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ABSTRACT 

Osteoporosis is a bone disease affecting 1 in 3 women and 1 in 5 men in Canada. One possible 

approach to prevent this disease is to stimulate the activity of osteoblasts (bone forming cells) 

using food derived bioactive peptides. As a sought-after pea protein, we previously identified a 

tripeptide LRW (Leu-Arg-Trp). Therefore, the 1st objective of this thesis was to investigate the 

effect of LRW on promoting osteoblastic activity using pre-osteoblast MC3T3-E1 cells.  

LRW treatment (50 µM) caused a significant increase in cell proliferation (4-fold increase), 

stimulated differentiation by increased the levels of type 1 collagen (COL1 A2; 3-fold increase), 

alkaline phosphatase (2-fold increase), runt-related transcription factor 2 (RUNX2; 2-fold 

increase), as well as promoted mineralization evidenced by Alizarin-S red staining and nodule 

formation. LRW treatment also and increased osteoprotegrin levels (OPG; 2-fold increase), 

thereby decreasing bone resorption. Furthermore, LRW also significantly increased the wound 

healing based on cell migration assay. 

Since LRW was identified from pea protein hydrolysate, the second objective of the thesis 

was to determine the osteoblastic activity of pea protein hydrolysates using human osteoblast cells 

(U-2OS). Among seven pea protein hydrolysates prepared, three (prepared by chymotrypsin, 

alcalase and thermolysin, respectively) showed better ability to increase the level of COL1 A2 and 

thus selected for further study. Pea protein hydrolysate up-regulated COL1 A2 (2-fold increase), 

procollagen (1.25-fold increase), nuclear factor erythroid 2- related factor 2 levels (NRF2; 1.35-

fold increase), C-X-Chemokine receptor type 4 (CXCR4; 2-fold increase) and signal transducer 

and activator of transcription 3 (STAT3; 1.5-fold increase) in alcalase prepared hydrolysate. 

Furthermore, increased mRNA and protein expression of STAT3 (3.5-fold increase) and CXCR4 

(4-fold increase) respectively in alcalase prepared sample were further validated by qRT-PCR. Pea 
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protein hydrolysate also decreased the levels of matrix metalloproteinase MMP-1 and MMP-9, 

indicating the inhibitory role on the degradation of bone matrix.  

This research demonstrated the presence of bioactive peptides in pea protein that can 

positively modulate the activity of osteoblasts, indicating the potential of pea derived peptides for 

the prevention or treatment of osteoporosis. 
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PREFACE 

This thesis is an original work by Harshita Arora and has been written as per the guidelines given 

by the Faculty of Graduate Studies and Research, University of Alberta. The concept of the 

research work in this thesis is originated from my supervisor Dr. Jianping Wu. The figures in this 

thesis is prepared and drawn by Harshita Arora. 

The thesis consists of five chapters: Chapter 1 provides a general introduction and the 

objectives of the thesis; Chapter 2 is a literature review on several subjects, including bone health, 

osteoporosis, pea protein, pea protein hydrolysate, and pea protein derived tripeptide LRW; 

Chapter 3 reports an investigation of pea protein derived tripeptide LRW on the osteoblastic 

activity using murine mouse pre-osteoblast MC3T3-E1 cells; Chapter 4 evaluates the osteogenic 

activity of pea protein hydrolysate prepared using chymotrypsin, alcalase, and thermolysin on 

human osteoblast cells U-2OS; Chapter 5 provides overall conclusions and discussion with its 

significance in food and health management industry for osteoporosis treatment. 

