together between the buffer soaked thick filter papers 

in gel holder cassette. The cassette was placed in the Mini Trans-Blot cell tank (Bio-

Rad Laboratories, CA, USA) filled with transfer buffer and the gel proteins were 

transferred to nitrocellulose membrane at 250mA constant current for 90minutes in 

cold room. After the protein transfer step, the membrane was blocked with 3% milk 

for 60minutes and incubated overnight at 4°C with the γ-conglutin primary antibody 

(1:1000 dilution in Tris-buffered saline with 0.05% Tween 20 (TBST) containing 5% 

BSA). γ-conglutin antibody was raised against a synthetic peptide of γ-conglutin 

(heavy subunit - 30KDa) in the rabbit. The primary antibody of γ-conglutin was a kind 

gift from Prof. Karam Singh (Director of Centre for Crop and Disease Management, 

Curtin University, Western Australia). SNAP i.d. quick immunoblot vacuum system 

(Millipore, MA, USA) was used for washing and incubating membranes in horseradish 

peroxidase (HRP) conjugated secondary antibody for 60minutes. Clarity™ Western 

enhanced chemiluminescence (ECL) substrate was used to detect target bands. Bands 

were then visualized and quantified based on densitometry analysis using Molecular 

Imager® Gel Doc™ XR System v5.2.1 (Bio-Rad Laboratories, Hercules, CA, USA).  

3.4.5 Mass spectrometry 

Mass spectrometry (MS) analysis of proteins is an analytical technique that measures 

mass to charge ratio (m/z) of peptide ions to identify and quantify peptides 

corresponding to a specific protein. The protein samples are hydrolysed into peptides 

which are then ionised by the ion source. The electric and magnetic field of mass 

analysers deflects the path of individual ionised peptides based on their mass to charge 

ratio which is later detected by an ion detector. The MS spectra of the peptides are then 

matched with the established protein database that predicts the identity of the protein 

based on m/z values of peptides [138].  
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Purified desalted fractions and gel bands of γ-conglutin were detected and analysed by 

mass spectrometry. The samples were digested with trypsin and extracted according 

to the standard sample preparation method for liquid chromatography mass 

spectrometry i.e. LC-MS/MS analysis [139]. Peptides were analysed by electrospray 

ionisation (ESI) mass spectrometry using the Shimadzu Prominence nano HPLC 

system (Shimadzu Corp., Kyoto, Japan) coupled to a 5600 Triple TOF mass 

spectrometer (Sciex, Victoria, Australia). The tryptic peptides were loaded on to an 

Agilent Zorbax 300SB-C18 (4.6 X 250mm dimension; 3.5μm particle size, 300Å pore 

size) (Agilent Technologies, California, USA). The peptides were separated with a 

linear gradient of water (0.1% formic acid) and acetonitrile (0.1% formic acid). A 

temperature of 350°C and 2050 voltage was applied between the needle and the source 

in ESI mass spectrometer. The settings for MS and MS/MS analysis were as described 

in Table 3.4.   

Table 3.4 Settings of MS and MS/MS analysis for protein identification 

 Acquisition scan rate Spectra collection rate 

MS analysis 5 spectra/s 200 ms/spectra 

MS/MS analysis 1 spectra/s 1000 ms/spectra 

Spectra were analysed for protein identification using Mascot sequence matching 

software (Matrix Science) in MSPnr100 database with Viridiplantae (green plants) 

taxonomy. 

3.4.6 Size exclusion chromatography 

Size exclusion chromatography (SEC) is an analytical chromatographic technique to 

separate proteins/peptides in solution based on their size filtration through a gel. Small 

molecules diffuse into the pores of the resin matrix and thus their flow through the 

column is retarded while large molecules, traveling through column’s void volume are 

eluted out faster.   

SEC was performed to analyse the peptide molecular weight profile of the extract and 

γ-conglutin hydrolysate using Agilent Technologies 1200 series HPLC system 

(Agilent Technologies, CA, USA). A Bio SEC-3 column (Agilent Technologies Inc., 

Santa Clara, CA, USA) with 4.6 X 300mm dimension, 100Å pore size, 3μm particle 

size, and 100-100,000Da molecular weight range was used for the analysis. Sodium 
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phosphate (150mM) buffer (pH 6.5) was used as the isocratic mobile phase. The flow 

rate was maintained at 0.3ml/min throughout the run time of 50minutes. The eluting 

peptides were monitored at 214nm. Proteins and Peptides (albumin, 66.5kDa; carbonic 

anhydrase, 29kDa; cytochrome C, 12.4kDa; aprotinin, 6.5kDa; angiotensin, 1.1kDa 

and; and enkephalin, 0.57kDa) were used as standards for column calibration (Figure 

3.2). The estimated molecular weight distribution of sample peaks was determined 

from the standard curve equation of proteins and peptides (retention time Vs log of 

molecular weight of standards in Da; R2 = 0.956). 

` 

Figure 3.2 Calibration of size exclusion column using standards: albumin (66.5kD), 

carbonic anhydrase (29 kD), cytochrome C (12.4 kD), aprotinin (6.5 kD), angiotensin 

(1.1 kD), enkephalin (0.57 kD). 

3.4.7 Degree of hydrolysis 

Degree of hydrolysis (DH) is defined as the ratio of cleaved peptide bonds in a protein 

hydrolysate to the total peptide bonds present in the protein. DH of proteins in the 

enzymatic hydrolysis process was measured by o-phthalaldehyde (OPA) method [140] 

at time intervals of 30minutes. The OPA reagent consisted of disodium tetraborate 

decahydrate (0.1M), sodium dodecyl sulphate (1mg/ml), OPA (0.80mg/ml) and 

dithiothreitol (0.88mg/ml). In this assay, 300µl of the sample (Dilution factor 6X) was 

mixed with 3ml of OPA reagent. The primary amines (generated during hydrolysis of 

protein substrate) in sample react with OPA. After 5minutes of incubation, absorbance 

at 340nm was measured in UV visible spectrophotometer (Jasco V-670, Tokyo, 

Japan). The amino nitrogen content in the hydrolysate was calculated from the 

standard curve equation of 0-2mM L-serine (absorbance at 340nm Vs L-serine 
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concentration). The degree of hydrolysis was calculated according to the following 

equation [141]:   

DH (%) =
(N2−N1) X 100

N𝑝𝑏
                                                       … Equation (3.1) 

Where N1 is amino nitrogen content of extract, N2 is amino nitrogen content of 

hydrolysate at particular sample withdrawal time, and Npb is nitrogen content in 

peptide bonds.   

3.5 RESULTS AND DISCUSSION 

Different methods for γ-conglutin extraction such as aqueous/alkaline extraction, salt 

assisted extraction, a combination of extraction and membrane filtration, and 

purification using gel filtration chromatography, a combination of cation and anion 

exchange chromatography, insulin and metal affinity chromatography have been 

reported in the literature  [132]. These extraction and purification methods were found 

to give a γ-conglutin fraction that was still contaminated with other lupin conglutins 

(discussed in section 2.4.3; chapter 2) and thus the purity (%) of γ-conglutin was either 

low or not mentioned. With an aim of developing nutraceutical and pharmaceutical 

high purity grade γ-conglutin protein, an in-house lab scale process for purification of 

γ-conglutin was optimised by Mane S. [39]. Summary of this in-house γ-conglutin 

purification process is explained in section 3.5.1. 

3.5.1 Summary of γ-conglutin purification methodology 

The extraction of conglutins from defatted lupin flour was studied at different pH. The 

percentage of proteins extracted at acidic pH was less as compared to alkaline pH 

extraction [142]. However, extraction at acidic pH 4 was optimum as the intensity of 

the ratio of γ-conglutin to other conglutins was maximum due to the basic pH(I) (7-8) 

of γ-conglutin. The extraction process was replicated multiple (six) times and the 

protein concentration of extract was 1.7 ± 0.14 mg/ml. To achieve better separation of 

γ-conglutin from other conglutins the surface charge on the proteins was altered at a 

suitable pH where γ-conglutin is positively charged and other conglutins (impurities) 

were either neutral or negatively charged. This was attained by raising pH of the extract 
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(4.40) to different pH values from 5 to 7. Since γ-conglutin in this pH range was 

positively charged batch adsorption studies for selective adsorption of γ-conglutin on 

different cation exchange adsorbents were evaluated. It was observed that extract with 

pH 6.5 load resulted in the minimum loss of γ-conglutin in flowthrough (unbound) and 

wash fractions and maximum γ-conglutin was recovered in elution fractions. Also, 

Capto S resin had a better binding performance compared to other adsorbents 

Toyopearl®SP-550C, Toyopearl®SP-650M (Tosoh Biosciences, Tokyo, Japan), and 

SP-Sepharose FF (GE Healthcare, Illinois, USA). Thus, the extract at pH 6.5 was 

loaded on Capto S cation exchange column for purification of γ-conglutin. Different 

chromatographic process parameters like buffer pH and conductivity, method flow rate 

and elution gradient were optimised with an objective to maximise the yield and purity 

of eluted γ-conglutin in the purification process. Table 3.5 summarises different 

optimised parameters of the previously established in-house process. 

Table 3.5  Process parameters of previously optimised in-house lab scale γ-conglutin 

extraction and purification processes [39] 

Extraction process 

Extraction buffer Sodium acetate (10mM) 

Extraction pH 4.00 

Flour: extraction buffer ratio (w/v) 1:30 

pH of extract 4.4 ± 0.1 

Conductivity of extract 2.2 ± 0.2mS/cm 

Chromatographic process 

Equilibration buffer (buffer A) Sodium phosphate (10mM), pH 6.5 

Elution buffer (buffer B) 0.5M NaCl in equilibration buffer, pH 6.5 

Column HiScreen Capto S 

Column volume (CV) 4.66ml 

Method flow rate 0.5ml/min 

Load (extract pH 6.5±0.1) volume 450ml (630mg proteins) 

Load concentration (mg/ml) 1.4 ± 0.1mg/ml 

Load conductivity 2.7 ± 0.2mS/cm 

Elution gradient steps:  

 

Equilibration 

Initial buffer B 

(%) 

0 

Final buffer B 

(%) 

0 

CV 

 

2 
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Load (extract pH 6.5) 

Column wash 

Elution 1- linear 

Elution 2- gradient 

Elution 3- linear 

Regeneration 1  

Regeneration 2 – 1M NaOH 

0 

0 

0 

15 

40 

100 

- 

0 

0 

15 

40 

40 

100 

- 

1 

5 

7 

10 

5 

2 

5 

Total method time (hours) 8.4 

The chromatogram and SDS-PAGE of the fractions obtained with the above optimised 

method are as shown in Figure 3.3A and 3.3B respectively [39]. Load (extract at pH 

6.5) in lane 2 of SDS-PAGE analysis showed the presence of γ-conglutin around 

45KDa. A faint band of protein at 45KDa (less intense than load) was observed in 

flowthrough (lane 3). This band can either be γ-conglutin loss in flowthrough or 

correspond to any other protein equivalent to γ-conglutin molecular weight. The 

impurity proteins (proteins other than γ-conglutin) in wash (lane 4; box 4 in Figure 

3.3A) and impurity peak fraction in elution 1 linear step between 0-15%B (lane 5; box 

5 in Figure 3.3A) correspond either to Intermediate Molecular Weight (IMW) β-

conglutin (MW – 25 to 46; pH(I) - 5.3 to 8.4) or basic α-conglutins (MW – 20 to 22; 

pH(I) – 6.7 to 8.6). Lane 6 (box 6 in figure 3.3A) represents fraction of proteins eluted 

in elution 2 gradient step between 15-40%B consisting majorly of γ-conglutin protein 

with IMW β-conglutin impurity bands. 

Figure 3.3 (A) γ-conglutin purification chromatogram of existing purification process 

and (B) SDS-PAGE profile of chromatographic fractions; Lane 1 – Marker; lane 2 – 

load (pH 6.5); lane 3 – flowthrough; lane 4 – wash; lane 5 – impurity peak in elution 
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1 linear step (0 – 15%B); lane 6 – γ-conglutin peak in elution 2 gradient step (15-

40%B) 

The above established in-house purification method by Mane (2018) consisted of only 

two major steps i.e. acidic extraction and cation exchange chromatography as 

compared to reported purification involving multiple process steps (section 2.5) [132]. 

However, the protein mass balance of the entire process and loss of protein (%) in each 

step was not reported. The amount of extract loaded on the column was below the 

maximum binding capacity of resin. In order to make the γ-conglutin purification 

process faster, the amount of extract (mg) loaded on the column can be increased. The 

protein content in purified γ-conglutin fraction was found to be ~95% w/w based on 

nitrogen elemental analysis [39]. However, γ-conglutin purity in eluted fraction 

(between 15-40%B) was not reported using quantitative analytical tool like RP-HPLC. 

In the purified γ-conglutin fraction (lane 6; Figure 3.3A), β-conglutin IMW impurities 

between 30-40KDa were observed. Thus, the eluted γ-conglutin was contaminated 

with IMW β-conglutin impurities. Therefore, the previously established in-house 

purification process was further developed to achieve pure γ-conglutin (purity ≥95%) 

as explained in following sections. 

3.5.2 γ-conglutin purification process development 

Interpretation of biophysical/structural characterization and bioactivity studies of a 

purified protein is based on several assumptions: protein purity and homogeneity, its 

precise quantification and solubility in its native active state [143]. For food and 

pharmaceutical purposes purity assessment is most critical, especially for the 

biologically active proteins [144]. As discussed earlier, different anti-diabetic 

properties have been ascribed to γ-conglutin protein and only a few reports have 

mentioned the protein purity based on SDS-PAGE analysis [40, 41, 100, 101]. 

However, SDS-PAGE analysis is a semi-quantitative technique whereas RP-HPLC 

analysis is sensitive, specific, precise and reproducible quantitative analytical 

technique often used in pharmaceutical industrial and analytical sectors. As a result, 

reporting γ-conglutin purity based on HPLC analysis is more accurate and reliable. As 

discussed in section 3.5.1, γ-conglutin obtained from the previously optimised in-

house γ-conglutin purification method (developed by Mane, 2018) was contaminated 

with impurities (proteins and small molecules other than γ-conglutin). As a result, in 
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the current thesis γ-conglutin purity based on RP-HPLC analysis was reported after 

every modification made to the existing method.  

Generally, the downstream purification process comprises up to 70-80% of the entire 

bioprocess cost production. This has caused the producers to shift their focus from 

improving the upstream process to improving downstream production. With this 

perspective, the established in-house γ-conglutin purification method was further 

developed in this thesis to make the process faster. This was achieved by increasing 

the extract load volume (% binding capacity) and decreasing the process run time (by 

increasing method flowrate). All the modifications for further purification process 

optimization were performed on Capto S HiTrap column (column volume = 0.96ml) 

and later linearly scaled-up to HiScreen column (column volume = 4.66ml). 

HiTrap Capto S column was continuously loaded with pH 6.5 extract at two flowrates 

0.5ml/min (total process time = 36 hours) and 0.75ml/min (total process time = 

24.22hours) and γ-conglutin in flowthrough was evaluated by RP-HPLC analysis. 

Since, the presence of γ-conglutin in flowthrough was below the limit of detection, it 

was difficult to calculate percent loss of γ-conglutin in flowthrough as compared to 

load (Figure 3.4A and 3.4B). However, the profile of γ-conglutin peaks in flowthrough 

operated at both the flow rates were similar. As a result, 0.75 ml/min was selected as 

loading flowrate to reduce the total run time. While loading extract, the column 

pressure increased with increase in load volume. It was observed that after loading 

approximately 1000ml extract (1.4 ± 0.03mg/ml), the column pressure reached its 

maximum operating pressure limit. As a result, the load volume of 1000ml (1824 mg 

proteins) was selected for further optimisation studies. 
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Figure 3.4 (A) RP-HPLC analysis of γ-conglutin in load and flowthrough (loading 

flow rate 0.5ml/min and 0.75ml/min) (B) zoomed chromatogram of the Figure 3.4A 

(from 28 to 32 mins). 

At first, 1000ml of extract (pH 6.5) was loaded on the HiTrap Capto S column (column 

volume = 0.96ml) at 0.75ml/min and the previously established optimised elution 

gradient (Table 3.6) was used to elute γ-conglutin from the column [39].   

Table 3.6 Chromatographic elution gradient for ‘Modified method I’ adapted from 

elution gradient of established in-house purification process [39] 

 %B CV 

Elution 1- linear 0 -15 7 

Elution 2- gradient 15-40 10 

Elution 3- linear 40 5 

Regeneration 1  100 2 

The chromatogram of ‘modified method I’ is represented in Figure 3.5A. During 

elution (Figure 3.5B), an impurity hump at 24%B consisting of conglutins along with 

γ-conglutin was observed to be merged in the fronting region of γ-conglutin peak i.e. 

the resolution between the impurity peak and γ-conglutin peak was poor (dotted box 5 



53 

 

and 6; Figure 3.5B). Figure 3.5C shows the SDS-PAGE protein profile of load, 

flowthrough, wash, impurity peaks, and γ-conglutin peak of chromatogram in Figure 

3.5B. It was observed that the hump eluting at 24%B (lane 5 and 6) majorly consisted 

of γ-conglutin and impurities that can be addressed as β-conglutin IMW peptides or 

basic units of α-conglutin (pH(I) range 5.2-8.4) [38] and small molecular weight 

peptides (22-7kDa) as explained in section 3.5.1. Because of the merged impurity peak 

(hump), the overall % purity of γ-conglutin was 73% based on RP-HPLC analysis 

(Figure 3.6). 

 

 

Figure 3.5 (A) chromatogram of ‘modified method I’ (B) Elution step of ‘modified 

method I’. Box 4 – wash; box 5 and 6 - impurity peak; box 7 -γ-conglutin peak (C) 

SDS-PAGE protein profile of ‘modified method I’ fractions. Lane 1 – marker; lane 2 

– extract pH 6.5 (load); lane 3 – Flowthrough (unbound); lane 4 – wash; lane 5 and 

6 – merged impurity peak; lane 7 - γ-conglutin peak. 
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Figure 3.6 RP-HPLC analysis of γ-conglutin peak (dotted box 7 of Figure 3.3B) 

obtained from ‘modified method I’. 

The bound proteins to the resin are eluted by controlled changes in ionic concentration. 

Long and shallow gradient (% buffer B) gives maximum separation between the eluted 

peaks. Thus, in order to separate the impurity peak (consisting of other conglutin 

proteins) from the main γ-conglutin peak, the method was further modified by splitting 

elution 2 - gradient step (15 to 40%B – 10CV) into 2 steps as reported in Table 3.7 

(‘modified method II’). All the other steps were the same as ‘modified method I’.  

Table 3.7 Chromatographic elution gradient for ‘Modified method II’ 

 %B CV 

Elution 1- linear 0 -15 7 

Elution 2A- gradient 15-32 11 

Elution 2B- gradient 32-40 3 

Elution 3- linear 40 5 

Regeneration 1  100 2 

The elution chromatogram obtained from the ‘modified method II’ is shown in Figure 

3.7. The dotted box indicates the collected γ-conglutin fraction for RP-HPLC analysis. 

The purity of γ-conglutin fraction was increased to 79%. However, the impurity peak 

consisting of other conglutins and γ-conglutin peak were still not completely resolved. 
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Figure 3.7 Elution chromatogram of ‘modified method II’ 

Since the elution of impurity peak started at 15%B an isocratic step of 15%B (elution 

2A-linear) was inserted before the elution 2A-gradient step to separate former impurity 

peak from the main γ-conglutin peak. Similarly, an isocratic step of 30%B (elution 2B 

linear) was introduced to elute pure γ-conglutin and avoid its merging with subsequent 

peak impurities (Table 3.8).  

Table 3.8 Chromatographic elution gradient for ‘Modified method III’ 

 %B CV 

Elution 1- linear 0 -15 5 

Elution 2A- linear 15 15 

Elution 2A- gradient 15-30 18 

Elution 2B- linear 30 12 

Elution 3- linear 40 10 

Regeneration 1 100 5 

The elution chromatogram obtained from ‘modified method III’ is shown in Figure 

3.8. The impurity peak separated from γ-conglutin peak at the isocratic step of 15%B. 

The % purity of γ-conglutin achieved using ‘modified method III’ was 89%. Isocratic 

condition at 15%B was responsible for tailing of the impurity peak. 
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Figure 3.8 Elution chromatogram of ‘modified method III’. 

Resolution (Rs) of peaks is a measure of how well the peaks are separated from each 

other in the chromatographic process. Rs is defined as the ratio of the difference 

between peak retention times to the average of peak widths [145]. Rs can also be 

calculated by using half-height equation 3.2. 

𝑅𝑠 =
2[𝑉𝑅2−𝑉𝑅1]

1.7 [𝑊0.5,1+ 𝑊0.5,2]
                                                                     … (Equation 3.2) 

where VR1 and VR2 are retention volumes of two peaks and W0.5,1 and W0.5,2 are peak 

widths measured at half height. The half-height formula for measuring resolution is 

used when the baselines of two peaks are non-resolved or merged and it is difficult to 

measure the peak base width. Rs value greater than 1 ensures the separation of two 

peaks to a degree at which their height and area can be calculated [145].  Resolution 

between impurity peak and γ-conglutin peak was calculated to be 2.43. 