Dr. Jianping Wu greatly contributed to the experimental design, data interpretation, thesis 

preparation, and edits. I was responsible for literature search relevant for the above studies, 

designing and performing experiments, data collection and analysis, and drafting the thesis. 
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CHAPTER 1- LITERATURE REVIEW 
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1.1 Bone physiology ad metabolism 

1.1.1 Bone as a tissue 

Bone is a dynamic mineralized connective tissue that exhibits important functions in the body such 

as locomotion, support and protection to organs, storage site of minerals like calcium and 

phosphate [1]. It also provides a suitable environment for the bone marrow to harbour [2]. Bones 

are composed of mainly two types of tissues which includes cortical (compact) and trabecular 

(cancellous) bone [4]. Cortical or the compact bone makes up the diaphysis (shaft) of the long 

bones which comprises 80% of the skeletal mass. There function is to provide support, protection 

and mechanical strength to the organs [5]. Whereas trabecular bone makes up the ends of the long 

bones consisting of a network of plates and rods. Trabecular bone also has a larger surface area 

exposed to bone marrow with higher turnover than cortical bone [8]. They are present at the site 

of bone-forming cells and constitutes a reserve of calcium and phosphorus [7]. Due to the more 

total surface area of the trabecular bone, it is more metabolically active and largely covers the site 

for bone formation and resorption [9]. The two different compartments of bone differ in the 

material composition with lower calcium content in trabecular bone and more water content as 

compared to cortical bone. As we age or in case of any bone disease, the cortical bone becomes 

porous resulting in more surface area and less bone strength [6].  

1.1.2 Bone matrix  

Bones consist of both organic and inorganic components which forms the bone matrix. The organic 

compartment of the matrix includes 90% collagenous proteins mainly (type 1 collagen) and 10% 

non-collagenous proteins such as osteocalcin, osteopontin, bone sialoprotein II, osteonectin, 

fibronectin, bone morphogenetic proteins (BMPs) and growth factors [10]. However, the inorganic 

compartment of the bone contains calcium and phosphate ions with significant amounts of 

magnesium, carbonate, potassium, zinc, fluorite, citrate, strontium and barium [11]. In the bone 

matrix, the calcium and phosphate ions nucleate and form hydroxyapatite crystals 

[Ca10(PO4)6(OH)2]. Altogether with hydroxyapatite deposition, collagenous and non-collagenous 

proteins, the formed bone matrix provides stiffness and resistance to bone tissues [12]. With 

progressing changes in nutrition and age, the occurrence of bone disease has increased. Bone 

diseases and their treatment affect the concentration of bone matrix proteins which results in 

deformation and fractures [13]. 
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1.1.3 Bone cells 

Bone cells are present on both surface and in lacunae of bone matrix. There are mainly four types 

of cell types: osteoblast, bone lining cells, osteocytes, and osteoclasts. Each of these cells plays an 

important role in bone formation and remodeling [14].   

1.1.3.1 Osteoblasts 

Osteoblasts are cuboidal cells which occupy 4-6% of total resident cells onto the bone surface [3]. 

These are proliferative cells from mesenchymal cells [3]. They cover the surface of the trabecular 

and cortical bone as well as the alveolar bone.  These are protein synthesizing cells, which further 

produce osteoid used for bone formation matrix. These cells are responsible for the formation of 

bone along with performing other functions [3].  

1.1.3.2 Bone lining cells 

Bone lining cells covers the bone surface and are flat-shaped [26]. They contribute to bone 

remodeling and play an important role in regulating the concentration of minerals. In any situation 

of mechanical stress, they stimulate the formation of bone by regulating themselves to form active 

osteoblasts. The bone lining cells affect both osteoblast and osteoclast activity. They digest non-

mineralized collagen and also forms a thin deposition of fibrillar collagen on to the bone surface 

in order to facilitate osteoblastic activity during the process of bone resorption [27].  

1.1.3.3 Osteocytes 

Osteocytes are the most abundantly found bone cells comprising of total 90-95%.  The osteocytes 

have a dendritic morphology and are generally found in the lacunae of the mineralized bone matrix 

[28]. Osteocytes are also derived from mesenchymal cells in four differentiation stages: osteoid-

osteocytes, pre-osteocytes, young osteocytes and mature osteocytes [29]. Towards the last phase 

in bone formation, some osteoblasts from osteocytes with structural and morphological changes. 

During this transition, osteoblast biomarkers such as type 1 collagen (COL1A2) and alkaline 

phosphatase (ALP) are downregulated [30].  

1.1.3.4 Osteoclasts 

Osteoclasts are derived from hematopoietic stem cell lineage. They are stimulated with 

macrophage colony-stimulating factor (M-CSF) and receptor activator for nuclear factor K B 

(RANK) ligand which is mainly secreted from osteoblasts [31]. These two factors regulate the 

gene expression and activity of transcriptional factors [32,33]. They are terminally differentiated 
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cells which are responsible for the resorption of bone. They produce hydrogen ions which dissolve 

the mineral crystals of the matrix providing the appropriate pH for the activity of enzyme such as 

protease. Protease hydrolyses the organic compartment of the matrix. 

  Osteoclasts are characterized at the ruffled edge where bone resorption takes place 

digesting the matrix. 

1.1.4 Osteoblast differentiation and bone formation 

Osteoblasts are cuboidal in shape and are present at the bone surface. These cells maintain the 

skeletal architecture of bones by synthesizing bone matrix and regulating osteoclastogenesis. 

These are proliferative cells from mesenchymal cells with the timed commitment of synthesis of 

bone morphogenetic proteins (BMPs) and adherents of the Wingless pathway [16]. As osteoblast 

differentiates, they procure the ability to secrete bone matrix [15]. In the proliferation stage of 

osteoblasts, the expression of RUNX2 and COL1 A2 proceeds with differentiation. The expression 

of Runt-related transcription factor 2 (RUNX2) is the master key for osteoblast differentiation, as 

it upregulates osteoblast-related genes such as COL1 A2 and ALP. [17]. With progressing 

differentiation, the increase in the secretion of COL1 A2 reflects a transition of pre-osteoblasts to 

mature osteoblasts. Furthermore, these differentiated osteoblasts undergo morphological changes 

in structure to form large cuboidal cells [19]. Differentiating osteoblasts secrete collagen protein 

mainly type 1 collagen and proteoglycans such as decorin and biglycan which forms the organic 

matrix for mineralization of bone to take place [20].The formation of the bone matrix occurs in 

two phases, beginning with deposition of organic matrix and further mineralization of deposited 

bone matrix. Matrix vesicles are released from the osteoblast into the newly formed bone matrix 

bound to proteoglycans and other components. Vesicle calcification is often followed by collagen 

propagation and mineral deposition in spatially oriented nodules [25]. This phase is generally 

called as a vesicular phase. The negatively charged proteoglycans immobilize calcium ions [21]. 

The enzymes secreted by osteoblast degrade the proteoglycans and release calcium ions into the 

matrix vesicle membranes as calcium channels. However, the ALP secreted by osteoblasts degrade 

the phosphate-containing compounds inside the matrix vesicles. Thus, free calcium and phosphate 

ions nucleate into the matrix vesicle forming hydroxyapatite crystals [22]. The saturation of 

calcium and phosphate ions in the matrix vesicles ruptures the structure, leading to diffusion of 

hydroxyapatite crystals to the surrounding matrix [23].  The matrix vesicles are further degraded 
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during advanced stages of mineral propagation [24]. Throughout the mineral propagation, it forms 

radial nodules starting with the periphery of matrix vesicles and propagates out into the 

extravesicular matrix.  

1.1.5 Osteoclast and bone resorption 

The osteoclasts are formed by the fusion of the macrophage family. They are bone resorptive cells 

that regulates the total mass of skeleton [41]. Osteoclastogenesis is sufficiently regulated by two 

molecules: macrophage colony-stimulating factor (M-CSF) and receptor for activation of nuclear 

factor kappa B (NF-KB) (RANK) ligand (RANKL). M-CSF generates signals for osteoclast 

activity by binding to its receptor (c-Fms) [42]. Osteoprotegerin (OPG) is known as “decoy” 

receptor which competes with RANK for RANKL [43]. RANK present on osteoclasts acts as a 

differentiating factor. Moreover, RANKL is also abundantly expressed by activated T lymphocytes 

which directly initiate the osteoclast activity and are widely seen in rheumatoid arthritis [44].  