In gradient condition, at every point, a stronger ionic concentration mobile phase elutes 

molecule through the column faster than weaker ionic concentration mobile phase, 

unlike the isocratic condition where the ionic concentration is constant throughout the 

step. Thus, steeper ionic gradient results in the concentrated peak with reduced tailing 

effect as compared to the isocratic condition. [146]. In method development, the peak 

symmetry is an indication of a well-behaved system and provides ease in quantitation. 

Peak asymmetry can be represented by Asymmetry factor (As) as shown in equation 

3.3. 

𝐴𝑠 =  
𝑏

𝑎
                                                                                 … (Equation 3.3) 
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where a and b are the distances from the peak midpoint to the leading edge and trailing 

edge respectively measured at 10% of the peak height [145]. The As (0.91) of γ-

conglutin peak was within the acceptable range of 0.9-1.2.  The purity (%) of γ-

conglutin obtained with this method was 87%. As the modified method 3 resolved 

impurity and target peak and resulted in satisfactory purity of γ-conglutin (≥85%), it 

was scaled up from Capto S HiTrap (CV=0.96ml) to Capto S HiScreen (CV=4.66ml).  

Column performance is dependent on the column design and operating conditions. A 

successful scale-up of chromatographic purification process maintains the productivity 

and quality of the product. Different kinetic and dynamic parameters (e.g. particle size, 

pore size, ligand chemistry, gradient condition, flowrate) and system parameters (e.g. 

load volume, mobile phase composition, column volume) should be optimised in a 

cost-effective way during lab process development [147]. Residence time of the target 

protein with resin matrix in the column critically controls its separation from other 

proteins [148]. The process parameters are linearly scaled up according to the column 

bed height by keeping residence time in terms of ‘flowrate in units of column 

volumes/time’ and ‘load volume/column volume’ constant [149]. Increasing column 

bed height also increases the number of theoretical plates (HETP – height equivalent 

to theoretical plate) in the column, thus, improving separation of the target protein 

[150]. Considering all the above key points, the purification method was further 

developed (scaled-up) on a prepacked Capto S HiScreen column with 10cm bed 

height, 0.77cm diameter and 4.66ml column volume (Table 3.9). The flow rate was 

changed to 3.63 ml/min and the load volume of extract (1.4 ±0.3) was increased to 

4790ml (6720mg proteins). 
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Table 3.9 Modified method III linearly scaled-up from Capto S HiTrap to Capto S 

HiScreen by maintaining constant residence time 

Parameters Capto S HiTrap Capto S HiScreen 

Height (cm) 2.50 10.00 

Diameter (cm) 0.70 0.77 

Area (cm2) 0.38 0.47 

Column volume (ml) 0.96 4.66 

Process flowrate (ml/min) 0.75 3.63 

Linear velocity (cm/min) 1.95 7.79 

Residence time (min) 1.28 1.28 

Loading time (hours) 22 22 

Extract (load) volume (L) 0.99 4.79 

It was observed that after loading 4000ml of extract, the back pressure on the column 

increased beyond column operating pressure limits and, thus, load volume was reduced 

to 4000ml (5612mg proteins). Each run was followed by consecutive column 

regeneration steps (1M NaCl and 1M NaOH). As shown in Figure 3.9A and 3.9B, the 

elution pattern of γ-conglutin was observed to be similar as Capto S HiTrap 

chromatographic run (Figure 3.8 A and B). Figure 3.9C shows the SDS-PAGE protein 

profile of feed, flowthrough, wash, impurity peak and γ-conglutin peak of 

chromatogram in Figure 3.9A and B. Flowthrough (lane 3) and wash (lane 4) fractions 

showed a faint band at 48KDa which indicates either minimal loss of γ-conglutin in 

flowthrough as explained earlier (Figure 3.4) or loss of other protein equivalent to γ-

conglutin’s molecular weight. Impurity peak (lane 5) showed the presence of IMW β-

conglutin (MW – 25 to 46; pH(I) - 5.3 to 8.4) or basic α-conglutins (MW – 20 to 22; 

pH(I) – 6.7 to 8.6) along with γ-conglutin protein. γ-conglutin peak (lane 6, 7, and 8) 

exhibited two bands around 45KDa and 90KDa. γ-conglutin exists in a monomeric-

dimeric-tetrameric state between slightly acidic to neutral pH [117]. Due to pH 

modifications (pH 4 to 6.5) involved in the load preparation stage (section 3.3.3), γ-

conglutin shows its existence in monomeric (45KDa) and dimeric (48KDa) forms. 

However, these bands need to be characterised further in detail (section 3.5.3). Later, 

γ-conglutin fractions (dotted box 6, 7 and 8; Figure 3.9B) were pooled together. 
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Figure 3.9 (A) complete chromatogram of ‘modified method III’ on Capto S HiScreen 

column (B) elution chromatogram of ‘modified method III’ on Capto S HiScreen. Box 

4 – wash; box 5 - impurity peak; box 6, 7 and 8 -γ-conglutin peak (C) SDS-PAGE 

protein profile of ‘modified method III’ on Capto S HiScreen. Lane 1 – marker; lane 

2 – extract pH 6.5 (load); lane 3 – Flowthrough (unbound); lane 4 – wash; lane 5 – 

impurity peak; lane 6, 7, 8 - γ-conglutin peak. 

Column efficiency is directly proportional to ‘height equivalent to theoretical plate 

(HETP)’ which increases with an increase in column height. As a result, γ-conglutin 

purity increased from 87% to 94% (Figure 3.10) when the process was scaled up from 

CaptoS HiTrap (height = 2.5cm) to HiScreen (height = 10cm). The asymmetry factor 

of γ-conglutin peak and the Rs factor between the two peaks (impurity and γ-conglutin 

peak) were 1.12 and 2.32 respectively. The optimised process for purification of γ-

conglutin from crude extract on HiScreen column was performed three times. The 

purity of γ-conglutin reported by HPLC analysis was 91.5 ± 1.2%.  The process mass 

balance i.e. mass of protein loaded on the column (extract) and mass of protein 

fractions in the flowthrough, wash, elution, and regeneration steps was found to be 

98.5 ± 0.9%. 
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Figure 3.10 RP-HPLC analysis of γ-conglutin pooled fraction (dotted box 6,7and 8) 

of the chromatogram in Figure 3.9B. 

γ-conglutin pooled fraction consisted of salts (sodium phosphate and sodium chloride) 

which were removed further using HiPrep desalting column. Figure 3.11 shows γ-

conglutin chromatogram obtained from the desalting column. After elution of γ-

conglutin, a rise in conductivity to 4.4mS/cm corresponding to elution of salts from 

the column was observed.  Multiple purification process runs on Capto S HiScreen 

(CV = 4.66ml) coupled with desalting step were performed to produce γ-conglutin 

protein for further enzymatic hydrolysis and anti-diabetic bioactivity studies. 

 

Figure 3.11 Chromatogram of γ-conglutin eluted from desalting column 

3.5.3 Characterisation of purified γ-conglutin protein 

Accurate identification, quantification, and characterization of a protein purified from 

a natural source or cell cultures is an essential step in process development. Various 

protein identification and characterization techniques enable a quality control check 
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throughout the process for production of high-quality protein products. Different 

techniques discussed in following sections were used for qualitative and quantitative 

assessment of γ-conglutin protein. 

3.5.3.1 SDS-PAGE 

Being a simple, least expensive and sensitive technique, SDS-PAGE is often the first 

choice for purity assessment. It was used to study protein profile in the extract (pH 4) 

and load (extract at pH 6.5), and to estimate the purity of pooled γ-conglutin fraction 

(Figure 3.12A). Different molecular weight proteins (10-100KDa) were present in the 

extract (lane 2) and load (lane 3) along with γ-conglutin. These proteins can be 

intermediate (25-46kDa) and low (17-20kDa) molecular weight β-conglutins having 

pH(I) in range of 5.3-8.4 or basic subunits of α-conglutin (20-22kDa) with pH(I) range 

of 6.7-8.6 [38]. Densitometric analysis of reduced and non-reduced γ-conglutin lanes 

was performed to measure the intensity of the protein bands in its lane (Figure 3.12B).  

 

Figure 3.12 (A) SDS-PAGE profile of extract at pH 4 (lane 2), extract at pH 6.5 i.e. 

load (lane 3), non-reduced (lane 5) and reduced (lane 6) γ-conglutin; (B) SDS-PAGE 

densitogram of non-reduced and reduced γ-conglutin.  

Molecular weight and % band intensity of the bands were calculated as shown in Table 

3.10. γ-conglutin is known to exhibit pH-dependent oligomeric conformational 

modifications i.e. γ-conglutin changes from tetrameric to dimeric to monomeric forms 

between neutral (≥pH 6.5) to acidic pH (pH 3.5) [73]. Due to pH modifications in 

extraction and purification steps, γ-conglutin exists in two forms: dimer at 91KDa 

(band A) and monomer at 45KDa (band B) in the lane 5 (Figure 3.12A) of purified γ-
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conglutin (non-reduced). Except for the two bands at 91KDa (9% band intensity) and 

45KDa (91% band intensity), no other bands were visible in lane 5 of pure γ-conglutin 

indicating ~100% γ-conglutin purity. SDS-PAGE is a semi-quantitative analytical 

technique. The reported purity might be an overestimate due to (a) inability of the tool 

to detect low abundant bands (b) unequal staining of all the proteins (c) co-migration 

of the impurity proteins having a molecular weight equivalent to γ-conglutin molecular 

weight. As a result, γ-conglutin purity should be confirmed with another quantitative 

analytical tool. 

The presence of γ-conglutin dimer was confirmed by analysing the reduced γ-

conglutin gel profile (Figure 3.12A; lane 6 - bands C to H). The disulphide bonds in γ-

conglutin gets cleaved when the protein is heated at 99°C for 10 minutes in presence 

of β-mercaptoethanol sample buffer. Under this reducing condition, γ-conglutin 

protein breaks down into polypeptides. The non-reduced γ-conglutin dimer band A 

and monomer band B (lane 5) were cleaved into polypeptides - heavy subunit (band 

E; 33KDa) and light subunit (band G; 18KDa). The high temperature stressed 

condition induced aggregation of uncleaved γ-conglutin or incomplete degradation of 

γ-conglutin dimers (bands C and D) [151]. Also, at high temperature, γ-conglutin 

protein degraded into peptides (bands F and H). 

Table 3.10 SDS-PAGE densitometric analysis of non-reduced and reduced  

γ-conglutin 

Lane Band 
Molecular 

weight (KDa) 

% band 

intensity 
Band properties 

Non-reduced 

γ-conglutin 

(Lane 5) 

A 91 9.0 γ-conglutin dimer  

B 45 91.0 γ-conglutin monomer 

Reduced γ-

conglutin 

(Lane 6) 

C 60 1.0 γ-conglutin aggregate or 

incomplete reduction of dimer D 50 4.6 

E 33.2 35.8 Cleaved γ-conglutin (heavy) 

F 28.8 2.1 γ-conglutin degraded peptide 

G 18 43.9 Cleaved γ-conglutin (light) 

H 8.3 12.6 γ-conglutin degraded peptide 
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3.5.3.2 Western blot 

To further confirm γ-conglutin identity and purity, western blot was performed. It is 

an important characterization technique in biopharmaceutical process development, 

from early pretreatment and process optimization stage to the final purified product 

development stage. Different amounts (μg) of non-reduced (-) and reduced (+) extract 

and pure γ-conglutin proteins were loaded in the well (Figure 3.13A). After SDS-

PAGE, proteins were transferred on the membrane and were stained with γ-conglutin 

antibody having specificity to a heavy subunit of γ-conglutin (around 30kDa). 

Monomeric (45KDa) and dimeric (91KDa) bands of γ-conglutin were visible in the 

non-reduced extract (Figure 3.13A - lane 2 and 4). In reduced extract (Figure 3.14A; 

lane 3 and 5) heavy subunit band of γ-conglutin (33KDa) and γ-conglutin aggregate 

band (50KDa) were observed. Apart from the γ-conglutin bands in the extract, the 

antibody showed non-specific binding to a protein at 37KDa which was not explored 

in detail.  

 

Figure 3.13 (A) Western blot of different amounts (μg) of non-reduced (-) and reduced 

(+) extract and pure γ-conglutin proteins (B) western blot densitogram of non-reduced 

and reduced γ-conglutin 

Molecular weight and band intensity (%) of protein bands in non-reduced and reduced 

γ-conglutin samples were calculated by Image lab 4 software (Figure 3.13B; Table 

3.11). The non-reduced γ-conglutin showed the presence of band A - dimeric (8.6% 

band intensity) and band B - monomeric (91.4% band intensity) forms in lanes 6 and 

8 (Figure 3.13A). The band intensities of these two forms were similar to the non-
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reduced γ-conglutin SDS-PAGE bands profile (lane 5; Table 3.10). Thus, the selective 

immunodetection of γ-conglutin by its antibody confirmed the presence of γ-conglutin. 

As γ-conglutin antibody had specificity to heavy subunit of the protein, an intense band 

at 33KDa (band E) was observed in the reduced γ-conglutin samples (Lane 7 and 9). 

The molecular weight, band intensities, and properties of other bands in these lanes 

are as described in Table 3.11. 

Table 3.11 Western blot densitometric analysis of non-reduced and reduced  

γ-conglutin 

Lane Band 
Molecular 

weight (KDa) 

% band 

intensity 
Band properties 

Non-reduced 

γ-conglutin 

(Lane 6) 

A 91.8 8.6 γ-conglutin dimer  

B 45.2 91.4 γ-conglutin monomer 

Reduced γ-

conglutin 

(Lane 7) 

C 58.3 1.7 γ-conglutin aggregate or 

incomplete reduction of dimer D 48.5 31.1 

E 33.1 64.0 Cleaved γ-conglutin (heavy) 

F 29.9 3.1 γ-conglutin degraded peptide 

3.5.3.3 RP-HPLC 

RP-HPLC is an easy, linear, efficient and reproducible analytical technique for 

identification and quantification of compounds in the mixture. RP-HPLC is a common 

tool used for purity evaluation and impurity profiling of pharmaceutical drugs. γ-

conglutin peak was analysed, as discussed in section 3.5.2., using a developed reverse 

phase HPLC method for γ-conglutin quantification [136]. Purified γ-conglutin 

chromatographic fractions were pooled, desalted, and sterile filtered and the final 

protein product was analysed. γ-conglutin HPLC chromatogram (Figure 3.14) showed 

presence of two peaks – an impurity peak at 26.19 minutes and γ-conglutin peak at 

29.53 minutes. Using Agilent OpenLAB CDS Chemstation software (Agilent 

Technologies, CA, USA) for peak auto-integration, the percent area under the curve 

(purity) of the γ-conglutin peak eluting at 29.53 minutes was found to be 95.2%.  
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Figure 3.14 RP-HPLC analysis of pooled and desalted γ-conglutin fraction obtained 

from the chromatographic purification process.  

3.5.3.4 Mass spectrometry 

MS is an established primary method for protein identification from complex 

biological origin samples [152]. Purified fractions and SDS-PAGE gel bands of γ-

conglutin were analysed by mass spectrometry (LC-MS/MS) to substantiate its 

identity as γ-conglutin. The samples were prepared and digested with trypsin enzyme 

as mentioned in section 3.4.5. The MS/MS spectra of peptides were analysed using 

Mascot sequence matching software (Matrix Science) with MSPnr100 database.  After 

completion of the search, a summary of all the hit proteins with their accession number 

was obtained (Table 3.11).  For each protein match, the overall protein score was 

calculated. ‘Protein score’ is the sum of the highest ion scores associated with each 

distinct peptide sequence (excluding the score of duplicate peptide sequence). A higher 

protein score indicates a more significant (confident) match. Protein scores greater 

than 67 (threshold score) are considered to be significant (p<0.05) and are reported in 

Table 3.12. These proteins are ranked according to their protein score. ‘Coverage’ is 

the percentage of detected peptides that match with the protein sequence available in 

the database. The ‘matches’ represent the number of MS/MS spectra matched to the 

protein. The number of peptide sequences generated from the spectra that matched 

with the database is indicated by ‘sequences’ in the table. The number in parentheses 

is the counts obtained above the specific threshold (significant matches/sequences). A 

confident identification should have minimum two significant matches/sequences 

[153].  
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From Table 3.12 is was observed that γ-conglutin protein from L. angustifolius 

(accession number - Q42369) hit with the highest score of 2137. This high score 

lowered down the probability of the observed match to be a random event [154].  

VGFNSNSLK peptide is a signature tryptic peptide of γ-conglutin and is used as an 

internal standard for isotope labeled quantification of γ-conglutin [155, 156]. This 

unique signature peptide was identified in the peptide sequences of γ-conglutin 

(Q42369) and this further increased the confidence of the protein to be identified as γ-

conglutin from L. angustifolius (accession number - Q42369). In Q42369, 12 peptide 

sequences matched with γ-conglutin protein database contributing to 35% coverage of 

the protein sequence as observed in Figure 3.15. The second highest score 

(OIW19056.1) and other protein scores (OIW08851.1, OIV97544.1, B9RG92, 

OIW00888.1) in the Table 3.12 did not have a significant number of peptide sequences 

required for identification of the protein [157]. Also, the molecular weight and pH(I) 

of the proteins (except Q42369) listed in Table 3.12 did not match either with γ-

conglutin’s molecular weight (48KDa) or its pH(I) (7-8) mentioned in the literature 

[38].  

1 MARNMAHILH ILVISLSYSF LFVSSSSQDS QSLYHNSQPT SSKPNLLVLP 

51 VQEDASTGLH WANIHKRTPL MQVPLLLDLN GKHLWVTCSQ HYSSSTYQAP 

101 FCHSTQCSRA NTHQCFTCTD STTTRPGCHN NTCGLLSSNP VTQESGLGEL 

151 AQDVLAIHST HGSKLGPMVK VPQFLFSCAP SFLAQKGLPN NVQGALGLGQ 

201 APISLQNQLF SHFGLKRQFS VCLSRYSTSN GAILFGDIND PNNNNYIHNS 

251 LDVLHDLVYT PLTISKQGEY FIQVNAIRVN KHLVIPTKNP FISPSSTSYH 

301 GSGEIGGALI TTTHPYTVLS HSIFEVFTQV FANNMPKQAQ VKAVGPFGLC 

351 YDSRKISGGA PSVDLILDKN DAVWRISSEN FMVQAQDGVS CLGFVDGGVH 

401 ARAGIALGAH HLEENLVVFD LERSRVGFNS NSLKSYGKTC SNLFDLNNP 

Figure 3.15 Protein view displaying 35% γ-conglutin peptide sequence coverage to 

Q42369 (matched peptide sequences are in bold). 

Similarly, the MS/MS spectra of SDS-PAGE gel bands A (dimer) and B (monomer) 

from the non-reduced γ-conglutin sample (lane 5; section 3.5.3.1) were analysed to 

identify proteins of interest using Mascot sequence matching software (Matrix 

Science) with MSPnr100 database (Table 3.13). The highest score was observed to 

match with γ-conglutin protein from L. angustifolius (Q42369) along with the presence 

of signature peptide VGFNSNSLK in the sequence list.  

All the above MS/MS analysis results confirmed the identity of purified protein as γ-

conglutin from L. angustifolius (Q42369).
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Table 3.12 Summary of all the hit proteins generated by MS/MS ion search with matching peptide sequences obtained from tandem mass 

spectrometric analysis of purified γ-conglutin fraction. VGFNSNSLK peptide (indicated in red) is a signature tryptic peptide of γ-conglutin 

Rank 

order 
Accession Score 

Mol. 

Wt. 

(Da) 

pH(I) 
Coverage 

(%) 
Matches Sequences Peptides sequence 

1 Q42369 2137 48885 7.66 35 88 (65) 12 (10) 

HLVIPTK 

VGFNSNSLK 

ISGGAPSVDLILDK 

QGEYFIQVNAIR 

KISGGAPSVDLILDK 

TPLMQVPLLLDLNGK 

RTPLMQVPLLLDLNGK 

ISGGAPSVDLILDKNDAVWR 

AGIALGAHHLEENLVVFDLER 

YSTSNGAILFGDINDPNNNNYIHNSLDVLHDLVYTPLTISK 

2 OIW19056.1 699 11712 9.38 17 19 (18) 1 (1) AAAANTPGLNPSNAGSLPGK 

3 OIW13331.1 209 12957 9.49 25 6 (5) 3 (2) 
YGAGGNYY 

ETAANIGASAK 

MNQAELDKLAAR 

4 OIW13848.1 201 11872 9.07 50 10 (10) 5 (5) 

LVLVASSK 

KLTSFELA 

GESQVVSGTNYR 

EIADFAVTEHNK 

NYQAVVYEKPWLHFK 

5 OIW15434.1 195 46671 9.14 22 8 (7) 7 (6) 

SIVPIASGR 

VLYDVPNSR 

LSEPAYVAVR 

QIIQSPTYIVR 

SSLYYVNLFAIR 

TTGTSTPPQGLLGLGR 

IVNIPPPALAFNPTTGAGTIFDSGTVFTR 

6 OIW08851.1 127 13967 5.37 11 2 (2) 1 (1) AVDVTGPDGANVQGSR 
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7 A0A061FK97 122 12375 9.34 46 7 (2) 5 (2) 

ADLIAYLK 

NMAVNWEEK 

QGPNLNGLFGR 

TLYDYLLNPK 

QSGTTPGYSYSAANK 

LSGTTPGYSYSAANK 

8 OIV97544.1 97 24667 8.79 7 1 (1) 1 (1) DQYGNPIQLTDQYGNPVK 

9 OIV98539.1 97 45201 6.72 17 6 (5) 6 (5) 

VAVVLLNR 

MYVLKPIA 

ETADALVSTGLSK 

TFASWGIDYLK 

NSITANWDDIDIPTK 

TTGDINDSWESMITR 

10 OIV89537.1 77 13479 9 24 2 (2) 2 (2) 
VFASGNDQIR 

AGDLLIFNYDSTSHNVVAVDR 

11 B9RG92 74 46284 9.46 2 1 (1) 1 (1) SSLYYVNLMAIR 

12 OIW00888.1 73 11670 9.26 10 1 (1) 1 (1) ALVAAAQSTADK 

13 OIV96297.1 72 60824 9.27 8 3 (2) 3 (2) 
QYLGQQFYLR 

DQIGSFYYFPSLGFHK 

IPVPFPDPAGDYTILIGDWYK 

14 OIW10115.1 68 19175 9.16 33 4 (2) 3 (2) 
GPLGLVEQPPSR 

QLNLGLPVATVYFNSQK 

VTLTGNMDNLYTLVMTDPDAPSPSEPSHR 
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Table 3.13 Summary of all the hit proteins generated by MS/MS ion search with matching peptide sequences obtained from tandem mass 

spectrometric analysis of non-reduced γ-conglutin SDS-PAGE gel bands. 