Therefore, an equilibrium in the expression of the regulator of osteoclast activity, RANKL, 

and the inhibitor, OPG controls the total bone resorption activity [45]. Bone resorption is a multi-

variate process which is triggered by the immature osteoclast, committing to the osteoclastic 

phenotype markers for degradation of the organic and inorganic bone matrix [46]. The binding of 

RANKL to its receptor RANK mediates osteoclastogenesis, which further activates the expression 

of some osteogenic transcription factors [47]. Upon activation, the osteoclasts are polarized in 

reorganization on the ruffled border and clear zone. The vacuolar-type ATPase in ruffled border 

dissolves hydroxyapatite crystals. H+ and bicarbonate ions (HCO3) are released from the 

degradation of bone matrix. The osteoclasts discharges cathepsin (Cp), matrix metalloproteinase-

9 (MMP-9) and tartrate-resistant acid phosphate (TRAP) for degrading the bone organic matrix. 

The ephrin B2 (Eph2), which is present in the osteoclast membrane binds onto osteoblast 

membrane (ephrin B4), resulting in promoting the action of osteoclast differentiation [49]. 

Furthermore, osteoclasts also produce clastokines, which indirectly controls osteoblast activity 

[50].    

1.1.6 Bone remodeling  

Bone remodeling is a process which involves the replacement of old tissues by new bone to 

maintain the bone mass. The process is done within the bone cavities in which a temporary 

structure called basic multicellular units (BMU) are formed [34]. These structures constitute 
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osteoclasts and osteoblasts. Osteoclasts present forms the cutting cone and the osteoblasts form 

the closing cone, this coupled structure ensures the minimal net change in bone volume during the 

process of resorption [35]. Bone remodeling is a sequential process of activation, resorption, 

reversal, formation and termination. Bone remodeling begins with activation phase in which signal 

is generated resulting in structural or hormonal changes. In the situation of mechanical stress, 

osteocytes translate to initiate bone remodeling, and in adverse damages, osteoclasts result in 

apoptosis with increased osteoclastogenesis. Parathyroid hormone (PTH) generates signals to 

regulate calcium homeostasis and indirectly maintains serum calcium levels. Binding of PTH to 

G-protein coupled receptor results in activation of protein kinase A and calcium intracellular 

signaling pathways inducing transcriptional responses which recruit osteoclast precursors, 

inducing activation and differentiation of osteoclasts [36]. In response to the activation of 

osteoclasts, osteoblasts produce chemokine chemoattractant protein-1 which attracts precursors of 

osteoclast to function [37]. CSF-1 and RANKL expression are increased whereas OPG expression 

is reduced, promoting osteoclast activity. Osteocytes transition to osteoblasts generates signal for 

the activation of osteoclasts on the remodeling site [36]. On activation, they produce cytokines, 

CSF-1, RANKL and OPG. Hydrogen ions released to dissolve the mineralized matrix creates 

acidic conditions which degrade the remaining organic bone matrix [38]. After osteoclast 

resorption on the surface, the mononuclear cell removes collagen and prepares the surface for new 

bone formation mediated by osteoblast. These “reversal” cells are precursors from osteoblast 

generation which is represented by positive expression for ALP. The reversal cells reverse the 

conditions of localized micro-environment by degrading the bone matrix. These cells receive and 

produce coupling signals which translate the process of bone resorption to bone formation. The 

mature osteoblast and reversal cells are regulated by the bone formation signals. In this response, 