 
Rank 

order 
Accession Score 

Mol. Wt. 

(Da) 
pH(I) 

Coverage 

(%) 
Matches Sequences Peptides sequence 

Gel band 

A 

(Dimer) 

1 Q42369 88 48885 7.66 35 7 (6) 4 (3) 

QFSVCLSR 

VGFNSNSLK 

AVGPFGLCYDSR 

QGEYFIQVNAIR 

2 XP_014632490.1 57 23039 8.91 6 1 (1) 1 (1) YPEWVVNIVSVPK 

3 A0A0Q3RAB4 28 101116 8.12 1 1 (1) 1 (1) 
YGAGGNYY 

ETAANIGASAK 

MNQAELDKLAAR 

Gel band 

B 

(monomer) 

1 Q42369 208 48885 7.66 23 14 (10) 13 (9) 

HLVIPTK 

QFSVCLSR 

VGFNSNSLK 

SRVGFNSNSLK 

AVGPFGLCYDSR 

ISGGAPSVDLILDK 

VGFNSNSLKSYGK 

AVGPFGLCYDSRK 

QGEYFIQVNAIR 

KISGGAPSVDLILDK 

TPLMQVPLLLDLNGK 

VPQFLFSCAPSFLAQK 

ISGGAPSVDLILDKNDAVWR 

2 XP_009385446.1 81 98155 5.63 2 2 (1) 2 (1) 
VGFGVTIKK 

NMSSGATKDLAVR 

3 OIV90725.1 75 46437 9.16 2 1 (1) 1 (1) DLSSSTPQYITK 

4 XP_014632490.1 67 23039 8.91 6 1 (1) 1 (1) YPEWVVNIVSVPK 

 



70 

 

3.5.4 Proteolytic hydrolysis of extract and γ-conglutin protein 

In order to evaluate the potential of lupin extract proteins and purified γ-conglutin as 

oral anti-diabetic agents, they were, initially, subjected to in-vitro gastrointestinal 

proteolytic hydrolysis condition and later the hydrolysates were used to carry out 

different bioactivity studies (chapter 4 and 5). For enzymatic hydrolysis, pepsin and 

pancreatin enzymes were added to the substrates - extract and γ-conglutin in 

consecutive stages. Pepsin is an endopeptidase that breaks the peptide bonds at non-

terminal amino acids within the protein molecule resulting in the generation of 

relatively large peptides. It has maximum activity at acidic pH 1-3. Pancreatin, 

produced by exocrine cells of the pancreas, is a combination of digestive enzymes 

containing endopeptidase and exopeptidase that cleave the peptides into oligo, tri and 

dipeptides, and amino acids at neutral to slightly alkaline pH [158].  

The protein concentrations of the extract and γ-conglutin were 2.19 ± 0.2mg/ml and 

4.8 ± 0.61mg/ml respectively and were suitable substrates for hydrolysis. The DH for 

these substrates was determined by calculating free amino acids generated by pepsin 

and pancreatin enzymes during hydrolysis using a spectroscopic method with OPA 

reagent (Figure 3.16). Initially, a high rate of reaction was observed with pepsin in the 

first 90 minutes for extract and 30 minutes for γ-conglutin, thereafter, the proteolytic 

rate got stabilised. Being an endopeptidase pepsin cannot break down proteins into 

monomers (amino acids) resulting in low DH of 5.6% for extract and 3.4% for γ-

conglutin. With further addition of pancreatin enzyme, the DH increased with time 

reaching to its plateau state after 450mins. Pancreatin is a mixture of trypsin, α-

chymotrypsin, elastase, carboxypeptidase A and B. Trypsin has high specificity for 

lysine and arginine peptide bonds (except when they are bound to c-terminal proline) 

and chymotrypsin has specificity for tryptophan, tyrosine, leucine and phenylalanine 

bound to N-terminal [159, 160] leading to high DH. The extract contains a mixture of 

proteins (different conglutins) providing different substrate sites for proteolytic action 

of enzymes resulting in higher DH (22%) compared to γ-conglutin (18%).  
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Figure 3.16 Degree of hydrolysis of extract (A) and γ-conglutin (B) by pepsin and 

pancreatin enzyme after every 30 minutes time interval from the starting point.  

SDS-PAGE profile of the hydrolysate after every 60 minutes is shown in Figure 3.17. 

Enzymatic hydrolysis resulted in partial/complete degradation of high molecular 

weight proteins giving rise to low molecular weight proteins/peptides. It was observed 

that pepsin majorly hydrolysed the proteins into polypeptides with molecular weight 

≤22KDa for extract and ≤30kDa for γ-conglutin, while pancreatin hydrolysed large 

peptides into small peptides (≤6.5KDa) except a peptide around 15KDa.  

 

Figure 3.17 SDS-PAGE of extract (A) and γ-conglutin (B) hydrolysate at different time 

intervals. Extract/γ-conglutin (lane 1); extract/γ-conglutin at pH 2 before addition of 

pepsin (lane 2); hydrolysate collected after 30, 60, 120, 180, 240 mins of pepsin 

addition (lane 3, 4, 5, 6, 7 respectively); hydrolysate collected after 60, 120, 180, 240 

mins of pancreatin addition (lane 8, 9, 10, 11 respectively) 
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To understand the detailed molecular weight size distribution of peptides ≤6.5KDa, 

SEC of both the substrates (extract and γ-conglutin) and final hydrolysates was 

performed. The substrate proteins were eluted at low retention time and the 

biomolecules in hydrolysate were eluted at higher retention times (Figure 3.18). The 

molecular weight distribution of hydrolysates (Table 3.14) revealed the presence of a 

mixture of peptides in the range of 12.7-0.6KDa peptides in extract and 8.4 to 0.6KDa 

peptides in γ-conglutin. Characterisation of these peptides is not in the scope of this 

research work as it would be a major project in itself. 

 

Figure 3.18 Size exclusion chromatogram of protein and hydrolysates of extract (A) 

and γ-conglutin (B) 

Table 3.14 Molecular weight size distribution of extract and γ-conglutin hydrolysates 

Sample 

peaks 

Extract hydrolysate γ-conglutin hydrolysate 

Molecular weight 

range (KDa) 

% AUC Molecular weight 

range (KDa) 

% AUC 

A 12.7-2.3 55.90 8.4-3.6 41.52 

B 2.3-1.2 23.06 3.6-2.2 23.86 

C 1.2-0.9 4.81 2.2-1.0 26.01 

D 0.9-0.6 13.43 1.0-0.6 4.42 

E <0.6 2.78 <0.6 4.18 

In general, protein hydrolysates exhibit increased bioavailability as compared to their 

intact protein counterparts [161]. As a result, these bioactive compounds from natural 

sources are attracting interest for the development of nutraceuticals and functional 
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foods [162], however, investigation of the molecular mechanisms responsible for the 

bioactivity of these hydrolysates has been lacking up to this point. 

3.6 CONCLUSION 

This chapter summarises the extraction, purification, and characterisation of lupin 

protein, γ-conglutin. The extraction and purification of γ-conglutin from lupin proteins 

was previously optimised in our laboratory [39]. The protein content in purified γ-

conglutin fraction was found to be ~95% (based on nitrogen element analysis). The 

main objective of this chapter was to increase the purity of γ-conglutin for studying its 

anti-diabetic action. In order to make the process faster and to improve the purity of 

eluted γ-conglutin the process was further developed by increasing the load volume on 

the column and modifying the elution gradient method. The identity of γ-conglutin in 

eluted fraction was confirmed by western blot and mass spectrometry analysis. The 

purity of eluted γ-conglutin fraction was found to be ~100% based on semi-

quantitative SDS-PAGE analysis and ~95% based on RP-HPLC analysis. However, 

the process needs to be further developed to prevent loss of γ-conglutin in flowthrough 

and impurity fractions. This will improve the overall process yield. 

To evaluate the anti-diabetic potential of extract proteins and γ-conglutin as an oral 

anti-diabetic agent, the proteins were digested by gastrointestinal proteolytic enzymes, 

pepsin and pancreatin. After hydrolysis, the extract and γ-conglutin hydrolysate 

consisted of peptides in the range of 12.7-0.6KDa and 8.4-0.6KDa respectively. The 

extract and γ-conglutin hydrolysates were evaluated for their anti-diabetic mechanism 

in different cell lines as explained further in chapter 4 and 5.  
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The information described in this chapter is published in the key paper ‘Tapadia, M., 

Carlessi, R., Johnson, S., Utikar, R., & Newsholme, P. (2018). Lupin seed hydrolysate 

promotes G-protein-coupled receptor, intracellular Ca2+ and enhanced glycolytic 

metabolism-mediated insulin secretion from BRIN-BD11 pancreatic beta 

cells. Molecular and Cellular Endocrinology. 2019. 480: p. 83-96’. 

4.1 INTRODUCTION 

Various studies have demonstrated the hypoglycaemic action of lupin seed 

preparations (bread, beverages) and lupin proteins (extract, isolates) when 

administered orally in animals and humans as discussed in chapter 2 [32-35, 90, 100, 

101]. These constituents of lupin seeds (proteins, alkaloids, fibers) either stimulate 

insulin production from pancreatic β cells (insulinotropic action) or act like insulin to 

promote the entry of glucose in the peripheral tissues (insulin-mimetic action).   

The current literature (chapter 2; section 2.3.2), majorly, attribute the hypoglycaemic 

action of lupin seed bioactives, particularly lupin proteins, to insulin-mimetic effects 

observed in fat, liver and muscle cells. Only a few studies demonstrate the 

insulinotropic action of lupin. In β cells, a white lupin seed extract, in the presence of 

glucose, promoted an increase in intracellular Ca2+ and a decrease in K+ permeability 

resulting in a glucose-dependent insulinotropic effect [36]. Similarly, lupanine, an 

alkaloid extracted from L. albus, was reported to increase Ins-1 gene expression (the 

gene encoding insulin) and potentiate glucose-stimulated insulin release by inhibition 

K-ATP channels [94]. These studies were focused on the underlying ionic mechanisms 

involved in inhibition of K-ATP channel and Ca2+ release from intracellular stores in 

islets and β cells. However, the effect of lupin extracts on energy metabolism, G-

protein coupled receptor (GPCR) signal transduction and activation of secondary 

messenger systems in β cells have up to this point, not been studied. As a result, the 

Chapter 4 

Lupin seed hydrolysate promotes G-protein-coupled receptor, 

intracellular Ca2+ and enhanced glycolytic metabolism-mediated 

insulin secretion from BRIN-BD11 pancreatic β cells. 
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focus of this investigation was to study the acute effects of hydrolysed lupin extract on 

insulin secretion and the signalling pathways related to this effect in BRIN-BD11 β 

cells. 

The extracts of L. angustifolius seeds were hydrolysed by digestive enzymes in-vitro 

to mimic oral gastrointestinal proteolytic digestive condition (chapter 3; section 3.5.4). 

In the present chapter, the hydrolysed lupin extract (lupin hydrolysate) was examined 

for its insulinotropic action in BRIN-BD11 pancreatic β cells. Also, the effect of 

hydrolysate on cellular glucose uptake and metabolism was studied. Further, different 

signalling pathways like K-ATP depolarisation and/or cyclic adenosine 

monophosphate (cAMP) - protein kinase A (PKA) and/or Gαq - phospholipase C 

(PLC) - protein kinase C (PKC) responsible for insulinotropic action of lupin 

hydrolysate were investigated and a summarised mechanism was presented. 

4.2 CHEMICALS AND REAGENTS  

All chemicals were obtained from Sigma Aldrich (Castle hill, NSW, Australia), unless 

indicated otherwise. BIM-46187, YM-254890, U-73122, and Go-6983 were obtained 

from Cayman Chemical (Ann Arbor, MI, USA). 'Any kDa' TGX precast 

polyacrylamide gels, Laemmli sample buffer (2X), Broad Range Marker protein 

standards and Clarity™ Western ECL substrate were purchased from Bio-Rad 

Laboratories Inc. (Hercules, CA, USA). Fluo-4, AM from Molecular probes (Eugene, 

Oregon, USA). Seahorse XF calibrant solution was acquired from Agilent 

Technologies Inc. (Santa Clara, CA, USA). Polyclonal goat anti-rabbit 

immunoglobulins/HRP from Dako (Glostrup, Denmark) and protease/phosphatase 

inhibitor cocktail (100X), cAMP regulatory element binding (48H2) rabbit mAb and 

phospho- cAMP regulatory element binding (Ser 133) (87G3) rabbit mAb were 

obtained from Cell Signaling Technology (Danvers, MA, USA).  
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4.3 EXPERIMENTAL METHODS 

4.3.1 Preparation of lupin protein extract 

Mature seeds of L. angustifolius (Coromup variety) were dehulled, milled, sieved and 

defatted according to the protocol described in section 3.3.1 and 3.3.2 (chapter 3). An 

efficient extraction process was previously optimized in the lab to achieve ~15% γ-

conglutin enriched extract (w/w of kernel total proteins) [39]. In brief, the lupin 

proteins from defatted kernel flour was extracted in 10mM sodium acetate buffer, pH 

4.0 (extraction buffer) in 1:30 (w/v) flour: buffer ratio on a magnetic stirrer (1000xg) 

for 30 minutes at room temperature. The extract was centrifuged at 4700xg for 20 

minutes and the supernatant was later subjected to enzymatic hydrolysis. 

4.3.2 Enzymatic hydrolysis of extract   

In order to mimic gastrointestinal proteolytic digestion condition, lupin extract was 

hydrolysed using pepsin and pancreatic enzymes as described in section 3.3.5 (chapter 

3). Hydrolysate generated from the hydrolysis of lupin extract is referred as ‘lupin 

hydrolysate’ in the text. The enzymes were inactivated by heating the hydrolysate at 

100ᵒC for 10 min. Alternatively, the enzymes and the high molecular weight proteins 

were separated from hydrolysate by ultrafiltration using 3kDa MWCO capsule 

membranes (Minimate Tangential Flow Filtration, Pall Corporation, East Hills, NY, 

USA). 

4.3.3 Pancreatic β cell lines and culture conditions 

BRIN-BD11 cells were cultured in RPMI-1640 medium (11.1mM glucose) 

supplemented with Foetal bovine serum (FBS) (10%), penicillin (100U/ml), 

streptomycin (0.1mg/ml), pH 7.4 in T75 sterile tissue culture flasks and incubated at 

37ᵒC in a humidified atmosphere of 5% CO2 and 95% air. The cells were subcultured 

once in 3-4 days and the media was changed after 2-3 days. All the experiments using 

BRIN-BD11 were performed with passages 20-32. 

INS-1E cells were a kind gift from Prof. Marco Falasca (School of Pharmacy and 

Biomedical Sciences, Curtin University, Western Australia). INS-1E cells were 

https://www.sciencedirect.com/topics/medicine-and-dentistry/ultrafiltration
https://www.sciencedirect.com/topics/medicine-and-dentistry/filtration
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cultured in RPMI-1640 medium (11.1mM glucose) supplemented with FBS (15%), 

penicillin (100U/ml), streptomycin (0.1mg/ml), sodium pyruvate (1mM), β-

mercaptoethanol (50μM), HEPES (10mM) pH 7.4 in T75 sterile tissue culture flasks 

and incubated at 37ᵒC in a humidified atmosphere of 5% CO2 and 95% air. The cells 

were subcultured once in 3-4 days and the media was changed after every 48 hours. 

Cells with passage 11 to 15 were used for the experiments. 

4.3.4 Cell viability assay 

Cell viability assays can measure the metabolism, proliferation, and viability or death 

of cells. Cell viability of BRIN-BD11 cells in the presence and absence of hydrolysate 

was conducted according to Mosmann [163] which determines the activity of 

mitochondrial dehydrogenase enzymes. About 10,000 cells/well were seeded in a 96 

well plate with the above media and incubated at 37°C overnight. Next day, the cells 

were incubated in the same conditions for 3, 6, 12 and 24 hours in presence and 

absence of hydrolysate (500 μg/ml, 200 μg/ml and 100 μg/ml) in media. Following the 

indicated incubation times, 20μl of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 

tetrazolium bromide) solution (5mg/ml; 20μl per 200μl medium) was added to all the 

wells and cells were incubated for additional 4 hours. MTT (yellow coloured) 

compound was taken up by cell and reduced to insoluble formazan crystals (purple 

coloured product) by mitochondrial succinate dehydrogenase enzyme in the cells. 

Then, the media from each well was removed and dimethylsulfoxide (DMSO) was 

added to dissolve the formazan crystals. The plate was shaken thoroughly and 

absorbance was measured at 570 nm using the Ensight Multimode plate reader (Perkin 

Elmer, Massachusetts, USA). 

4.3.5 Acute insulin secretion in-vitro   

BRIN-BD11 and INS-1E cells were seeded at a concentration of 20,000 cells/well in 

96 well plates for overnight attachment prior to acute insulin secretion studies. Next 

day, cells were washed with Krebs Ringer bicarbonate buffer (KRBB) and pre-

incubated with KRBB for 40 mins at 37°C. To ensure maximum inhibitory effect, 

inhibitors were incubated with the cells in pre-incubation step [164]. Cells were then 

incubated for 20 mins at 37°C with 100µl KRBB containing 1.1 - 20 mM glucose in 

the presence and absence of hydrolysate/stimulators/inhibitors. Insulin secretion in the 
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supernatant was quantified (μg/L) using ultrasensitive rat insulin enzyme-linked 

immunosorbent assay (ELISA) kit (Mercodia, Sweden).  All the insulin secretion 

primary outcomes were first normalized to the total cell protein content (quantified by 

BCA analysis; section 3.4.1) and these values were then pooled from independent 

experiments and reported as fold change in insulin secretion with respect to 16.7mM 

glucose (control).  

4.3.6 Provoking and defining the level of lipotoxicity in BRIN-BD11 cells 

Palmitate, a saturated free fatty acid solution was prepared by dissolving palmitate in 

0.1M NaOH for 30 mins at 70ᵒC to achieve 100mM concentration. Palmitate (100mM) 

was conjugated with fatty acid-free BSA (10% w/v in water) by robust stirring for 4 

hours at 60ᵒC to produce 5mM BSA conjugated palmitate stock solution. The stock 

solution was filter sterilized and diluted in culture medium to achieve a final 

concentration of 100μM and 200μM. The control solution was prepared under the 

same condition (without palmitate) by adding 0.1M NaOH to fatty acid-free BSA 

solution. In order to establish lipotoxic condition, BRIN-BD11 cells (15,000 

cells/well) were treated with BSA conjugated palmitate (100μM and 200μM) for 24 

hours at 37ᵒC in a humidified atmosphere of 5% CO2 and 95% air. Similarly, the cells 

were treated with control solution (without palmitate). Next day, acute insulin 

secretion assay in-vitro (described in section 4.3.5) was performed.  

4.3.7 Extracellular flux analysis   

Extracellular flux analysis is a fluxomic technique to measure the rate of production 

and consumption of metabolites occurring in a cellular system. The XFe96 analyzer 

(Seahorse Biosciences, Massachusetts, USA) was used according to manufacturer’s 

protocol to measure Extracellular Acidification Rate (ECAR) and Oxygen 

Consumption Rate (OCR) in the cells. On the previous day of analysis, BRIN-BD11 

cells were seeded at a concentration of 20,000 cells/well in Seahorse 96 well assay 

plate (Agilent Technologies Inc., Santa Clara, CA, USA) and the cartridge was 

hydrated with Seahorse XF calibrant solution at 37°C in CO2 free incubator for 24 

hours. Next day, the assay plate was washed thrice with Dulbecco’s modified Eagle’s 

medium (DMEM; pH 7.4) containing sodium pyruvate (1mM), alanyl-glutamine 
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(2mM) with glucose (2.5mM) for mitochondrial stress test and without glucose for 

glycolytic stress test using XF Prep station (Seahorse Biosciences, Massachusetts, 

USA) and incubated in DMEM for 30minutes. The final concentration of the 

mitochondrial and glycolytic stress reagents (oligomycin (2µM), carbonilcyanide p-

triflouromethoxyphenylhydrazone (FCCP) (0.3µM), rotenone (1µM), antimycin A 

(1µM), 2-deoxyglucose (100mM) were preloaded in assay plate delivery ports. The 

concentrations of these stress reagents were previously optimised in the lab for 

achieving optimal responses in BRIN-BD11 cells [165, 166]. The injection strategy 

for measuring glycolytic stress was (1) glucose, (2) hydrolysate/vehicle, (3) 

oligomycin, (4) 2-deoxyglucose and the strategy for mitochondrial stress was (1) 

hydrolysate/vehicle, (2) oligomycin, (3) FCCP, (4) rotenone and antimycin A. 