PTH and activated osteocyte allow the bone formation to occur via the Wnt pathway.  This is also 

significantly observed with a decrease in sclerostin expression. After complete formation, the 

newly mineralized osteoid is deposited and the bone surface is in resting phase [39]. Termination 

is also expressed by the increase in sclerostin expression, which indicates the end of the remodeling 

cycle [40]. 
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1.2 Osteoporosis 

1.2.1 Prevalence of osteoporosis 

Osteoporosis is a bone disease which is symbolized by low bone mass, disruption in bone 

architecture and deterioration in bone tissues. This is characterized by an increased risk of fractures 

with conceded bone strength [51]. In Canada, 2 million people are affected by osteoporosis 

including at least 1 in 3 women and 1 in 5 men. The fragility fractures represent 80% of 

menopausal women over the age of 50. Osteoporotic bone impairs mobility and quality of life. 

Worldwide, osteoporosis is considered as a serious health concern, with 200 million people are 

affected by this disease [52]. Ageing of populations is a major contribution to the incidence of 

osteoporosis in postmenopausal women [53]. The people who are already sustained with fractures 

represent an increased risk of 86% with any fracture in the future [54].   

It is projected, that by 2050 the worldwide incidence of hip fractures in women will 

increase by 240% and 310% in men [55].   

1.2.2 Foundations of Osteoporosis  

Osteoporosis is regarded as "silent killer" as it is painless until the patient experiences a fracture. 

There are several reasons for osteoporosis such as ageing, hypogonadism and menopause, clinical 

risk factors and high bone turnovers which results in increased bone loss [88]. Inadequate peak 

bone mass (maximum amount of bone that can possessed by an individual) and increased bone 

loss results in low bone density and impaired bone quality which further leads to skeletal fragility 

[89]. The higher fall mechanics and propensity to fall concludes to falls resulting in excessive bone 

loading. All the factors together including skeletal fragility and excessive bone loading which 

further leads to fractures. These fractures result in chronic pain, disability and death followed by 

minor trauma, which is shared in osteoporotic patients [56]. 

1.2.3 Diagnosis of osteoporosis 

Bone strength is determined using bone mass density (BMD) and bone quality. The prognosis of 

osteoporosis is defined by the measurement of BMD or by knowing the occurrence of fragility 

fractures. Bone mineral density is measured using the dual X-ray absorptiometry (DXA), which 

gives an expression of bone in terms of grams of mineral per square centimetre of scanned bone 

and is expressed as g/cm2 of calcium [113]. The determination of BMD confirms and establishes 

the course of the disease. T-scores are calculated as the difference of the patient BMD and mean 
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BMD of a healthy referenced adult aged in the range of 20-29 years divided by the standard 

deviation [114]. According to the World Health Organization (WHO), osteoporosis is represented 

with T-score at or above -2.5 SD. Higher threshold describes "low bone mass" or osteopenia with 

a T-score between -1 and -2.5 SD. Whereas, for a normal healthy adult, T-score is at -1 or above, 

within 1 SD of the mean value of an adult reference population [56].    

Similarly, the fracture risk assessment tool model (FRAX) is an algorithm, which predicts 

the risk of fractures. This takes in to account various predictors of fracture risk supplementing to 

BMD. This integrates all the clinical risk factors which are further expressed to calculate the 

probability of fractures in the next 10 years [115]. Clinical risk factors which are taken in 

consideration include age, sex, information of any prior fracture, BMD of femur neck, parental 

history, secondary causes of osteoporosis, past or current smoking habits, alcohol intake levels per 

day. [57]. 