Following calibration of XF cartridge, the assay plate was inserted in XFe96 analyzer 

and both ECAR and OCR were measured after every 4 minutes. Later, the 

measurements were normalised with total cell protein content in each well by BCA 

protein assay method (section 3.4.1; chapter 3). This normalisation was performed to 

eliminate cell number variation in data analysis. The data were analysed using software 

Wave Desktop 2.3.0. and following formulae were used for calculation of glycolysis 

and glycolytic capacity (mpH/min/mg/ml) [166].  

Glycolysis = MAX (first measure after glucose injection through measurement prior 

to oligomycin injection) - measurement prior to glucose injection         …equation (4.1)  

Glycolytic Capacity = MAX (first measurement after oligomycin injection through 

measurement prior to 2-deoxyglucose injection) - measurement prior to glucose 

injection                                                                                                   …equation (4.2)  

4.3.8 Glucose uptake assay  

2-NBDG (2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino)-2-deoxyglucose) is a 

fluorescent glucose analog that allows a direct and sensitive measurement of glucose 

uptake or consumption in cells using flow cytometry technique. The glucose uptake in 

BRIN-BD11 cells procedure was according to Carlessi et al. [164]. On the day prior 

to analysis, 100,000 cells were seeded per well in 24 well plates. Next day, the cell 

plates were washed and replaced by glucose-free - DMEM media containing 20µM of 
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2-NBDG with and without hydrolysate. The control wells were treated in a similar 

manner but in the absence of 2-NBDG. The plate was incubated at 37ᵒC for 30 minutes. 

Later, the cells were recovered by trypsinization, centrifuged and resuspended in cold 

phosphate buffer saline (PBS) containing 1µg/ml propidium iodide (PI) used for dead 

cell detection. The cell suspensions were maintained at cold temperature throughout 

the analysis. For each measurement 10,000 live cells events were recorded in FACS 

LSR Fortessa flow cytometer (BD Biosciences, Heidelberg, Germany). Forward 

scatter (FSC), side scatter (SSC) and 2-NBDG median fluorescence intensities were 

analysed using FlowLogic FCS analysis software (Inivai Technologies, Melbourne, 

Australia) after gating for singlet and PI negative (live) cells.   

4.3.9 Western blot analysis of cAMP response element-binding protein (CREB) 

and phospho-CREB proteins 

The BRIN-BD11 β cells were incubated in RPMI-1640 media in the presence and 

absence of hydrolysate (200μg/ml), forskolin (10μM) and H89 (5μM) for 20 minutes. 

The cells were lysed in radioimmunoprecipitation buffer (RIPA) containing 1% 

protease and phosphatase inhibitors cocktail followed by sonication and the total cell 

protein content was quantified using BCA assay method (section 3.4.1). Cell protein 

extracts were separated by SDS-PAGE and electrotransferred on nitrocellulose 

membrane (section 3.4.3 and 3.4.4; chapter 3). Later, membranes were blocked with 

3% BSA for 60 minutes and incubated overnight at 4°C with the primary antibodies 

CREB (48H2) Rabbit mAb and phospho-CREB (Ser 133) (87G3) Rabbit mAb (1:1000 

dilution in TBST containing 5% BSA). The membranes were washed and incubated in 

HRP conjugated secondary antibody for 60 minutes. The target bands were detected 

as discussed in section 3.4.4.  

4.3.10 Measurement of intracellular Ca2+ fluctuations 

Fluo-4 indicator exhibits large fluorescent intensities on binding to Ca2+ ions without 

any spectral shift. Fluo-4AM, a non-fluorescent acetoxy methyl ester, is cleaved 

intracellularly by cell esterase to give fluorescent Fluo-4 probe that measures 

intracellular Ca2+ concentration [167]. BRIN-BD11 cells (20,000 cells/well) were 

subcultured in black clear-bottom tissue culture grade 96 well plate. Cells were 

incubated at 37ᵒC in a humidified atmosphere of 5% CO2 and 95% air. Next day, media 
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was removed and the cells were washed with KRBB containing 1.1mM glucose. The 

cells were incubated in KRBB containing glucose (1.1mM) and Fluo-4AM (5μM) for 

40 minutes at 37ᵒC (dye loading step). The cells were washed twice with KRBB and 

incubated in KRBB with 1.1 mM glucose for 10 minutes. In this step, esterases inside 

the cells cleave the intracellular Fluo-4AM molecules into Fluo-4 (de-esterification 

step). Next, the cells were inserted into a temperature-controlled (37ᵒC) multimode 

plate reader (Ensight, Perkin Elmer). The basal fluorescence from each well was 

recorded for 60 seconds by using appropriate wavelength settings (excitation at 494nm 

and emission at 516nm). Later, stimuli (hydrolysate / alanine (16.7mM) / KCl) were 

added and fluorescence was recorded each 8 seconds intervals for 400 seconds.  

4.3.11 Statistical Analysis  

All statistical analyses were performed using GraphPad Prism v.6.0 software. All 

variables were reported as mean ± standard deviation (SD). The datasets that satisfied 

normality following a Kolmogorov-Smirnov test were further analysed for statistical 

significance using t-test (when comparing two groups) and analysis of variance - 

ANOVA (when comparing three or more groups) with a Dunnett post-hoc test. The 

datasets that failed the normality test were analysed using the non-parametric Mann-

Whitney test (when comparing two groups) and Kruskal Wallis test (when comparing 

three or more groups). P≤0.05 was considered statistically significant.   

4.4 RESULTS AND DISCUSSIONS 

The insulinomimetic action of biomolecules obtained from lupin seeds (proteins, 

peptides, alkaloids) has been studied in detail in various cell lines and animal models 

(discussed in chapter 2; section 2.3), but their insulinotropic properties remain largely 

unexplored. Several human studies using intestinal perfusion techniques have reported 

that protein hydrolysates consisting of short peptides and amino acids facilitate faster 

intestinal protein digestion and absorption rates as compared to intact proteins [168-

171]. Potent insulinotropic effects were observed in pancreatic β cells when exposed 

to hydrolysates containing di-tri peptides and free amino acids [172-174]. Also, 

hydrolysates containing low molecular mass peptides derived from milk have been 

reported to induce insulin secretion and improve glucose homeostasis [175, 176]. 
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Thus, at first, the primary objective was to develop an oral nutraceutical agent from a 

natural source for the treatment of type 2 diabetes. Accordingly, lupin seed extracts 

were hydrolysed in an in-vitro gastrointestinal proteolytic hydrolysis environment by 

using amylase, as well as pepsin and pancreatin protease enzymes (chapter 3; section 

3.5.4).  The studies in this chapter are focussed on the mechanisms of insulinotropic 

action of the bioactives present in the hydrolysate obtained from lupin seed extract.  

4.4.1 Heat resistant lupin hydrolysate contents promoted insulin secretion 

without affecting cell viability.   

4.4.1.1 Cell viability and insulin secretion  

The insulinotropic action of the lupin hydrolysate in BRIN-BD11 rat insulin secreting 

β cells was substantiated. BRIN-BD11 is a derived cell line produced by electrofusion 

of a primary culture of rat pancreatic beta cells with rat insulinoma RINm5F β cells 

[177]. McClenaghan et al. have highlighted the importance of the BRIN-BD11 (β 

cells) cell model as a tool for discovery and characterisation of new and improved 

drugs in the management of diabetes [178]. This β cell model was used to explore the 

insulinotropic action of lupin hydrolysate. Cell viability of BRIN-BD11 β cells in the 

presence of the lupin hydrolysate was evaluated to determine if the hydrolysate 

resulted in any release of insulin by cell death. Cell viability remained unaltered in the 

presence of hydrolysate. The addition of hydrolysate to β cells only significantly 

(p≤0.01) impacted cell viability at the highest concentration of 500µg/ml after the 

longest incubation of 24 hours (88% cell viability) (Figure 4.1A) while at other 

concentrations and time durations no difference was observed compared to control. 

The acute exposure (20 minutes) of the cells to different concentrations of lupin 

hydrolysate in the presence of 16.7mM glucose demonstrated a dose-dependent 

stimulatory effect on insulin release (Figure 4.1B). Insulin secretory response of 

hydrolysate at 500µg/ml and 200µg/ml was observed to be greater than a combination 

of L-alanine (10mM) and 16.7mM glucose, a widely acknowledged potent and robust 

insulin secretagogue [179]. This revealed that lupin hydrolysate, even at lower 

concentration (200µg/ml), possessed strong insulinotropic properties. Also, prior 

exposure of cells to hydrolysate (200µg/ml) for 24 hours did not diminish the 

subsequent cellular response to L-alanine (10mM) (Figure 4.1C) providing evidence 
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that insulin secretory action of the hydrolysate was not due to adverse cellular effects. 

Thus, the lupin hydrolysate concentration of 200μg/ml was used for the remainder of 

the studies.   

 

Figure 4.1 Cell viability and hydrolysate stimulated insulin secretion. (A) BRIN-BD11 

cell viability at different hydrolysate concentrations after 3, 6, 12 and 24 hours. (B) 

Dose-dependent effect of the hydrolysate in (16.7mM glucose) on acute (20 minutes) 

insulin secretion from BRIN-BD11 cells. The response was compared with control 

(16.7mM glucose) and positive control (10mM L-alanine in 16.7mM glucose). Insulin 

secretion is reported as values normalised with control i.e. 16.7mM glucose. ‘+’ and 

‘-’ indicates the presence and absence of hydrolysate/L-alanine in 16.7mM glucose. 

(C) Insulin secretion response of hydrolysate treated BRIN-BD11 cells to L-alanine 

(10mM) in 16.7mM glucose (Cells were initially treated with hydrolysate (200µg/ml 

in media) for 24 hours followed by incubation with L-alanine (10mM) in 16.7mM 

glucose).  Values are mean ± standard deviation of three independent experiments; ‘a’ 

denotes significant difference (p≤0.01) between cell viability on exposure to 500μg/ml 

hydrolysate for 24 hours and 3 hours. ****p ≤0.0001, ***p ≤0.001 and **p ≤0.01 are 

significantly different as compared to control. #p ≤0.05 and ###p ≤0.001 are 

significantly different compared to L-alanine (positive control). 
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4.4.1.2 Enzyme inactivation step after lupin hydrolysis  

The effect of different enzyme (hydrolysate associated) inactivation methods on the 

insulinotropic action of lupin hydrolysate was performed. At the end of the lupin 

extract hydrolysis process, the enzymes were inactivated by either (a) heating the 

hydrolysate at 100°C for 10min or (b) removing the enzymes from the hydrolysate by 

ultrafiltration using 3kDa MWCO membrane. No significant difference was observed 

in acute insulin secretion using either of the enzyme deactivation/removal methods 

(Figure 4.2). The hydrolysate biomolecule(s) responsible for the enhancement of in-

vitro insulin release were not destroyed by heat inactivation of the digestive enzymes. 

Moreover, molecules below 3kDa were found to be both biologically active and, 

importantly, possess a similar level of insulinotropic action compared to the unfiltered 

hydrolysate. This indicated that a combination of short peptides (≤ 30 amino acid 

residues), amino acids and other biomolecules might be responsible for the insulin 

release. Similar results have been obtained for whey protein hydrolysate in β cells, 

where peptides exhibited better insulinotropic activity as compared to proteins [175]. 

Further studies focused on the fractionation of hydrolysate into its constituents and 

characterization of the specific molecule(s) responsible for the insulinotropic actions 

are in progress. Hereafter, the heat inactivation method was adopted for enzyme 

inactivation at the end of the hydrolysis process.   

 

Figure 4.2 Effect of enzyme inactivation by heat treatment and enzyme removal by 

ultrafiltration on insulinotropic action of hydrolysate in 16.7mM glucose. Insulin 

secretion is reported as values normalised with 16.7mM glucose (control). Values are 

mean ± standard deviation of three independent experiments; ****p ≤0.0001 is 

significantly different as compared to control (16.7mM glucose). 
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4.4.1.3 Insulin secretory effect of lupin hydrolysate on palmitate stressed β cells 

Diabetic patients are found to be present with high levels of circulating free fatty acids 

and lipotoxicity is a widely recognised inducer of β cell dysfunction [180]. Hence, the 

ability of the lupin hydrolysate to stimulate insulin secretion from BRIN-BD11 cells 

after a lipotoxic insult was determined. Lipotoxicity in BRIN-BD11 cells was 

established by incubating the cells with BSA conjugated palmitate (100μM and 

200μM) for 24 hours. A significant difference (p≤0.05) in glucose-induced insulin 

secretion between control and palmitate-treated cells was observed, which evidenced 

the establishment of the lipotoxic insult (Figure 4.3A and 4.3B). Alanine (positive 

control) and hydrolysate, both, induced significantly higher insulin secretion as 

compared to glucose (16.7mM) alone in cells treated with 100μM or 200μM palmitate 

for 24 hours (p≤0.0001 and p≤0.001, respectively). Thus, lupin hydrolysate was able 

to improve insulin secretion function in a palmitate-induced lipotoxic β cell condition. 

This highlighted the fact that the hydrolysate may have the potential to exhibit its 

insulinotropic property even under a typical physiological environment frequently 

observed in type 2 diabetes patients. 

 

Figure 4.3 Effect of hydrolysate on insulin secretory response of palmitate stressed β 

cells. Acute (20 minutes) insulin secretion by 16.7mM glucose alone; 200μg/ml 

hydrolysate in 16.7mM glucose; and 10mM alanine in 16.7mM glucose on cells pre-

incubated with palmitate (100μM and 200μM) or vehicle control for 24 hours. Insulin 

secretion is reported as values normalised with glucose (16.7mM) of control. Values 

are mean ± standard deviation of three independent experiments; ****p ≤0.0001 and 

*p ≤0.05 are significantly different as compared to control. ++++p ≤0.0001 and +++p 

≤0.001 are significantly different as compared to insulin secretion in 16.7mM glucose 

palmitate pre-treated cells. 
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4.4.2 Insulin secretion by lupin hydrolysate was glucose-permissive and involved 

enhanced glucose metabolism.  

4.4.2.1 Effects of glucose on hydrolysate-induced insulin secretion  

Glucose-stimulated insulin secretion (GSIS) is impaired in type 2 diabetes [181]. 

Furthermore, modern antidiabetic agents such as incretin-mimetics promote insulin 

secretion in a glucose-dependent manner, consequently mitigating hypoglycaemic 

episodes during therapy [182]. INS-1E insulin secreting β cells are well differentiated 

clones of radiation induced rat insulinoma INS-1 cell lines [183]. Both BRIN-BD11 

and INS-1E insulin secreting β cell lines are responsive to glucose [177,183]. As a 

result, studies were conducted to establish if the insulinotropic action of lupin 

hydrolysate was glucose dependent and/or permissive in these cell lines. Hydrolysate-

induced insulin secretion was studied at 7 different glucose concentrations – 0, 1.1, 

2.5, 5, 10, 16.7, 20mM in the presence and absence of hydrolysate (200μg/ml) in both 

BRIN-BD11 (Figure 4.4A) and INS-1E (Figure 4.4B) β cells. An increasing trend in 

insulin secretion with an increase in glucose concentrations was observed and 

hydrolysate exhibited maximal stimulatory effect at 16.7mM glucose compared to 

lower glucose concentrations in BRIN-BD11 cells. Hydrolysate also induced its 

insulin-releasing action in INS-1E cells at higher glucose concentrations (10-20mM). 

Since, the response of hydrolysate stimulated insulin secretion was higher in BRIN-

BD11 cells compared to INS-1E cells, this cell model was used for further mechanistic 

studies. The present study indicated that the insulinotropic effect of hydrolysate is 

glucose permissive as glucose at increasing concentrations enhanced the insulin 

secretory action of hydrolysate in two independent β cell lines, BRIN-BD11 and INS-

1E. As the hydrolysate also exhibited insulinotropic action at fasting physiological 

glucose concentrations (<5mM) in BRIN-BD11 cells, we concluded that, at least in 

this cell model, hydrolysate activity is not strictly glucose dependent, therefore there 

is a need for further in-vivo studies to assess the risk of occurrence of hypoglycaemic 

episodes upon hydrolysate administration. One of the limitations of this study was the 

direct determination of coupling factors generated upon exposure to the lupin 

hydrolysate was not accomplished. This would be a major project in itself. However, 
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the reported increase in glucose utilization was identified by an increase in glucose 

uptake and glycolytic flux in our cell model as explained in further section 4.4.2.2. 

 

Figure 4.4 Effect of glucose concentrations on hydrolysate (200μg/ml) induced insulin 

secretion. Acute (20minutes) levels of hydrolysate induced insulin secretion at 7 

different glucose concentrations- 0, 1.1, 2.5, 5, 10, 16.7, 20mM in (A) BRIN-BD11 

cells and (B) INS-1E cells. Insulin secretion is reported as the value normalised with 

the response obtained from control at 16.7mM glucose. Values are mean ± standard 

deviation of three or more independent experiments; ++++p ≤0.0001, +++p ≤0.001 

and ++p≤0.01 are significantly different compared to hydrolysate at 16.7mM glucose 

in BRIN-BD11 cells; ####p ≤0.0001, ###p ≤0.001 and #p≤0.05 are significantly 

different compared to hydrolysate at 5mM glucose in INS-1E cells. ****p ≤0.0001 and 

***p ≤0.001 are significantly different as compared to respective control. 

4.4.2.2 Glycolytic flux, mitochondrial respiration and glucose uptake in β cells 

Since the lupin hydrolysate promoted maximum insulin secretion in the presence of 

glucose (16.7mM), effect of hydrolysate on glucose metabolism in β cells was 

investigated further. Glycolytic flux and mitochondrial respiration were assessed by 

measuring ECAR and OCR in β cells using the Seahorse XFe96 flux analyser. Specific 

glycolytic and/or mitochondrial inhibitors were injected (as described in section 4.3.7) 

in the presence and absence of the hydrolysate. OCR was reported in units of 

pmol/minute and ECAR was reported in mpH/minute.  

As observed in Figure 4.5A, at first, basal i.e. non-glucose derived ECAR in the cells 

was recorded. After the first injection of glucose, the ECAR value increased due to the 

breakdown of glucose to pyruvate by the glycolytic pathway, and further fermentation 

to lactic acid, which is promptly released by cells, increasing protons in the media and 

consequently contributing to a measurable enhancement in ECAR. Later, lupin 
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hydrolysate injection to the cells caused a substantial increase in ECAR values 

compared to the cells receiving vehicle injection. Addition of oligomycin A, a 

mitochondrial ATP synthase inhibitor, caused glycolytic machinery to function at its 

maximum capacity. Later, injection of 2-deoxyglucose, a glycolytic inhibitor [184], 

lowered down the ECAR values. The rate of glycolysis and glycolytic capacity values 

(calculated from equation (1) and (2) mentioned in section 4.3.7) were normalised with 

their respective vehicle values and the percentages were reported (Figure 4.5B and 

4.5C). In spite of the prior 16.7mM glucose injection, lupin hydrolysate was still able 

to further increase glycolytic rates by approximately 21% (p≤0.0001) with no 

significant changes in glycolytic capacity. This suggests that the hydrolysate is capable 

of inducing an increase in the glycolytic flux and ultimate generation of coupling 

factors.  

While monitoring OCR values (Figure 4.5D), at first, basal respiration corresponding 

to resting energetics of the cells were measured. Next, lupin hydrolysate was injected. 

No significant changes in OCR values were observed as compared to the cells 

receiving vehicle injection. This result suggests that excess pyruvate produced by 

enhanced glycolytic flux in response to hydrolysate exposure is entirely converted to 

lactate, since no measurable changes in mitochondrial respiration could be detected.  

Chao et al. demonstrated that primary rat islets do not express monocarboxylate 

transporter (MCT) isoforms on their plasma membrane and exhibited low lactate 

dehydrogenase activity, whereas, high levels of MCT1 were expressed in RINm5F 

cells (derived β cells) [185]. Thus, in islets, glycolysis is closely coupled to 

mitochondrial oxidation. Being a derived cell line, BRIN-BD11 cells likely express 

MCTs on their surface. Thus, it is hypothesized that lactate formed due to excess 

metabolism of glucose in the presence of hydrolysate was released through MCT in 

BRIN-BD11 cells, resulting in increased ECAR values. It is noteworthy to mention 

that previous studies demonstrated that BRIN-BD11 cells secreted lactate to the tissue 

culture media, and ECAR was a good surrogate for lactate secretion [186]. The fact 

that BRIN-BD11 cells present this metabolic leakage in the form of secreted lactate, 

in contrast to primary islets, also explained the absence of any changes in OCR in spite 

of increased glycolytic flux in this β cell model. Oligomycin injection lowered down 

the OCR values due to its action of inhibiting mitochondrial ATP synthase [183]. 