1.2.4 Preventive measures of osteoporosis 

Osteoporosis is considered normal with the course of ageing, but it is now possible to treat and 

prevent the occurrence of this disease [58]. Interventions such as reduced fracture risk can be said 

as primary prevention. Whereas, lifestyle factors such as diet, tobacco avoidance, moderate alcohol 

levels and physical activity greatly influence the bone mass and strength and can be regarded as 

secondary prevention. A nutritious diet with recommended amounts of calcium, protein and 

vitamin D can help to maintain the adequate levels for the bone formation and maintaining bone 

density [116]. The skeletons comprise of 99% of total calcium which further mobilizes serum 

levels, crucial for bone health and muscles. Supplementation of calcium after the 30s is required 

to maintain adequate levels for bone formation [117]. Physical activities including weight-bearing 

and muscle-strengthening activities are recommended as they improve postures, agility, strength 

for preventing falls and balance [118]. Apart from lifestyle factors, genetic factors also play an 

important role in determining the risk of osteoporosis [59]. Pharmacological strategies are 

necessary to decrease the ageing and postmenopausal bone loss, as this increases the risk for 

osteoporosis. Estrogen therapy maintains the bone strength, decelerates the bone loss and 

protecting against the risk of fracture [60].   
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1.2.5 Current treatment strategies  

Prevention strategies of osteoporosis involves oral administration of calcium and vitamin D 

supplements or synthetic drugs. For the treatment of osteoporosis, drugs can be based on two 

approaches, one that decreases bone resorption and the second, one that increases bone formation 

[61]. Antiresorptive drugs act by decreasing the overall rate of bone turnover which further 

maintains a balance between bone formation and resorption [119]. Pharmacological drugs are 

generally used for treating osteoporosis such as calcium and vitamin D supplements, 

bisphosphonates, calcitonin, estrogen and selective estrogen receptor modulators [62]. Whereas 

other bone formation drugs such as teriparatide slow down the resorptive activity of osteoclast, 

thus improving the bone strength [62]. 

1.2.5.1 Calcium and vitamin D supplements 

Calcium and vitamin D are fiercely obtained from diets. The recommended daily intake of calcium 

is 1200-1500 mg and for vitamin D, it is 400-800 IU [63]. Calcium supplements are available in 

the form of calcium citrate and calcium carbonate. Supplements are recommended with higher 

doses for elderly patients. Oral administration of supplements has shown to prevent fractures in 

elderly women [64].   

1.2.5.2 Bisphosphonates 

Bisphosphonates are the class of drugs which have pyrophosphate analogues, which binds to 

hydroxyapatite, thwarting the osteoclast activity [121]. There are currently four approved 

bisphosphonates: Alendronate, Etidronate, Risedronate and Zoledronic [122]. They tend to 

increase bone density and reduce the risk of fractures. Bisphosphonates also possess some common 

side effects like nausea, abdominal pain, loose bowel movements, joint pain. In extreme cases, it 

may also result in kidney dysfunction and breakdown of jawbone called as osteonecrosis [122]. 

1.2.5.3 Calcitonin 

Calcitonin is used in the treatment of osteoporosis as it increases BMD [124]. Calcitonin is another 

hormone produced by thyroid gland, it reduces the risk of fractures and is used in treating bony 

pain subordinates to fractures, by slowing the absorbing rate of osteoblasts [125]. Women who 

have passed at least five years of their menopause are recommended to take calcitonin. It can be 

taken through injection or nasal spray [64]. Side effects from use of calcitonin depends on the 

mode of delivery. Injection side effects include nausea, vomiting and flushing of the skin. 
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Although, nasal irritation, backpain, bleeding nose and headaches can be seen via nasal 

administration [124].  

1.2.5.4 Estrogen and selective estrogen receptor modulators (SERMs) 

For a woman, a drop-in estrogen is observed as they reach menopause. This has a direct effect on 

their bones. The deteriorating rate in estrogen levels weaken the bones and become vulnerable for 

fractures [127]. After menopause, estrogen therapy is recommended which decrease the risk of 

getting osteoporosis, as they increase the estrogen levels, maintaining the bone mineral density 

[64]. Estrogen receptor modulators such as raloxifene enhances BMD.  It has been shown that a 

daily dose of 60 mg of raloxifene can reduce the risk of fractures by 40% [65]. Fatigue, hot flushes, 

night sweats and vaginal discharge are common side-effects for SERMs [127]. 