However, some respiration (OCR) still persisted in presence of oligomycin due to 
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proton leak across the mitochondrial membrane. Injection of FCCP (mitochondrial 

uncoupler) [187] stimulated the maximal respiration in the cells. This pattern mimics 

the energetic crisis arising in the cells when they have to rapidly oxidise their substrates 

in situations of metabolic stress. Finally, rotenone and antimycin A were injected 

simultaneously to the cells to determine non-mitochondrial oxygen consumption rates. 

Non-mitochondrial oxygen consumption is accomplished by certain cellular enzymes 

such as plasma membrane nicotinamide adenine dinucleotide phosphate reduced 

(NADPH) oxidase, cytochrome P450 and others [188]. 

Impaired glucose sensing ability of β cells due to a deficiency in expression of glucose 

transporters and/or reduction in glucose uptake can lead to β cell dysfunction which 

ultimately diminishes insulin secretion response [189, 190]. Thus, the next approach 

was to study glucose uptake rate in β cells using non-hydrolysable fluorescently 

labeled glucose analog 2-NBDG in a flow cytometer. In lupin hydrolysate treated cells, 

a significant increment of approximately 13% (p≤0.001) in 2-NBDG uptake rate was 

observed as compared to the vehicle control (Figure 4.5E). For the same acute 

treatment, no changes in cell size and complexity estimated by FSC and SSC analysis 

respectively were observed (Figure 4.5F).  It has previously been reported that under 

normal physiological conditions, β cells do not store or metabolise glycogen [191]. In 

islets, glucose taken up by β cells is mainly directly metabolised by the glycolytic 

pathway and only 1-7% of the glucose flux is diverted to glycogen synthesis [191]. As 

the rate of glucose metabolism is directly proportional to the amount of insulin secreted 

[192], we believe that even small increases in glucose uptake (13%) and glycolytic 

flux (21%) promoted by lupin hydrolysate can lead to an increase in metabolic 

coupling factors (such as ATP/ADP) [193] thus, enhancing insulin secretion in β cells. 
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Figure 4.5 Effects of hydrolysate (200μg/ml) on cellular glycolytic flux, mitochondrial 

respiration and glucose uptake in BRIN-BD11. (A) Extracellular acidification rate 

(ECAR) values were monitored in BRIN-BD11 cells after sequential injections 

(indicated by dotted arrows) of glucose (16.7mM), hydrolysate (200μg/ml) or vehicle, 

oligomycin and 2-deoxyglucose. (B and C) Glycolysis and glycolytic capacity were 

calculated as discussed in methods. (D) Oxygen consumption rate (OCR) values were 

monitored with time after sequential injections (indicated by dotted arrows) of 

hydrolysate (200μg/ml) or vehicle, oligomycin, carbonylcyanide p-

triflouromethoxyphenylhydrazone (FCCP) and rotenone (Rot) with antimycin A (Anti-

A). (E) 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino)-2-deoxyglucose (2-NBDG) 

uptake in β cells in presence of hydrolysate (200µg/ml) and vehicle. (F) Forward and 

side scatter were analysed for the same treatments to evaluate changes in cellular size 

and complexity respectively. Values are mean ± standard deviation of three or more 

independent experiments. ****p ≤0.0001 and ***p ≤0.001 are significantly different 

as compared to respective control/vehicle. 

To summarize, this dataset suggested that hydrolysate induced insulin secretion in a 

manner that is glucose permissive, however not entirely glucose-dependent, since 

insulin secretion was also observed at lower glucose concentrations, although at a 

lesser extent. Additionally, it promoted glucose metabolism by strikingly enhancing 

glucose uptake and glycolytic flux in β cells.  

4.4.3 Lupin hydrolysate caused plasma membrane depolarization  

Pancreatic β cells secrete insulin in ‘glucose-dependent/stimulated insulin secretion’ 

manner as explained in section 2.3 (chapter 2). In brief, the rise in blood glucose level 

leads to increased glucose uptake in pancreatic β cell. The intracellular glucose gets 
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metabolised increasing the level of ATP and other metabolies. Increase in the 

ATP:ADP ratio subsequently results in closure of K-ATP channels and membrane 

depolarisation which later triggers the opening of calcium channels, the upsurge of 

intracellular calcium ions and insulin exocytosis [84]. The classical K-ATP dependent 

insulin secretion, occurring in the initial phase of insulin release, is also accompanied 

by amplification processes mediated by glucose metabolic coupling factors (citrate, 

glyceraldehyde, NADH/NAD+, adenine nucleotides, glutamate, 2-ketoisocaproate, 

malonyl CoA) [192, 193] and activation of secondary messengers like cAMP, inositol 

triphosphate (IP3), diacyl glycerol (DAG) and effectors like PKA and PKC enhancing 

insulin release [194]. However, insulin secretory mechanisms involving these 

regulatory and metabolic coupling factors are not completely established.   

The insulinotropic action of lupin hydrolysate through K-ATP dependent membrane 

depolarisation pathway was investigated. First, the cells were incubated with an 

inhibitory concentration of K-ATP channel opener diazoxide (250µM) and maximum 

membrane depolarisation concentration of KCl (30mM) in the presence and absence 

of hydrolysate in 16.7mM glucose. Diazoxide opens K-ATP channels and acts as a 

blocker of  membrane depolarisation [195]. As observed in Figure 4.6A, diazoxide 

strongly inhibited the insulin secretory action of hydrolysate, indicating that the 

hydrolysate likely operated through the canonical secretory pathway involving the 

closure of K-ATP channels and resulting in β cell membrane depolarisation [196, 197]. 

In addition, it has been reported that significant increases in glucose-mediated insulin 

secretion are observed even when K-ATP channels are kept open by diazoxide and 

membranes completely depolarised by a high concentration of K+ ions [198]. A similar 

effect has also been observed in animals with knocked out sulphonyl urea receptor (a 

subunit in the K-ATP channel) in β cells, thus, supporting a key mechanism whereby 

glucose signalling occurs via a ‘K-ATP independent pathway(s)’ [194, 199, 200]. KCl, 

on the other hand, maximally depolarizes the cell membrane, resulting in potent insulin 

secretion even in the absence of metabolic stimulation. KCl depolarised cells treated 

with hydrolysate exhibited a significant increase in insulin secretion (Figure 4.6B; 

p≤0.01) compared to cells treated only with KCl. This suggested that hydrolysate was 

also capable of influencing the insulin secretion by interacting with other cellular 

components that lie distal to the K-ATP channel and are independent of membrane 

depolarisation pathway. Similar insulin secretion findings were also reported from the 
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natural bioactives in Ocimum Sanctum leaf extract [201] and Asparagus racemosus 

root extract [202].  

 

Figure 4.6 Effect of hydrolysate (200μg/ml) on acute (20 minutes) insulin secretion 

from BRIN-BD11 cells in presence and absence of K-ATP membrane depolarisation 

stimulators and inhibitors (A) diazoxide (250μM) – ATP sensitive K+ (K-ATP) channel 

opener (B) KCl (30mM) - membrane depolarizing agent. The control refers to 16.7mM 

glucose. ‘+’ and ‘-’ indicates the presence and absence of 

hydrolysate/stimulator/inhibitor in 16.7mM glucose. The values are normalised with 

16.7mM glucose and are mean ± standard deviation of three or more independent 

experiments; n.s. = non-significant; ***p ≤0.001, **p ≤0.01 and *p ≤0.05. 

4.4.4 Insulinotropic action of lupin hydrolysate was not mediated via cAMP/PKA 

pathway.  

As lupin hydrolysate exhibited potent insulin release similar to incretin hormones such 

as GLP-1 [182], further studies were conducted to determine if any peptide and/or 

other biomolecules in the lupin hydrolysate activated the cAMP/PKA pathway (the 

canonical signalling module mediating GLP-1 action) [203]. GLP-1, an incretin 

hormone secreted from L-cells of the intestine, induces insulin secretion in the 

presence of glucose after binding to its receptor, a Gαs protein coupled receptor (GLP-

1R) [204, 205]. Binding of GLP-1 activates the Gαs subunit of GLP-1R, which 

subsequently elicits adenylate cyclase (AC) activity and increases cAMP levels in β 

cells [182]. A prominent second messenger in insulin secretion signalling pathways, 

cAMP, mediates its action through its effectors PKA and EPAC2 (exchange protein 

directly activated by cAMP 2) that trigger insulin secretion via different mechanisms 

[198, 206, 207]. This includes activation of the K-ATP channel, deactivation of 

voltage-dependent K+ channel (Kv), elevation in intracellular Ca2+ levels, thus, 

increasing the number of insulin secretory vesicles in the readily reserve pool in β cell 

[208-213].  
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Forskolin, an AC activator, promotes a rise in cellular cAMP levels by accelerating 

the conversion of ATP into cAMP [214]. Significant differences in the response of 

cells treated with forskolin (10µM) in the presence and absence of hydrolysate (Figure 

4.7A; p≤0.01) were observed. This indicated that the hydrolysate-induced insulin 

secretion also involved stimulation of different signalling pathways activated by 

secondary messengers other than cAMP. Further, the involvement of PKA in the 

insulinotropic mechanism of hydrolysate was also verified. Since its  discovery, PKA 

inhibitor - H89 [215] has been extensively used to evaluate the role of PKA in different 

cellular mechanisms of hepatocytes [216], smooth muscle [217], heart muscle [218], 

osteoblasts [219], neuronal tissue [220] and many more [221, 222]. The insulinotropic 

action of hydrolysate was not diminished in the presence of H89 (5µM), suggesting 

that PKA activity was not necessary for the insulinotropic actions of the hydrolysate 

(Figure 4.7B; p≤0.001). In the cAMP/PKA signalling pathway, the downstream 

protein CREB is mainly phosphorylated by PKA at a particular site (serine133), which 

further binds to cAMP response elements (CRE) in the DNA to regulate transcription 

of target genes involved in various cellular processes including proliferation, survival 

and insulin secretion [223]. Immunoblot analysis further revealed that the hydrolysate 

was not able to induce phosphorylation of CREB at serine 133 (Figure 4.7C), whereas 

the positive control, forskolin, promptly elicited extensive phosphorylation at this 

regulatory site. The latest validated that hydrolysate treatment did not activate PKA in 

β cells. Altogether, these results suggested that cAMP/PKA pathway, a well-known 

signalling axis in insulin secretion, is not involved in hydrolysate-induced insulin 

secretion. 

Since hydrolysate-stimulated insulin secretion was glucose permissive, its operation 

through a well-known glucose-dependent insulin secretion potentiator - GLP-1 

receptor, was also examined. Cells were exposed to GLP-1 analog, exendin-4, and 

hydrolysate in the presence and absence of the GLP-1R antagonist, exendin 9-39. As 

expected, exendin 9-39 (1µM) inhibited the stimulatory effect of the exendin-4 

(0.01μM) (p≤0.001) but had no effect on the insulinotropic action of hydrolysate 

(Figure 4.7D). Moreover, it has been shown that the prolonged stimulation of GLP-1R 

(18 hours) with exendin 4 reprogrammed cellular bioenergetics, promoted GSIS and 

increased insulin secretion in β cells [164]. However, when β cells were exposed to 

hydrolysate for 24 hours, no significant increase in insulin secretion was observed, 
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compared to the vehicle control (Figure 4.7E) Thus, it can be concluded that the 

bioactive molecules in the hydrolysate do not activate GLP-1R in β cells. 

 

Figure 4.7 Effect of hydrolysate (200μg/ml) on acute (20 minutes) insulin secretion 

from BRIN-BD11 cells in presence and absence of GLP-1/cAMP/PKA pathway 

stimulators and inhibitors (A) forskolin (10μM) – adenylate cyclase (AC) stimulator 

(B) H89 (5μM) – protein kinase A (PKA) inhibitor (D) Exendin 9-39 (1μM) – 

glucagon-like protein 1 receptor (GLP-1R) inhibitor and Exendin 4 (0.01μM) - GLP-

1R agonist. The control refers to 16.7mM glucose. ‘+’ and ‘-’ indicates the presence 

and absence of hydrolysate/stimulator/inhibitor in 16.7mM glucose. The values are 

normalised with 16.7mM glucose and are mean ± standard deviation of three or more 

independent experiments; n.s. = non-significant; ****p≤0.0001, ***p ≤0.001, **p 

≤0.01 and *p ≤0.05. (C) Immunoblots of phosphorylated cAMP regulatory element 

binding (CREB) protein and total CREB proteins in cell extract and ratio of their band 
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intensity (phosphorylated CREB/total CREB) in presence and absence of hydrolysate 

(200μg/ml), forskolin (10μM) and H89 (5μM). Immunoblot protein bands shown are 

representative of 2 independent experiments. (E) Insulin secretory response of BRIN-

BD11 cells to hydrolysate and control (media) incubated for 24 hours. Values are 

mean ± standard deviation of two independent experiments each performed in 

duplicates; n.s.= non-significant. 

4.4.5 Lupin hydrolysate activated Gαq protein signal transduction, PLC/PKC 

pathway and increased intracellular Ca2+ levels. 

In β cells, GPCR signalling through Gαs and Gαq subunit isoforms stimulate insulin 

secretion and Gαi inhibits insulin release [224]. Different neurotransmitters and 

neuropeptides such as acetylcholine [225], cholecystokinin [226], arginine vasopressin 

[227], and endothelin [228] play an important role in regulation of insulin secretion 

from pancreatic β cells [229, 230]. These neurotransmitters and neuropeptides mediate 

their action through the Gαq family of heterotrimeric G proteins which are ubiquitously 

expressed on the surface of the β cell. The next step was to examine the role of Gαq 

protein-coupled receptor in insulinotropic action of lupin hydrolysate. YM-254890 

and BIM-46187, inhibitors of heterotrimeric Gαq proteins, prevent the activation of 

Gαq subunit by blocking the guanosine diphosphate (GDP) / guanosine triphosphate 

(GTP) exchange reaction at the subunit. During the process of GDP/GTP exchange, 

YM-254890 inhibits GDP release from Gαq protein and BIM-46187 inhibits GTP entry 

by trapping Gαq in empty pocket conformation [231, 232]. BIM46187 (10µM) and 

YM-254890 (1μM) significantly diminished the insulin secretory response of the 

hydrolysate (Figure 4.8A and 4.8B; p≤0.0001), thus highlighting the association of a 

Gαq mediated signal transduction pathway in the insulinotropic action of the 

hydrolysate.  

A variety of Gαq protein-coupled receptors potentiate insulin secretion via generation 

of secondary messengers and effectors. Gαq protein activates the membrane-associated 

enzyme PLC. PLC, upon activation, cleaves phosphatidylinositol 4,5 biphosphate 

(PIP2) into IP3 and DAG which together act as secondary messengers in the regulation 

of insulin secretion [233]. IP3 diffuses through the cytoplasm and binds to IP3 

regulated Ca2+ channels on the surface of endoplasmic reticulum, triggering the release 

of intracellular Ca2+ ions whereas DAG in the plasma membrane activates PKC [233]. 

The involvement of various PKC isoforms in the phosphorylation of downstream 

protein substrates and in regulation of PLC generated intracellular Ca2+ ions has been 
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reported to be important for insulin secretion [234-237]. Since, Gαq protein activates 

PLC enzyme, hydrolysate induced insulin secretion was examined in presence of PLC 

inhibitor U-73122 [238]. The insulin secretion evoked by hydrolysate was inhibited 

by U-73122 at 20μM, while at 40μM complete inhibition was observed (Figure 4.8C). 

This further confirmed activation of PLC by the hydrolysate via the Gαq pathway. 

Moreover, a decrease in hydrolysate induced insulin secretion by a PKC inhibitor, Go-

6983 (50µM) [239], was also noticed (Figure 4.8D). From the above results, it was 

evident that activation of PLC-PKC pathway was one of the responsible mechanisms 

for insulinotropic action of hydrolysate.  

Ultimately, we measured changes in intracellular Ca2+ occurring downstream of the 

proposed Gαq/PLC/PKC pathway activated by lupin hydrolysate in β cells. 

Intracellular Ca2+ fluctuations were measured using the fluorescent probe Fluo-4AM 

in response to acute addition of hydrolysate or other known insulin secretagogues 

(alanine and KCl) as positive controls. A sharp increase in fluorescence was detected 

after addition of the hydrolysate or secretagogues, which was significantly higher than 

the response to glucose 16.7mM (control) alone (Figure 4.8E). Moreover, this increase 

in response to the hydrolysate was equivalent and slightly superior to the response by 

alanine, a widely recognised positive stimulant of insulin secretion. KCl induced the 

most potent intracellular calcium response, as extracellular K+ ions caused maximum 

depolarisation of the β cell membrane, leading to an influx of extracellular Ca2+ and, 

consequently, Ca2+-induced Ca2+ release from intracellular stores. Figure 4.8F 

described the quantification of stimuli dependent release of intracellular Ca2+ (over 

400 seconds) represented as the area under the curves (normalised with respect to 

glucose 16.7 mM alone - control). Both hydrolysate and KCl significantly (p≤0.01 and 

p≤0.0001, respectively) induced Fluo-4AM fluorescence more potently than glucose 

(16.7mM) alone.  
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Figure 4.8 Effect of hydrolysate (200μg/ml) on acute (20minutes) insulin secretion 

from BRIN-BD11 cells in the presence of Gαq/PLC/PKC pathway inhibitors and on 

intracellular Ca2+ levels. Insulin secretion following exposure to (A) BIM-46187 

(10μM) - Gαq inhibitor, (B) YM-254890 (1μM) - Gαq inhibitor, (C) U-73122 – PLC 

inhibitor, (D) Go-6983 (50μM) – PKC inhibitor. (E) Representative recordings 

exhibiting an increase in fluorescence upon stimulation of Fluo-4AM loaded cells with 

16.7mM glucose alone or 16.7mM glucose + different stimuli as indicated. 

Fluorescence signals were normalized to basal 1.1mM glucose conditions before 

addition of stimuli. (F) Quantification of total intracellular Ca2+ during 400s 

represented as area under curves (normalised to 16.7mM glucose control). All values 

are mean ± SD of three or more independent experiments; n.s. = non-significant; 

****p≤0.0001, ***p≤0.001 and **p≤0.01 are significantly different as compared to 

control (glucose 16.7mM). 
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Overall, these studies indicated that the stimulatory action of the lupin hydrolysate 

operated through a Gαq mediated signal transduction which mostly required signalling 

via the PLC-PKC pathway and increased downstream intracellular Ca2+ levels, 

ultimately promoting insulin exocytosis. Various Gαq protein receptors – GPR40, 

GPR43, GPR54, GPR120 (short chain and long chain fatty acid receptors), M3 

(muscarinic receptor), CCKAR (cholecystokinin receptor), HTR2B (serotonin 

receptor) expressed by islet β cells are known to stimulate insulin secretion [240-242]. 

All the above results are limited to two different well established pancreatic β cell 

models, BRIN-BD11 and INS-1E, used for cell signalling studies. As a result, the 

outcomes in this chapter further needs to be validated on rodent or human origin 

pancreatic β cells. Future research aiming at identifying specific bioactive peptides 

from the hydrolysate, as well as binding to Gαq protein receptors in β cells, will further 

enable deeper mechanistic insight into the observed hydrolysate stimulated insulin 

secretion.  

4.5 CONCLUSION  

Based on our results reported herein, insulinotropic mechanism of action of lupin 

hydrolysate in β cells was proposed (Figure 6). It is concluded that the insulinotropic 

action of lupin hydrolysate was glucose permissive and activated Gαq subunit of GPCR 

that stimulated signalling through the PLC/PKC pathway and not the cAMP/PKA 

pathway (A); involved increase in glucose uptake leading to enhanced glycolytic flux 

(B); promoted closure of K-ATP channels triggering cell membrane depolarisation, 

influx of extracellular Ca2+, and insulin exocytosis (C). We demonstrated that the 

proposed pathways either directly or indirectly increased intracellular Ca2+, widely 

reported to ultimately drive the fusion of insulin granules with the plasma membrane 

in β cells. The worldwide success of established GLP-1 therapeutics for diabetes 

treatment has brought to attention the possibility of targeting other GPCRs mediated 

through Gαs and Gαq in pancreatic β cells [243-245]. To date, the mechanisms 

previously identified as mediating the insulinotropic action of lupin seed extracts was 

focused only on the membrane depolarisation pathway [36, 37]. In the growing field 

of GPCR research, this study, for the first time, has opened the possibility of a new 

mechanism to explain the insulin secretory action of lupin hydrolysate via a GPCR 
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mediated signal transduction mechanism (Gαq/PLC/PKC pathway). This strengthens 

the notion that lupin hydrolysates can improve glucose homeostasis in type 2 diabetic 

patients or glucose intolerant individuals, by increasing insulin secretion, thus leading 

to better glucose management and representing a new source of the potential oral 

therapeutic agent(s).   

 
Figure 4.9 Hypothesized insulinotropic mechanism of action of lupin hydrolysate in 

BRIN-BD11 cell: (A) Hydrolysate activates Gαq subunit of G protein coupled receptor 

which further stimulates membrane associated phospholipase C (PLC) enzyme. PLC 

hydrolyses phosphatidylinositol 4,5-bisphosphate (PIP2) into secondary messengers 

inositol triphosphate (IP3) and diacyl glycerol (DAG). Further, DAG located in 

plasma membrane activates protein kinase C (PKC) resulting in translocation of PKC 

from the cytosol to the plasma membrane. PKC promotes phosphorylation of 

downstream proteins required for insulin exocytosis. IP3 diffuses through the cytosol 

and binds to IP3 sensitive Ca2+ channels on the surface of endoplasmic reticulum (ER) 

causing release of intracellular Ca2+ (B) Hydrolysate induces insulin secretion in 

glucose permissive manner with increase in glucose uptake and glycolytic rate and 

(C) promotes closure of ATP sensitive K+ channel (K-ATP) triggering cell membrane 

depolarisation leading to influx of extracellular Ca2+ from voltage dependent Ca2+ 

channels (VDCC) and insulin exocytosis. 

https://en.wikipedia.org/wiki/Phosphatidylinositol_4,5-bisphosphate
https://en.wikipedia.org/wiki/Phosphatidylinositol_4,5-bisphosphate
https://en.wikipedia.org/wiki/Phosphatidylinositol_4,5-bisphosphate
https://en.wikipedia.org/wiki/Phosphatidylinositol_4,5-bisphosphate
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Information in this chapter will be published in the paper: 

Tapadia, M., Carlessi, R., Johnson, S., Utikar, R., & Newsholme, P. (2019). ‘Anti-

diabetic action of γ-conglutin peptides.’ Possible Journal for submission: Food and 

Function. (To be submitted) 

5.1 INTRODUCTION 

Various clinical studies report γ-conglutin protein to be responsible for the glucose 

modulatory action of lupin seeds (section 2.3.2.1; chapter 2). γ-conglutin enriched 

preparations exhibited glucose-lowering effects in animal and humans [101]. 

Similarly, γ-conglutin enriched pasta significantly decreased serum glucose 

concentration upon glucose overload trials in rats [31]. Administration of this protein 

(1 week) to neonatal streptozotocin-induced type 2 diabetic rat models decreased 

glucose level and increased insulin level in serum and increased Ins-1 gene expression 

and insulin content in the pancreatic β cell [102]. Also, in type 2 diabetic rat model, γ-

conglutin modified gene expressions of enzymes in-vivo resulting in decreased hepatic 

glucose production [109]. All these animal studies indicate the beneficial effect of γ-

conglutin on hyperglycaemia in diabetes.  

The possible mechanisms responsible for hypoglycaemic action of γ-conglutin was 

reported in liver, muscle and fat cell models (section 2.3.2.1; chapter 2). In chapter 4, 

it was shown that lupin extract hydrolysate induced insulin secretion in pancreatic β 

cell models (BRIN-BD11 and INS-1E). Lupin hydrolysate stimulated insulin secretion 

via Gαq protein signal transduction (Gαq/PLC/PKC pathway) in β cells [246]. 

However, it was not established if lupin γ-conglutin was typically responsible for the 

insulin secretion action. Moreover, no report has specified the insulin secretion 

property of γ-conglutin in literature and, thus, the first objectives of this chapter was 

to investigate its insulinotropic action in pancreatic β cells. 

Chapter 5 

In-vitro anti-diabetic mechanistic action of a lupin protein, 

γ-conglutin 
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Similar to insulin, γ-conglutin was reported to activate intracellular kinases and 

adaptor proteins involved in insulin signaling cascade in an in-vitro mouse myoblast 

cell model (C2C12) [41]. γ-conglutin exhibited insulin-mimetic behaviour in this cell 

model by activating the primary upstream insulin receptor (IR) / IRS-1 / PI3K pathway 

eventually followed by translocation of GLUT-4 receptors to the cell membrane. In 

the same report, γ-conglutin was also observed to activate downstream effectors that 

regulate protein synthetic pathway and muscle-specific gene transcription similar to 

insulin [41]. However, this mechanism of action was investigated only in derived 

immortal C2C12 myoblasts without further validation in different muscle cell lines or 

primary human cells. As a result, the second objective of this chapter was to validate 

the reported insulin-mimetic property of γ-conglutin in primary human skeletal muscle 

myotubes isolated from a donor.  

DPP4 enzyme is responsible for the degradation of metabolic hormones responsible 

for insulin secretion (incretins). Thus, DPP4 inhibitors increase the circulating levels 

of incretins in the blood which further increases insulin secretion from pancreatic β-

cells [113]. Also, inhibition of α-glucosidase enzyme in intestinal gut prevents the 

degradation of starch and disaccharides into glucose monomers consequently 

preventing a rise in blood glucose levels [247]. Bioactive peptides obtained from 

dietary proteins have been reported to modulate insulin secretion and glucose 

metabolism through inhibition of these enzymes. Soy and lupin derived peptides 

inhibited the activity of DPP4 enzyme in an in-vitro screening bioassay [248]. Further, 

these peptides inhibited the enzyme in-situ human intestinal Caco-2 cells and ex-vivo 

human serum [114]. Thus, evaluation of enzyme inhibitory actions of γ-conglutin 

peptides by performing preliminary in-vitro bioassays against DPP4 and α-glucosidase 

was the next objective. 

Overall, the present chapter focuses on investigating the antidiabetic action of peptides 

obtained from gastrointestinal digestion of pure γ-conglutin protein. The potential 

mechanism of action of γ-conglutin peptides on insulinotropic effects in pancreatic β 

cells (BRIN-BD11 and INS-1E), insulin-mimetic effects in primary muscle myotubes 

and enzyme (DPP4 and α-glucosidase) inhibitory effects were assessed and described 

below. 
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5.2 CHEMICALS AND REAGENTS 

Sodium phosphate monobasic and dibasic, sodium carbonate, hydrochloric acid, 

sodium hydroxide, 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose, 

DMEM, DMEM high glucose, DMEM Nutrient mixture F-12 Ham, glucose, poly-D-

lysine, cycloheximide, phosphate buffer saline, p-nitrophenol-α-D-glucopyranoside, 

α-glucosidase, acarbose, insulin were obtained from Sigma Aldrich (Castle hill, NSW, 

Australia). Amplex®Red glucose/glucose oxidase assay kit, Quant-iT™ PicoGreen 

dsDNA assay kit, Click-iT® Plus O-propargyl-puromycin (OPP) protein synthesis 

assay kit, and Prolong® Antifade Diamond mountant were obtained from Molecular 

probes (Eugene, Oregon, USA). Dipeptidyl peptidase 4 inhibitor screening assay kit 

was obtained from Cayman Chemical (Ann Arbor, MI, USA). Polyclonal goat anti-

rabbit immunoglobulins/HRP from Dako (Glostrup, Denmark) and 

protease/phosphatase inhibitor cocktail (100X), rabbit phosphorylated and total 

primary antibodies: protein kinase B (Ser 473),  mammalian target of rapamycin, S6 

ribosomal protein (Ser 235/236) protein, ribosomal protein S6 kinase β1  (Thr 389), 

44/42 extracellular signal-regulated kinase, glycogen synthase kinase-3β, 

Glyceraldehyde-3-phosphate dehydrogenase were obtained from Cell Signaling 

Technology (Danvers, MA, USA). Skeletal muscle growth medium-2 (CC-3245) kit 

was ordered from Lonza (Basel, Switzerland). 

5.3 EXPERIMENTAL METHODS 

5.3.1 Cell culture 

5.3.1.1 Pancreatic β cell lines 

BRIN-BD11 and INS-1E cells were cultured as described in section 4.3.3 (chapter 4). 

These well characterised and robust cell line models were used for studying the 

insulinotropic property of γ-conglutin peptides. 

5.3.1.2 Human skeletal muscle myotubes (HSMM) 

Human skeletal muscle myoblasts (catalog #: CC-2580, isolated from the upper arm 

or leg muscle tissue of a healthy female donor) were purchased from Lonza (Basel, 
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Switzerland). The myoblasts were cultured in skeletal muscle growth medium-2 (CC-

3245) containing the following growth supplements: human epidermal growth factor, 

FBS, L-glutamine, gentamicin/amphotericin-B, dexamethasone. The media was 

changed after 48 hours until 60-70% cell confluency was achieved. The differentiation 

process of myoblasts into myotubes was started by replacing the growth media with 

equal volume of differentiation media - DMEM F-12 medium containing horse serum 

(2%), penicillin (100U/ml), streptomycin (0.1mg/ml), pH 7.4 at 37°C in a humidified 

atmosphere of 5% CO2 and 95% air. The differentiation media was changed after every 

48 hours and the cells were cultured for 6 days until multinucleated (more than 3 

nuclei) were observed (Figure 5.1). These human skeletal muscle myotubes (HSMM) 

model were used for investigating the insulin-mimetic property of γ-conglutin 

peptides. 

 

Figure 5.1 Images of human skeletal muscle myoblasts and myotubes under 10X 

microscope objective lens 

 

5.3.2 Cell viability 

The cell viability assay was performed as explained in section 4.3.4 (chapter 4). 

5.3.3 Acute insulin secretion (in-vitro) 

Acute (20minutes) insulin secretion from pancreatic β cells was carried out as 

explained in section 4.3.5 (chapter 4). 

 



104 

 

5.3.4 Western blot analysis 

HSMM (differentiated) in T75 flasks were serum starved overnight. Next day, the cells 

were treated with insulin (100nM) and different concentrations of γ-conglutin peptides 

(2-200µg/ml) for 20 minutes. The cells were lysed in RIPA buffer containing 1% 

protease and phosphatase inhibitors cocktail followed by sonication and the total cell 

protein content was quantified using BCA assay method (section 3.4.1; chapter 3). Cell 

protein extracts were separated by SDS-PAGE and electrotransferred on nitrocellulose 

membrane (section 3.4.3 and 3.4.4; chapter 3). Later, the membranes were blocked 

with 3% BSA for 60 minutes and incubated overnight at 4°C with the following rabbit 

phosphorylated and total primary antibodies: Akt (Ser 473), mammalian target of 

rapamycin (mTOR), S6 ribosomal protein (Ser 235/236) protein, p70S6K (Thr 389), 

44/42 mitogen-activated protein kinases (MAPK) also known as extracellular signal-

regulated kinase 1 and 2 (ERK1/2), glycogen synthase kinase-3β (GSK3β). 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a housekeeping 

protein and loading control for protein normalisation. All the primary antibodies were 

diluted 1000 times in TBST containing 5% BSA. The membranes were washed and 

incubated in HRP conjugated secondary antibody for 60 minutes. The target bands 

were detected as discussed in section 3.4.4.  

 5.3.5 Glucose uptake assay 

Differentiated HSMM cells were seeded in 6 well plates (150,000 cells/well) were 

serum starved overnight. Next day, the cells were incubated with glucose-free DMEM 

media containing 20µM of 2-NBDG with and without treatments: insulin / γ-conglutin 

peptides (200µg/ml and 20µg/ml). Glucose uptake assay was performed as described 

in section 4.3.8 (chapter 4). 

5.3.6 Glycogen measurement 

The glycogen content in cells is analysed by hydrolysing cells in acid at high 

temperature. Under this condition, the glycogen chains breakdown into its glucose 

monomers [249]. The glycogen derived D-glucose units are then quantified by glucose 

oxidase assay. The glucose oxidase enzyme converts D-glucose to D-gluconolactone 

and hydrogen peroxide (H2O2). The latter product (H2O2) reacts with Amplex® Red 
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reagent in presence of HRP enzyme to generate red fluorescent oxidative product 

known as ‘resorufin’ which can be analysed with an excitation wavelength of 571nm 

and emission wavelength of 585nm. 

After 6 days of differentiation in T75 flasks, HSMM were overnight serum starved. 

Next day, the cells were incubated in glucose-free DMEM media without glucose for 

2 hours (glucose starvation step). After the glucose and serum starvation step, the cells 

were treated with insulin and γ-conglutin peptides (200µg/ml and 20µg/ml) in DMEM 

high glucose media for 2 hours. The cells were recovered by trypsinization, centrifuged 

in cold condition, resuspended in 1ml cold PBS containing 0.5% BSA and transferred 

to microcentrifuge tubes. An aliquot (50µl) of the cell suspension from each tube was 

removed and lysed with RIPA buffer for quantification of DNA content (Quant-iT™ 

PicoGreen™ ds DNA assay). The remainder cell suspensions were centrifuged and the 

cell pellets were resuspended in 2M HCl (100µl). The microcentrifuge tubes were 

carefully sealed with parafilm and heated at 99°C for an hour. Later, the acidic 

suspension was neutralised with 2M NaOH (100µl). The pH of the suspension was 

checked with pH indicator strips (Merck, Darmstadt, Germany) and if required the pH 

was adjusted to 7 using either acid (2M HCl) or base (2M NaOH). The cell suspension 

was centrifuged and glucose content in the supernatant of each sample tube was 

determined.  

The supernatant of each sample tube was diluted 20X and glucose content was 

determined using Amplex® red glucose/glucose oxidase assay kit. The assay was 

performed in duplicates in 96-well solid black plate. Stock solution of Amplex®red 

(10mM), glucose oxidase (100U/ml), HRP (10U/ml) were prepared according to the 

manufacturer’s protocol. The final (working solution) reaction mixture consisted of 

Amplex®Red reagent (100µM), glucose oxidase (2U/ml), HRP (0.2U/ml) in sodium 

phosphate (50mM) reaction buffer. In 96 well plate, 50µl of sample/glucose standards 

(50-3.13µM) were added and the reaction was initiated by addition of 50µl reaction 

mixture. After incubating the plate for 30minutes in dark, fluorescence signals were 

measured in multimode plate reader (Ensight, Perkin Elmer) using appropriate 

wavelength settings (Excitation wavelength: 530-560nm and emission wavelength: 

590nm). The glucose concentration in samples was determined from the glucose 

standard curve equation. 
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5.3.7 Protein synthesis assay 

Click-iT® Plus O-propargyl-puromycin (OPP) protein synthesis assay kit was used to 

detect nascent proteins in cultured cells. OPP is an aminonucleoside antibiotic that 

causes premature termination of newly synthesised polypeptide chains by forming an 

amide bond between C-terminal of the nascent polypeptide chain and the amino group 

of puromycin. OPP-polypeptide conjugate on addition of fluorescent azides undergoes 

copper catalysed azide-alkyne cycloaddition reaction. The fluorescent labeled OPP-

polypeptide conjugate is visualised by fluorescence microscopy. The fluorescent 

signal emitted by the conjugate is proportional to the nascent protein synthesised and 

can be quantified relative to control/vehicle-treated cells. 

Human skeletal muscle myoblast cells were seeded (150,000 cells/well) on glass 

coverslips coated with 0.5mg/ml poly-D-lysine in the skeletal muscle growth media. 

Once the cells were 70% confluent, the media was replaced with differentiation media. 

After 6 days of differentiation, HSMM were serum starved overnight. Next day, the 

cells were incubated in DMEM media containing Click-iT® OPP reagent (10µM) in 

the presence and absence (control) of treatments: insulin (100nM), γ-conglutin 

peptides (200µg/ml and 20µg/ml) and cycloheximide (10µM) for 30minutes. After 

incubation, the cells were washed with PBS and fixed with paraformaldehyde (4%) for 

15minutes. The cells were permeabilised with Triton®X-100 (0.5%) for 15 minutes 

and washed with PBS again. The Click-iT® OPP reaction cocktail consisting of 

reaction buffer, copper protectant, Alexa Fluor® picolyl azide was prepared as 

recommended by the manufacturer and the cells were incubated in this reaction 

cocktail for 30minutes at room temperature protected from light. Later, the cells were 

washed with Click-iT® rinse buffer and were stained with HCS NuclearMask® Blue 

stain to measure DNA content. After 30minutes of incubation with the stain, the 

coverslips were washed several times with PBS, air dried and mounted in glycerol-

based Prolong® Antifade Diamond mountant. The mounted samples were allowed to 

dry overnight at room temperature in dark. 

The stained cell samples were imaged by confocal microscopy on Nikon A1+ 

microscope equipped with 450/50 and 595/50 filters and 20X objective (Nikon, Tokyo, 

Japan). Images were captured using NIS Elements image acquisition software (Nikon, 
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Tokyo, Japan) and analysed using ImageJ1 software [250]. Three independent 

experiments were performed with a similar set of treatments as mentioned before and 

15 images per treatment (per mounted coverslip) were obtained. The AF594 red 

images of each treatment were converted to grey scale and the same global threshold 

values were set for analysing all the images. Lower and higher threshold values were 

set to exclude the black background and artifacts pixels (if any) respectively. ‘Pixel 

integrated density per unit area (mean)’ within the set threshold window was obtained. 

The image mean value of cells unlabelled with OPP (blank) was subtracted from the 

image mean value of treated/control cells labelled with OPP. Fold increase in mean 

values of treatments (OPP labeled cells treated with insulin/γ-conglutin 

peptides/cycloheximide) with respect to control (OPP labelled cells only) were 

reported.  

5.3.8 DPP4 activity assay 

DPP4 enzyme is a serine exopeptidase that cleaves X-alanine or X-proline dipeptides 

from N-terminal polypeptides. In this assay, fluorogenic substrate Gly-Pro-

aminomethylcoumarin (AMC) is used to measure DPP4 activity. The enzyme cleaves 

the substrate into dipeptides and releases free AMC fluorogenic group which can be 

analysed using an excitation wavelength in the range of 350-360nm and an emission 

wavelength of 450-465nm.  

DPP4 inhibitor screening assay kit was used to evaluate the enzyme inhibitory action 

of γ-conglutin protein and peptides. The assay was carried out in triplicates in half 

volume 96-well solid white plate. DPP4 enzyme and substrate Gly-Pro-AMC were 

diluted to the desired concentration as per the manufacturer’s protocol. The reaction 

mixture was prepared by adding reagents in the wells in the following order: 30µl of 

Tris-HCl (20mM) assay buffer containing NaCl (100mM) and EDTA (1mM), 10µl of 

DPP4 enzyme, 10µl of the sample (γ-conglutin protein/peptides) or inhibitor 

sitagliptan (100µM). The reaction was subsequently started by adding 50µl of the 

substrate (5mM) in each well and incubated at 37°C for 30 minutes. Fluorescence 

signals were measured in a multimode plate reader (Ensight, Perkin Elmer) using 

appropriate wavelength settings (Excitation wavelength: 350nm and emission 

wavelength: 460nm). Control (100% initial activity) was measured by the addition of 
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vehicle instead of inhibitors. Background absorbance of samples without enzyme and 

substrate were also measured. Sitagliptan, a standard DPP4 enzyme inhibitor was used 

as positive control in the assay. DPP4 activity of (%) sample/inhibitor was calculated 

as: 

𝐷𝑃𝑃4 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =  
(𝑠𝑎𝑚𝑝𝑙𝑒 𝑜𝑟 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒−𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒) 𝑋 100

(𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒−𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒)
     

5.3.9 α-glucosidase activity assay 

α-glucosidase enzyme cleaves terminal non-reducing α-1,4 glycosidic linked glucose 

residue in polysaccharides (starch) or disaccharides and releases α-D-glucose units. In 

this assay, chromogenic substrate p-nitrophenol-α-D-glucopyranoside (pNPG) is used 

to measure α-glucosidase activity. The enzyme cleaves the α1,4 linked glycosidic bond 

in the substrate and releases yellow coloured product (p-nitrophenol) which has 

maximal absorbance at 400nm.  

α-glucosidase inhibition assay was performed according to standard methods with 

minor modifications [251]. The assay was carried out in triplicates in 96-well plate. 

The reaction mixture was prepared by adding reagents in the wells in the following 

order: 30µl of sodium phosphate (50mM) pH 6.86 assay buffer, 25µl of α-glucosidase 

enzyme (0.15U/ml) containing BSA (0.2%), 25µl of the sample (γ-conglutin protein / 

peptides) or inhibitor acarbose (0.001-25mM). The reaction was subsequently started 

by adding 25µl of pNPG (5mM) substrate in each well and incubated at 37°C for 

15minutes. Later, 100µl of sodium carbonate (200mM) was added to stop the reaction. 

α-glucosidase activity was determined by measuring the absorbance at 400nm using 

multimode plate reader (Ensight, Perkin Elmer). Background absorbance of samples 

without enzyme and substrate pNPG were also measured. Acarbose (50mM) was used 

as a positive control in the inhibition study. α-glucosidase activity (%) of 

sample/inhibitor was calculated as: 

𝛼 − 𝑔𝑙𝑢𝑐𝑜𝑠𝑖𝑑𝑎𝑠𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%)

=  
(𝑠𝑎𝑚𝑝𝑙𝑒 𝑜𝑟 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 − 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒) 𝑋 100

(𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 − 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒)
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5.3.10 Statistical analysis 

All statistical analyses were performed as described in section 4.3.11 using GraphPad 

Prism v.6.0 software. P≤0.05 was considered statistically significant.   

5.4 RESULTS AND DISCUSSIONS 

5.4.1 Characterisation and enzymatic hydrolysis of purified γ-conglutin  

γ-conglutin protein fraction was purified from lupin protein extract using cation 

exchange chromatography (section 3.5.2; chapter 3). At first, the eluted protein 

fraction from cation exchange chromatography was identified to be specifically γ-

conglutin protein by western blot (section 3.5.3.2; chapter 3) and mass spectrometry 

(section 3.5.3.4; chapter 3). Next, the purity of eluted γ-conglutin was found to be 

~100% by SDS-PAGE (section 3.5.3.1; chapter 3) and 95% based on RP-HPLC 

analysis (section 3.5.3.3; chapter 3). In order to evaluate the anti-diabetic potential of 

γ-conglutin as an oral anti-diabetic agent, it was hydrolysed under gastrointestinal 

digestion condition using proteolytic enzymes pepsin and pancreatin (section 3.5.4; 

chapter 3). After achieving a maximum degree of hydrolysis, the enzymes and high 

molecular weight proteins were removed by filtering the hydrolysate (peptides) 

through 3KDa MWCO membrane. Permeate, a mixture of γ-conglutin peptides with 

molecular weight ≤6.5KDa was further investigated for its potential anti-diabetic 

activities. 

5.4.2 γ-conglutin peptides did not exhibit acute insulinotropic action in pancreatic 

β cells (BRIN-BD11 and INS-1E) 

The introduction of incretin-based therapeutics have widely promoted screening and 

development of different plant and animal-derived peptides for their glucose-

dependent insulinotropic action in β cells [252]. In chapter 4, it was observed that lupin 

protein extract hydrolysate exhibited glucose permissive insulinotropic action by 

enhancing glucose metabolism and stimulating Gαq/PLC/PKC pathway in pancreatic 

β cell BRIN-BD11 [246]. However, bio-molecule(s) responsible for this action was 

not determined. As a result, peptides generated from the hydrolysis of purified lupin 

protein γ-conglutin were screened in-vitro for their insulinotropic action. Different in-

vitro models like the perfused pancreas, isolated pancreatic islets and derived β cell 
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lines are generally used as screening tools for assessing insulin secretion property.  

BRIN-BD11 derived from electrofusion of rat pancreatic islets with rat insulinoma 

cells and INS-1E derived from X-ray induced rat insulinoma cells were selected for 

investigating the insulinotropic property of γ-conglutin peptides [253]. 

At first, the cell viability of BRIN-BD11 and INS-1E cells in the presence of γ-

conglutin peptides was studied to determine if peptides resulted in any release of 

insulin by cell death. A significant increase in cell viability over 24 hours was observed 

in BRIN-BD11 cells (500μg/ml) and INS-1E cells (500-100μg/ml) indicating 

beneficial effects of the peptides on cell growth and proliferation (Figure 5.2A and 

5.2B). Acute (20minutes) insulin secretions from both BRIN-BD11 and INS-1E cells 

at 16.7mM glucose in presence of different peptide concentration of γ-conglutin 

hydrolysate (200 - 20μg/ml) were insignificant as compared to control (Figure 5.2C 

and 5.2D). Moreover, these secretion values were significantly lower than the lupin 

extract hydrolysate (200μg/ml) and positive control alanine (10mM). This indicated 

that some other biomolecule(s) were responsible for the potent insulinotropic action of 

extract hydrolysate. Overall, γ-conglutin peptides did not exhibit insulinotropic action 

in either of the cell models.  
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Figure 5.2 Cell viability and γ-conglutin peptide stimulated insulin secretion. (A) 

BRIN-BD11 and (B) INS-1E cell viability at different γ-conglutin peptide 

concentrations (500-20µg/ml) over 24 hours. Cell viability is reported as a percentage 

of control ‘C’. Dose-dependent effect of γ-conglutin peptides in 16.7mM glucose on 

acute (20 minutes) insulin secretion from (C) BRIN-BD11 and (D) INS-1E cells. The 

response was compared with control (16.7mM glucose) referred as ‘C’, positive 

control (10mM L-alanine in 16.7mM glucose) referred as ‘Alanine’ and lupin extract 

hydrolysate (200µg/ml). Insulin secretion is reported as values normalised with 

control. Values are mean ± standard deviation of three independent experiments; 

****p ≤0.0001 and ***p ≤0.001 are significantly different as compared to control. 

 

5.4.3 γ-conglutin peptides exhibited insulin-mimetic behaviour in primary human 

skeletal muscle myotubes. 

Skeletal muscle is one of the major glucose hemostasis regulators, mainly due to its 

large mass. Insulin is a key factor required for the transfer, metabolism and storage of 

blood glucose in the muscle cells [254]. It enhances glucose uptake, increases the rate 

of glycolysis and stimulates glycogen synthesis in the cells. Also, insulin increases the 

transport of amino acids across the membrane and cascades activation of protein 
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synthesis in cells [255]. Like insulin, γ-conglutin has been reported to regulate glucose 

transportation, protein synthesis, and muscle energy metabolism through 

phosphorylation and activation of proteins involved in insulin signal transduction in 

derived muscle myoblasts (C2C12) [41]. However, these reported results of γ-

conglutin were explored only in one cell line. Due to the induced modification in 

derived cell lines, the target therapeutic response should preferably be validated in 

primary cells isolated directly from the donor. Primary cells present an environment 

resemblance relatively closer to in vivo cells than immortal cell lines. As a result, 

healthy primary human skeletal muscle myoblasts differentiated into myotubes (in-

vitro) were used to study the insulin-mimetic action of γ-conglutin peptides. The 

viability of the cells in presence of γ-conglutin peptides (200µg/ml) was not affected. 

The percentage of γ-conglutin peptides treated live cells was found to be 95.27% 

(±1.05%) as calculated from the fluorescence obtained from propidium iodide negative 

stained singlet (live) cells in flow cytometer. 

5.4.3.1 γ-conglutin peptides stimulated PI3K/Akt/mTOR signaling pathway  

Binding of insulin to extracellular α subunit of IR results in activation of intracellular 

IR tyrosine kinase. The phosphorylated tyrosine kinases are recognised by different 

substrate adaptor proteins such as IRS-1. The phosphorylated IRS-1 serves as binding 

site for various signaling proteins, the most important being PI3K, which subsequently 

activates 3-phosphoinositide-dependent protein kinase 1 (PDK-1) [256]. Further, 

PDK-1 phosphorylates and activates downstream Akt and protein kinase C cascades. 

Phosphorylation of Akt at Ser-473 residue by mammalian target of rapamycin (mTOR) 

complex 2 (mTORC2) is also required for its complete activation. PDK-1 and 

mTORC2 mediated Akt phosphorylation triggers activation of multiple downstream 

proteins/enzymes involved in regulating protein, lipid and glycogen synthesis, 

translocating glucose transporters to the cell surface, controlling cell cycle and survival 

[257]. In the mouse subclone muscle myoblast model (C2C12 cell line), γ-conglutin 

protein has been reported to activate insulin signaling cascade through the IRS-

1/PI3K/Akt pathway required for glucose homeostasis [41]. 

Herein, the effect of γ-conglutin peptides in an in-vitro model of primary human 

skeletal muscle myotubes on phosphorylation/activation of proteins involved in insulin 
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signaling pathway was studied. Acute exposure of cells to γ-conglutin peptides 

(200µg/ml) resulted in an increase (~2 fold) in phosphorylation levels of mTOR 

(Figure 5.3A) and Akt (Figure 5.3B) compared to control. This indicated that 

peptide(s) can mediate different metabolic actions of insulin by stimulating the central 

PI3K/Akt/mTOR signaling pathway. 

 

Figure 5.3 Western blot analysis of (A) mammalian target of rapamycin (mTOR) and 

(B) protein kinase B (Akt) in in human skeletal muscle myotube cell extract and ratio 

of their band intensities (phosphorylated / total) in presence of vehicle (control 

referred to as ‘C’), insulin (100nM) (referred as ‘I’), γ-conglutin peptides (200 - 

2µg/ml). The ratio of band intensities is reported as values normalised with control. 

Phosphorylated and total form of proteins is mentioned with prefix ‘p’ and ‘t’ 

respectively. Values are mean ± standard deviation of three or more independent 

experiments; ****p ≤0.0001, ***p ≤0.001, **p ≤0.01 and *p ≤0.05 are significantly 

different as compared to control.  Immunoblot protein bands shown are representative 

of three or more independent experiments. 
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5.4.3.2 γ-conglutin peptides regulated cellular glucose metabolism 

On activation, Akt triggers the phosphorylation of GSK3β at serine residues that block 

and prevent the enzymatic action of GSK3β. The inactivation of GSK3β leads to 

subsequent dephosphorylation and activation of Glycogen Synthase (GS) that 

catalyses the conversion of glucose monomers into glycogen units, thus, eliciting 

cellular glycogen synthesis process [258]. γ-conglutin peptides stimulated the 

phosphorylation of GSK3β (~1.4 folds; Figure 5.4A) and escalated cellular glycogen 

synthesis as evident from increased glycogen content in the cells treated with peptides 

(2.8 folds; Figure 5.4B).  

 

Figure 5.4 Effect of γ-conglutin peptides on glucose metabolism in human skeletal 

muscle myotubes (HSMM) : (A) Western blot analysis of Glucose Kinase 3 β (GSK3β) 

in HSMM cell extract and ratio of their band intensities (phosphorylated / total) in 

presence of vehicle (control referred to as ‘C’), insulin (100nM) (referred as ‘I’), γ-

conglutin peptides (200 - 2µg/ml). The ratio of band intensities is reported as values 

normalised with control. Phosphorylated and total form of proteins is mentioned with 

prefix ‘p’ and ‘t’ respectively. Immunoblot protein bands shown are representative of 

three or more independent experiments. (B) Glycogen content and (C) 2-(N-(7-

nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (2-NBDG) uptake in HSMM 

cells in presence of vehicle (control referred as ‘C), insulin (100nM) (referred as ‘I’), 
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γ-conglutin peptides (200 - 20µg/ml). The response is reported as values normalised 

with control. Values are mean ± standard deviation of three or more independent 

experiments; ****p ≤0.0001, ***p ≤0.001, **p ≤0.01 and *p ≤0.05 are significantly 

different as compared to control.   

 

Insulin-mediated phosphorylation of Akt activates Caveolin-3 and flotillin-2 mediated 

GLUT-4 receptor translocation from cytoplasm to the cell membrane. In the early 

phase of insulin signal transduction, phosphorylated Akt stimulates the movement of 

flotillin-2/GLUT-4 containing domain from perinuclear region to the cytoplasm. In the 

next phase, caveolin-3 domain, containing caveolin-3 and IR, move away from the 

plasma membrane to the cytoplasm where they interact with flotillin-2/GLUT-4 

domain. IR moves from caveolin-3 domain to flotillin-2 domain. Further, insulin-

stimulated phosphorylated Cbl protein promotes the translocation of GLUT-4 along 

with flotillin-2 domain to the membrane. The fusion of GLUT-4/flottilin-2 domain 

with the plasma membrane facilitates blood glucose transportation into the cells [259].  

In the same context, γ-conglutin peptides have been reported to increase concentrations 

of flotillin-2 and caveolin-3 and phosphorylation of Cbl in C2C12 myoblasts, thus, 

playing a role in translocation of GLUT-4 vesicles to the cell membrane in C2C12 

myoblasts [41]. However, the end effect of blood glucose transportation into the cells 

was not reported. In the present study, an increase in glucose uptake (~1.4 folds) in 

cells treated with γ-conglutin peptides was observed (Figure 5.4C), thus, validating the 

hypothesis of glucose transportation into cells via GLUT-4 translocation. Similarly, γ-

conglutin increased glucose consumption in HepG2 hepatocytes [92] and 3T3-L1 

adipocytes [40] when exposed to high glucose concentration medium. No significant 

increase in glucose consumption was observed when HepG2 cells were cultured in 

normal glucose concentrations. Moreover, a synergistic effect of γ-conglutin peptides 

with insulin on cellular glucose consumption was reported in these studies. Altogether, 

the dataset presented herein displayed that γ-conglutin peptides were able to stimulate 

AKT/GSK3β signaling axis with an increase in glycogen synthesis and glucose uptake 

response in HSMM. 

5.4.3.3 γ-conglutin peptides modulated protein metabolism 

Insulin enhances the transportation of amino acids into the cells, inhibits proteolysis 

and triggers protein synthesis [111]. Akt stimulates activation of multiple substrates 
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involved in insulin action. Akt phosphorylates and inactivates Tuberous Sclerosis 

Complex (TSC1/2), a negative regulator of mTORC1, subsequently activating 

mTORC1 downstream proteins [260]. The two predominant mTORC1 downstream 

targets are eIF4E and p70S6K. Phosphorylation by mTORC1 leads to inhibition of 

eIF4E and activation p70S6K which further instigates the protein synthesis process. 

Phosphorylated p70S6K subsequently activates ribosomal protein S6 and initiates the 

translation process [261]. The present data in Figure 5 showed that γ-conglutin 

peptides induced an increase in phosphorylation of p70S6K (~3.6 folds; Figure 5.5A) 

and S6 (~2.5 folds; Figure 5.5B) proteins. This indicated that incubation of myotubes 

with γ-conglutin peptides triggered Akt/mTOR/70S6K/S6 signaling axis responsible 

for cellular protein synthesis. These results are in parallel with the previous study 

reporting similar phosphorylation and stimulation of p70S6K and eIF4E in C2C12 

myoblasts cultures with γ-conglutin protein [41]. 

 

Figure 5.5 Western blot analysis of (A) 70KDa ribosomal protein S6 kinase (p70S6K) 

and (B) ribosomal protein S6 (S6) in human skeletal muscle myotubes cell extract in 

presence of vehicle (control referred to as ‘C’), insulin (100nM) (referred as ‘I’), γ-

conglutin peptides (200 - 2µg/ml).  The band intensities of phosphorylated p70S6K (p-

p70S6K) were normalised with glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH), a housekeeping protein used as loading control for protein normalisation, 
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and band intensities of phosphorylated S6 (p-S6) were normalised with total S6 (t-S6). 

These ratios are reported as fold over control. Values are mean ± standard deviation 

of three or more independent experiments; ****p ≤0.0001, ***p ≤0.001, **p ≤0.01 

and *p ≤0.05 are significantly different as compared to control.  Immunoblot protein 

bands shown are representative of three or more independent experiments. 

 

Protein synthesis is the fundamental biological process where the cells synthesise their 

own proteins. This process comprises mainly two important steps: transcription and 

translation. The first step is initiated in the nucleus where the information encoded in 

DNA is copied to messenger ribonucleic acid (mRNA) molecules. In skeletal muscle 

cells, insulin exerts its anabolic effect by increasing the rate of protein synthesis and 

decreasing the rate of degradation [262]. Insulin enhances the protein gene expression 

as reflected by an increase in mRNA levels and stimulates the translation process by 

triggering the initiation of peptide chain synthesis [263-266]. Thus, insulin overall 

increases the capacity of protein synthesis and produces specific proteins required for 

cellular metabolism. 

In the above dataset, γ-conglutin peptides increased the phosphorylation of p70S6K 

and S6 proteins responsible for activation of protein synthesis and, thus, the next step 

was to detect and quantify the increase in nascent protein synthesis in presence of 

peptides. Differentiated HSMM were co-incubated with γ-conglutin peptides/insulin 

and OPP aminonucleoside antibiotic. The OPP conjugated nascent polypeptide chains 

were fluorescently labeled with AF594 - AlexaFluor® 594 picolyl azide (combination 

of picolyl azide and alkyne moieties) for visualisation by fluorescence microscopy. As 

an additional control, conditions inhibiting protein synthesis were also introduced by 

co-incubating cells with OPP and cycloheximide, an inhibitor of translation elongation 

process in the protein synthesis. Figure 5.6, merged images (subset: a-f) display the 

images captured at two wavelengths to detect nascent synthesized protein (561nm, 

AlexaFluor®; subset: g-l) and nuclei (402nm; HCS Nuclear Mask® blue stain; subset: 

m-r). As observed the nascent protein synthesised in presence of γ-conglutin or insulin 

were more fluorescent as compared to the control (vehicle/media).  
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Figure 5. 6 Effect of γ-conglutin peptides on protein synthesis in human skeletal muscle 

myotubes (HSMM): Confocal laser scanning microscopy images of nascent proteins 

in cells co-cultured with OPP and different treatments. ‘Blank’ represents cells 

unlabelled with OPP, ‘C - control’ refers the OPP treatment only, and ‘I - insulin 

(100nM) / γ-conglutin peptides (200µg/ml and 20µg/ml) / CHX - cycloheximide 

(10µM) refers to OPP labelled cells with the respective treatments. The cells are 

stained with AlexaFlour594 (nascent protein) and HCS NuclearMask® Blue stain 

(DNA). Images shown are representative of three independent experiments. 

AlexaFluor® fluorescence of nascent protein was quantified as the integrated density 

of pixel per unit area (mean) and reported as fold increase to control (Figure 5.7). 

Insulin, γ-conglutin peptides at 200µg/ml and 20µg/ml exhibited an increase in protein 

synthesis (~1.56, ~1.55, and ~1.34 folds respectively) compared to control. As 

predicted, cycloheximide abolished the protein synthesis process (~0.6 folds) 

compared to control. Altogether, like insulin, γ-conglutin peptides activated 70S6K 

and S6 protein signalling resulting in enhancement of protein synthesis process.     

 

Figure 5.7 Quantification of AlexaFlour®594 fluorescence intensity (integrated 

density of pixels /area from Figure 5.6) reported as fold over control. ‘C’ refers to 

control, I refers to insulin, CHX refers to cycloheximide. Values are mean ± standard 

deviation of three independent experiments; ****p ≤0.0001 is significantly different 

as compared to control   
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5.4.3.4 γ-conglutin peptides activated Extracellular Signal-Regulated Kinase 

(ERK) 1 and 2. 

Insulin receptor activation results in balanced signaling of two independent pathways: 

(a) PI3K/AKT pathway (metabolic arm) and (b) Ras/ Mitogen-Activated Protein 

Kinase (MAPK) pathway (mitogenic arm) [267]. IRS protein recruit’s cytoplasmic 

growth factor receptor bound 2 (Grb2) adaptor proteins. Grb2 on association with son-

of-sevenless (SOS) protein activates membrane-bound GTPase protein, Ras which 

subsequently binds to Raf kinase. Later, the phosphorylated Raf activates MAPK / 

ERK 1 and 2 signaling pathway that eventually cascades downstream targets involved 

in cellular proliferation, differentiation, and survival [268]. In this study, γ-conglutin 

peptides induced phosphorylation of ERK 1/2 (1.7 folds; Figure 5.8) similar to the 

response produced by insulin. This indicated that γ-conglutin peptides, like insulin, 

have potential to affect proliferation and differentiation of muscle cells. However, one 

of the limitations of this study was that the increase in myoblast count and myotube 

size in presence of peptides was not determined. 

 

Figure 5.8 Western blot analysis of Extracellular Signal-Regulated Kinase (ERK) 1 

and 2 in human skeletal muscle myotube cell extract and ratio of their band intensities 

(phosphorylated / total) in presence of vehicle (control referred to as ‘C’), insulin 

(100nM) (referred as ‘I’), γ-conglutin peptides (200 - 2µg/ml). The band intensities 

ratio is reported as fold change over control. Phosphorylated and total form of 

proteins is mentioned with prefix ‘p’ and ‘t’ respectively. Values are mean ± standard 

deviation of three or more independent experiments; ****p ≤0.0001, ***p ≤0.001, 

and *p ≤0.05 are significantly different as compared to control.  Immunoblot protein 

bands shown are representative of three or more independent experiments. 

The present data indicated that γ-conglutin peptides, like insulin, phosphorylated and 

activated Akt, the central mediator responsible for stimulating a range of metabolic 
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processes. γ-conglutin peptides increased glucose uptake in the cells, promoted 

glycogen synthesis mediating through AKT/GSK3β pathway, induced protein 

synthesis by activating AKT/mTOR/70S6K/S6 pathway and also has potential of 

influencing muscle growth and differentiation by activating ERK. Overall, as depicted 

in Figure 5.9, γ-conglutin peptides partially share properties of insulin suggesting its 

potential therapeutic application as an insulin-mimetic agent. 

 

Figure 5.9 Activation of insulin signaling pathway by γ-conglutin peptides: Insulin on 

binding to its receptor leads to phosphorylation of  IRS and Shc proteins which further 

activates metabolic arm (PI3K/AKT pathway) and mitogenic arm (Ras/Raf/MAPK 

pathway) respectively. In the metabolic arm, IRS proteins mostly recruit and activate 

PI3K that leads to the generation of secondary messenger PIP3. Membrane-bound 

PIP3 activates PDK. Both mTORC2 and PDK are required for complete activation of 

Akt complex. Activated Akt is the central mediator responsible for regulating insulin’s 

metabolic effects, glycogen and protein synthesis, glucose transport into the cells. Akt 

mediates protein synthesis by activating mTORC1/p70S6K/S6 pathway ultimately 

leading to protein synthesis. Also, Akt directly activates GSK3β/GS pathway leading 

to glycogen synthesis. AKT activates TBC1D1/4 proteins and stimulates modulation 

of caveolin-3 and flotillin-2 domain within the cell resulting in GLUT-4 translocation 

to the cell membrane. The mitogenic arm Ras/Raf/MAPK pathway is mostly 

responsible for cellular growth, differentiation and gene transcription. γ-conglutin 
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peptides activate the central PI3K/Akt/mTOR signaling pathway further activating 

pathways responsible for glycogen and protein synthesis. The peptides also affect 

mitogenic arm by activating ERK1/2 proteins. Thus, γ-conglutin exhibits insulin-

mimetic behaviour.  

IRS: insulin receptor substrate; PI3K: phosphoinositide-3-kinase; PIP3: 

phosphatidylinositol (3,4,5)-triphosphate; PDK: 3-phosphoinositide-dependent 

protein kinase 1; mTORC: mammalian target of rapamycin complex; Akt: protein 

kinase B; GSK3 β: glucose kinase 3 β; GS: glycogen synthase; GLUT-4: glucose 

transporter 4; p70S6K: 70KDa ribosomal protein S6 kinase; S6: ribosomal protein 

S6; MAPK: mitogen-activated protein kinase; ERK: extracellular signal-regulated 

kinase; TBC1D1/4: TBC1 domain family member 1/4. 

5.4.4 γ-conglutin peptides as DPP4 and α-glucosidase enzyme inhibitors 

5.4.4.1 DPP4 enzyme inhibition 

After food intake, GLP-1 and gastric inhibitory peptide (GIP) incretin hormones are 

secreted by distal small intestine L cells and proximal small intestine K cells 

respectively [7]. These hormones stimulate synthesis of insulin and are responsible for 

~70% of insulin secretion from pancreatic β cells [269, 270]. Circulating GLP-1 and 

GIP are rapidly degraded by DPP4 enzyme (half-life less than 2 minutes). Since DPP4 

enzyme (serine endopeptidase) cleaves peptides with proline or alanine at the second 

position from N-terminal, the incretin hormones are its excellent substrates [271]. 

DPP4 inhibitors, like sitagliptin and saxagliptin, suppresses the activity of DPP4 

enzyme and increases the half-life of circulating incretins in blood. Since the 

introduction of synthetic DPP4 inhibitors as an oral anti-diabetic therapeutic agent, 

food derived proteins have been isolated, hydrolysed and characterised for evaluation 

of their inhibitory property [272]. Lupin and soy-derived peptides have been reported 

to inhibit DPP4 enzyme released from human intestinal epithelial cell line (Caco-2) 

and circulating in human serum [114]. 

As a preliminary study, γ-conglutin peptides were investigated for their potential DPP4 

inhibitory activity using an in-vitro biochemical screening kit. As observed in Figure 

5.10, positive control Sitagliptin at 100µM (manufacturer recommended 

concentration) completely inhibited DPP4 activity [273]. γ-conglutin protein (non-

hydrolysed) did not exhibit its inhibitory action, whereas, the hydrolysed form of the 

protein (γ-conglutin peptides) inhibited the enzyme in a dose-dependent manner. This 

indicated that the protein had to be digested by pepsin and pancreatin enzymes to 
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produce peptides having DPP4 inhibitory action. In order to eliminate the fact that 

inhibition is a resultant of a mixture of peptides competing with the enzyme substrate 

(H-Gly-Pro-aminomethylcoumarin), a standard peptide digest (500µg/ml) obtained 

from ThermoFisher Scientific was used as a negative control and exhibited no 

inhibitory action. 

 

Figure 5.10 Inhibitory effect of different concentration of γ-conglutin peptides (1000-

20µg/ml) on the enzymatic activity of dipeptidyl peptidase 4 (DPP4) compared to 

control referred to as ‘C’.  Sitagliptan (100µM) referred to as ‘Sita’ was used as 

positive control. A standard peptide digest (500µg/ml) obtained from ThermoFisher 

Scientific was used as a negative control. Values are mean ± standard deviation of 

three independent experiments; ****p ≤0.0001 and *p ≤0.05 are significantly different 

as compared to control. 

Similar results were also reported by Munoz et al. where γ-conglutin peptides at higher 

concentration (5mg/ml) completely inhibited DPP4 enzyme [40]. However, in this 

report, the purity of γ-conglutin protein (non-hydrolysed) was not stated and the SDS-

PAGE profile of the purified γ-conglutin also displayed different protein impurity 

bands between 56-100KDa and 56-21KDa. As a result, there was a possibility that 

other impurity proteins might be responsible for DPP4 inhibition. The results, herein, 

confirm the inhibition of DPP4 by peptides obtained from hydrolysis of γ-conglutin 

protein having purity 100% based on SDS-PAGE (section 3.5.3.1; chapter 3) and 95% 

based on RP-HPLC (section 3.5.3.3; chapter 3) analysis.  
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The above results provide preliminary evidence that γ-conglutin peptides might be a 

potential DPP4 inhibitor. However, in-vitro biochemical screening assays do not 

consider the influence of several factors like bioavailability and stability of peptides, 

the interaction of peptides with serum components, the effect of serum proteases, in–

vivo fluid dynamics affecting the inhibition kinetics. As a result, further studies for 

validating these inhibitory results are required. Considering, the ethical issues 

associated with in-vivo studies, a cell-based in-situ DPP4 activity assay can be 

performed to screen potential inhibitors. Human colon carcinoma Caco-2 cell model 

is known to express mRNAs translating to active DPP4 enzyme on the apical cell 

membrane [274, 275]. Also, this cell model is often used as an intestinal barrier in the 

bioavailability studies as it expresses various morphological and functional features of 

intestinal cells [276]. Thus, incubating peptides with Caco-2 cells and analysing DPP4 

activity can be the next proposed step to evaluate the inhibitory property of γ-conglutin 

peptides in situ followed by in-vivo studies [277]. 

5.4.4.2 α-glucosidase enzyme inhibition 

α-glucosidase inhibitors, also known as starch blockers, are another unique type of oral 

anti-diabetic agents. α-glucosidase is a small intestinal brush border enzyme that 

cleaves α-1,4 glycosidic linkage in carbohydrates. The enzyme digests starch, 

oligosaccharides, and disaccharides into glucose monomeric units which are then 

absorbed into the bloodstream [8]. Inhibitors of α-glucosidase, thus, delay the 

digestion of α-1,4 linkage carbohydrates (starch and table sugar) and alleviates post-

prandial hyperglycemia. Acarbose and Miglitol are the commercial available α-

glucosidase inhibitors prescribed mostly to type 2 diabetic patients in combination 

with other anti-diabetic medications (sulphonylureas, DPP4 inhibitor, metformin) 

[278]. Plant-derived biomolecules like flavonoids, alkaloids, quinones, phenols, 

tannins, and terpenes have been reported to exhibit α-glucosidase inhibitor properties 

[279-281]. Different di, tri, and oligopeptides isolated from plants, animals, and 

microorganism having a molecular weight from 234 to 1970 Da (2 amino acid residue 

to 18 amino acid residue) are identified as potential α-glucosidase inhibitors [247]. 

Analysis of these peptides revealed that the most potent peptides are with 3 to 6 amino 

acid residues with hydroxyl or basic side chain residue at the N terminal. Since the 
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hydrolysate of γ-conglutin protein is a mixture of low molecular weight oligopeptides, 

their α-glucosidase inhibitory potential was investigated.   

The inhibitory action of acarbose was evaluated at different concentration (0.001-

25mM) in the optimised assay condition (Figure 5.11A). Maximum inhibition of α-

glucosidase activity was observed at 10mM acarbose concentration. γ-conglutin 

peptides from 100µg/ml to 1000µg/ml concentration exhibited a minimal reduction in 

enzyme activity (6%) (Figure 5.11B). Thus, no prominent α-glucosidase inhibitory 

action was displayed by γ-conglutin protein (1000µg/ml) and peptides (1000-

100µg/ml).  

 

Figure 5.11: Effect of different concentrations of acarbose and γ-conglutin peptides 

on the enzymatic activity of α-glucosidase enzyme. (A) Dose-response curve of the 

inhibitory action of acarbose (0.001-25mM) (B) Inhibitory effect of γ-conglutin protein 

(1000µg/ml) compared to control referred to as ‘C’. Acarbose (10mM) used as 

positive control.  Values are mean ± standard deviation of three independent 

experiments; ****p ≤0.0001, ***p ≤0.001, **p ≤0.01 and *p ≤0.05 are significantly 

different as compared to control. 

 

5.5 CONCLUSION 

Most common current and effective anti-diabetic therapeutics comprise drugs that (A) 

stimulate pancreatic β cells to secrete more insulin; (B) functions like insulin and 

improve insulin receptor sensitivity; (C) inhibit DPP4 and α-glucosidase enzymes (D) 

decrease glucose production in liver (E) are incretin-mimetics and activate GLP-1 
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receptor in the pancreatic β cell. In this chapter, γ-conglutin peptides were evaluated 

for their insulinotropic action in pancreatic β cells (BRIN-BD11 and INS-1E), insulin-

mimetic action in primary human skeletal muscle cells and enzyme (DPP4 and α-

glucosidase) inhibitory effects. γ-conglutin peptides did not exhibit insulinotropic 

action in pancreatic β cells. The in-vitro results demonstrated that, like insulin, γ-

conglutin peptides activated insulin signaling pathways responsible for glycogen and 

protein synthesis. The peptides increased glucose transport into the cells and also 

activated ERK1/2 proteins that are key regulators of cellular proliferation and 

differentiation. In addition, the peptides exhibited DPP4 enzyme inhibitory action in 

static conditions but did not inhibit activity of α-glucosidase enzyme.  

Altogether, γ-conglutin peptides have the potential of regulating glucose metabolism 

by inhibiting DPP4 enzyme activity and functionally behaving like insulin (insulin-

mimetics). Further fractionation and screening of particular γ-conglutin peptide(s) 

responsible for insulin-mimetic and DPP4 inhibitory actions maybe important to refine 

their hypoglycaemic effects such that they could potentially be used in treatment of 

type 2 diabetes. 
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6.1 CONCLUSIONS 

The results presented in this thesis provide evidence that lupin seed proteins may play 

a beneficial role in regulating blood glucose levels. At first, the proteins were extracted 

from defatted lupin seed flour and γ-conglutin was purified from this extract. Both 

lupin protein extract and pure γ-conglutin were subjected to a ‘gastrointestinal 

proteolytic digestion’ process. Lupin extract hydrolysate exhibited insulinotropic 

action by activating intracellular Gαq signal transduction mechanism in pancreatic β 

cells. γ-conglutin hydrolysate (peptides) regulated glucose metabolism by activating 

insulin signal transduction pathway in muscle cells and inhibited DPP4 enzyme 

activity. The following sections summarise the conclusions of each experimental 

research chapters in this thesis. 

6.1.1 Purification, characterization and hydrolysis of lupin proteins (Chapter 3) 

Proteins were extracted from defatted lupin flour and cation exchange chromatography 

was applied for purification of γ-conglutin from the extract. The elution method was 

optimised to obtain purified γ-conglutin. The eluted γ-conglutin was characterised 

using SDS-PAGE, western blot, RP-HPLC and mass spectrometry techniques. The 

purity of γ-conglutin was found to be ~100% based on SDS-PAGE and ~95% based 

on RP-HPLC analysis. Both the extract and pure γ-conglutin protein were hydrolysed 

by gastrointestinal digestive enzymes, pepsin and pancreatin. Degree of hydrolysis 

achieved for the extract and γ-conglutin was 22% and 18% respectively. It was 

observed that pepsin hydrolysed the proteins into polypeptides with molecular weight 

≤22KDa for extract and ≤30kDa for γ-conglutin, while pancreatin hydrolysed large 

peptides into small peptides (≤6.5KDa). In order to separate the enzymes from the 

digestion products, hydrolysate was filtered through 3KDa centrifugal filters. The 

permeate consisting of mixture of oligopeptides, di-tripeptides and amino acids was 

evaluated for its anti-diabetic mechanism in different cell lines.  

Chapter 6 

Conclusions and future work 
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6.1.2 Insulinotropic mechanism of action of lupin extract hydrolysate (Chapter 4) 

Insulin releasing property of the lupin extract hydrolysate was explored in rat derived 

pancreatic β cells (BRIN-BD11 and INS-1E). The hydrolysate displayed a dose 

dependent glucose permissive insulin secretion from β cells. Also, lupin hydrolysate 

improved insulin secretion in palmitate-induced lipotoxic β cells highlighting its 

potential application in a physiological environment frequently observed in type 2 

diabetes patients. Hydrolysate promoted glucose metabolism by enhancing glucose 

uptake and rate of glycolysis which later promoted closure of K-ATP channels and 

membrane depolarisation in β cells. Its mechanism of action in β cells was further 

investigated in detail. It was found that hydrolysate did not mediate its action through 

activation of prominent secondary messenger cAMP/PKA signalling pathway. A 

novel insulin secretory mechanism of lupin hydrolysate mediating through Gαq protein 

signalling transduction by activating PLC-PKC pathway was established. The 

proposed hydrolysate induced insulin secretion pathways increased the downstream 

intracellular Ca2+ levels causing insulin exocytosis from β cells. 

6.1.3 Anti-diabetic mechanisms of action of γ-conglutin peptides (Chapter 5) 

Hydrolysis of purified γ-conglutin resulted in mixture of di-tri and oligopeptides in 

range of 8.4 to 0.6KDa molecular weight. Insulinotropic action in pancreatic β cells 

(BRIN-BD11 and INS-1E), insulin-mimetic action in primary human skeletal muscle 

cells, and enzyme (DPP4 and α-glucosidase) inhibitory effect of γ-conglutin peptides 

were evaluated. It was found that these peptides did not stimulate insulin secretion in 

β cells, however, they exhibited potent insulin-mimetic action by regulating glucose 

and protein metabolism in human muscle cells. Peptides activated Akt protein, a 

central mediator that stimulates a range of metabolic processes and enhanced glucose 

transport into the cells. Peptides were also found to activate the downstream targets 

p70S6K/S6 and GSK3β resulting in increased cellular protein and glycogen synthesis 

respectively. Moreover, these peptides, like insulin, also activated ERK and have 

potential of regulating cell proliferation and differentiation. Thus, γ-conglutin peptides 

displayed functional characteristics of insulin by activating insulin signal transduction 

suggesting a possible therapeutic application as an insulin-mimetic agent. In addition, 

peptides (1mg/ml) inhibited DPP4 enzyme activity (by 55%) as evaluated with in-vitro 
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bioassay. However, further investigations in validating the latter inhibitory results are 

now required. 

The present research provides scientific substantiation of the mechanisms associated 

with health benefits related to lupin seed proteins. The results presented herein are one 

of the preliminary steps in improvement in the current market of lupins as stockfeed, 

towards lupin-based food products for human consumption as well as the inclusion of 

lupin proteins in nutraceuticals and functional food.  

6.2 RECOMMENDATIONS FOR FUTURE WORK 

This thesis provides comprehensive information related to in-vitro anti-diabetic action 

of lupin proteins and peptides explored in different cell lines. Nevertheless, there are 

various areas where further research is required. 

6.2.1 Ex-vivo and in-vivo animal studies 

The proposed biological / biochemical mechanisms outlined in Chapter 4 of this thesis 

offer a novel perspective for the insulinotropic action of lupin hydrolysate in β-cells. 

This mechanism of action was preliminarily investigated in insulinoma derived 

pancreatic β cell models (BRIN-BD11 and INS-1E). The next step would be to confirm 

hydrolysate induced insulin secretion in primary islets ex-vivo isolated from rat/mouse 

pancreas. The insulin-mimetic action of γ-conglutin peptides was investigated in 

primary human skeletal muscle cells isolated directly from a donor (chapter 5). It 

would be useful to validate this glucose modulatory property of γ-conglutin peptides 

in normal (healthy) and diabetic animal models in-vivo. 

6.2.2 Large scale manufacturing of high purity γ-conglutin 

Currently, the developed process on 5ml HiScreen CaptoS column has been 

successfully implemented at lab scale for producing ~250mg of γ-conglutin in 

~22hours. However, the yield (4.8% w/w of load proteins) of the process can be 

improved by optimising method to prevent loss of γ-conglutin in flow through. The 

protein concentration of the load should be increased by concentrating the load (feed) 

using membrane filtration. The concentrated protein load will reduce the load volume 
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and the process time, thus, increasing the process productivity. This would also be 

beneficial for scaling up the process on 20 ml CaptoS column.  

The exact content of γ-conglutin in seeds varies because of genetic and environmental 

effects [282]. As a result, calculating the process recovery (extraction and purification) 

based on γ-conglutin in seed is difficult. Therefore, reliable methods for quantification 

of γ-conglutin in lupin seeds are required. An isotope labelled multiple reaction 

monitoring mass spectrometry (MRM-MS) method for absolute quantification of γ-

conglutin is currently being developed and validated for different lupin species and 

varieties in our laboratories.  

6.2.3 Gastrointestinal digestion and bioavailability of lupin proteins and peptides  

The extract proteins and γ-conglutin were hydrolysed using gastrointestinal proteolytic 

enzymes i.e. pepsin and pancreatin (section 3.5.4; chapter 3). It would be interesting 

to hydrolyse extract proteins and γ-conglutin using simulated gastrointestinal digestion 

protocol containing enzymes that breakdown carbohydrate, proteins and lipids at 

different digestion stages. In this way, the carbohydrate moieties attached to proteins 

(glycoproteins) can also be digested into monomeric sugar forms and bioactivity of the 

peptides in presence of these hydrolysed sugars can be studied together. The next step 

would be to fractionate the extract and γ-conglutin hydrolysate peptides based on their 

size, hydrophobicity and charge using membrane filtration, RP-HPLC and ion 

exchange chromatography techniques respectively [283]. The fractionated peptides 

can then be assessed for potential bioavailability. Caco-2 cell model is often used as 

an intestinal barrier in the bioavailability studies as it expresses various morphological 

and functional features of intestinal cells [277]. As a result, the peptide fraction can be 

subjected to a dual cell culture system with Caco-2 cell monolayer (apical) and 

pancreatic β cells or human skeletal muscle cells (basal) to mimic in-vitro 

gastrointestinal absorption condition and to substantiate the bioactivity of the peptides 

that may enter circulation in vivo [175]. Further, mass spectrometry can be used to 

elucidate the profile and structure of the bioactive peptides passing through Caco2 cell 

monolayer (apical). The screened peptides can be incubated in plasma in order to 

assess their resistance to endopeptidase and the peptide structure can be tailored to 

prevent them from degradation or prolong their half-life in circulating plasma without 
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losing bioactivity. This approach will lead to development of peptide-based food 

ingredients and nutraceutical from lupin. 

6.2.4 Insulin signal transduction 

Insulin-mimetic action of γ-conglutin peptides was explored in Chapter 5. γ-conglutin 

peptides promoted an increase in glucose uptake/transport in muscle cells. However, 

the impact of peptides on activation of signalling pathway associated with glucose 

receptor 4 (GLUT-4) translocation to the membrane requires further investigation. 

This will enable a deeper insight into γ-conglutin peptide regulated muscle energy and 

glucose metabolism and will substantiate data obtained from glycolytic flux and 

mitochondrial respiration in muscle cells (Seahorse based technology). 

Like insulin, peptides also induced activation of ERK 1/2 in muscle cells. However, 

activation of other cellular proteins involved in Ras/MAPK mitogenic pathway 

requires further investigation with respect to the effect of peptides on cellular growth 

and differentiation. 

6.2.5 Interaction of γ-conglutin peptides with insulin 

γ-conglutin protein exhibits an electrostatic binding interaction with insulin 

immobilised on agarose gel matrix and the equilibrium dissociation constant of this 

interaction is in moderate affinity range of protein-ligand interaction as recorded by 

real-time SPR analysis of γ-conglutin with insulin [100]. It would be interesting to 

study the influence of γ-conglutin peptides on insulin-insulin receptor interaction by 

immobilising insulin receptors (IR) obtained from IR-overexpressing Chinese hamster 

ovary cells on SPR biosensor chips. Also, this strategy can be used to determine if any 

particular peptide fragment of γ-conglutin interacts specifically with insulin. 

6.2.6 DPP4 inhibitory action 

DPP4 inhibitory action of γ-conglutin peptides were evaluated using in-vitro 

biochemical screening assay. However, in-vitro enzymatic assays do not account for 

factors that influence the stability and bioactivity of peptides in vivo. As a result, the 

inhibitory action of peptides in a cell-based DPP4 activity assay should be further 
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examined. Human colon carcinoma Caco-2 cell model is known to express mRNAs 

translating to active DPP4 enzyme on the apical cell membrane [274, 275]. Thus, the 

peptides can be incubated with Caco-2 cells and activity of DPP4 expressed by the 

cells can be analysed. [277]. Also, the inhibitory action of peptides on a circulating 

form of DPP4 in human serum can be evaluated. 

6.2.7 Lupin proteins as human supplements 

After studying hypoglycaemic effects of lupin proteins in animals (in-vivo) and 

exploring its mechanism of action in cell lines (in-vitro) and animal tissues (ex-vivo), 

lupin protein extract and/or γ-conglutin can be tested as supplements for diabetes 

treatment in humans. A placebo-controlled clinical trial can be conducted by 

administering dry extract/ γ-conglutin in form of sachets or tablets to volunteers 

(healthy/type 2 diabetes) for 6-8 weeks. Alternatively, the volunteers can be 

administered with extract/ γ-conglutin enriched meal or beverages. The glucose and 

insulin blood levels should be monitored during the course of this study. Also, appetite 

and fluid intake, haemodynamic parameters and any side-effects or adverse effects 

during the course should be recorded. 

Altogether, the knowledge obtained from this research can be beneficial to several 

sectors of the community. The nutraceutical/biopharmaceutical industries would 

benefit with the developed process strategy for purification of glycaemic modulating 

protein - γ-conglutin. Increase in demand of purified γ-conglutin or lupin-based 

products can create a surge in lupin production and markets which will motivate 

farmers to grow this nitrogen-fixing lupin rotation crop. With the increase in lupin 

cultivation, agriculture industries would profit from the increased demand and return 

on lupin crops. Eventually, health professional, nutritionist, and dieticians would 

benefit through the availability of new natural source derived glucose modulating 

agent which may have lesser side effects as compared to traditional synthetic drugs. 

Diabetic consumers can gain advantage by a potential reduction in healthcare cost. All 

these factors can promote sustainable production of lupin, a crop well suited to deep 

acid sandy soil environment of Western Australian wheat belt, in turn making a high-

value health beneficial economic product for the society.  
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