1.2.5.5 Anabolic  

Anabolic are those type of drugs which promote bone formation. PTH is an anabolic agent which 

efficaciously treats osteoporosis [129]. It increases bone resorption and as well as bone formation, 

thereby increasing BMD and improving micro-architecture. PTH increases the density of bone by 

increasing cortical thickness [66]. The synthetic form of PTH, teriparatide activates osteoblast to 

perform their action, which results in an increase in bone [67]. It has already been shown that 40 

mg of teriparatide can result in an increase in total body bone mineral [64]. Adverse effects of 

teriparatide includes headache, nausea, dizziness and limb pain. Theoretically, it also possesses 

risk of osteosarcoma, an aggressive condition of tumor in the bone [130]. 

1.2.5.6 Non-pharmacological treatments  

Non-pharmacological treatments focus on utilizing alternatives to synthetic drugs. They provide 

therapeutic interventions for osteoporotic patients. These treatments include vertebroplasty, hip 

protectors, posture training supports, balance and exercise training programs [64]. 

1.2.6 Emerging therapies 

New medications and natural alternatives have now been widened. These therapies approach as 

the individualised treatment based on patient preference and specific clinical requirements. 

Sophisticated options for treating osteoporosis involve sequential intake of new agents, targeting 

specific therapeutic targets with minimal side-effects [68]. The side-effects and limited efficiency 

of the currently available treatment options have now exhilarated extensive research into the 

pathophysiology of osteoporosis with the introduction to newer drug treatments such as stem cell 
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therapy, osteoprotegerin, integrin inhibitors, chloride channel inhibitors, cathepsin K inhibitors, 

nitrates. [69]. Emerging anabolic agents include calcilytics, statins, antibodies against sclerostin 

and Dickkopf-1, endo-cannabinoid agonist and matrix extracellular phosphoglycoprotein 

fragments [69]. The upcoming treatment strategies focus on continuous refinement to optimize the 

efficiency, safety and patient adherence.  One such example of the emerging technique includes 

strontium ranelate. In this technique, strontium is ceded on the surface of newly formed bone which 

decreases the activity of osteoclasts and thereby reduces bone resorption. Simultaneously, it also 

stimulates osteoblast differentiation and increases the expression of bone forming markers [131]. 

While the recent researches highlight the emerging treatment techniques for treating osteoporosis, 

it is difficult to know the common side effects of these drugs. Therefore, a transitional interest 

from synthetic to natural product is transpiring [132].   

Thereby from using synthetic treatment, natural treatments are emerging which 

simultaneously acts at different target sites promoting physiological health benefits. However, the 

bioavailability of bioactive components and the levels required to possibly act for the cure is 

necessary. Therefore, intake levels and doses are required to optimize health benefits [70].  It has 

been reported that pomegranate extract 0.01mL/g body weight when fed to mice, shows beneficial 

effects on BMD [71]. Prunes (1g/day) have also been reported for inhibiting bone resorption, as a 

rich source of boron [72]. Boron is a magical mineral working in close harmony with calcium to 

strengthen bone and protect against osteoporosis. Similar effects were observed with soya, higher 

BMD and reduced bone turnover [73]. It has also been reported that garlic oil modulates oestrogen 

properties by reducing an increase in urinary levels of hydroxyproline, calcium, phosphate, TRAP 

and alkaline phosphatase [74]. Various traditional herbal combinations in herbal medicine have 

also shown stable effects on the pathological model of osteoporosis. Cannabinoids have shown 

stable and positive effects on osteoblast differentiation indicating bone health-promoting effects 

[133]. However, many epidemiological and pharmacological models support in prevention of 

osteoporosis providing wide options for the beneficial effect on bone mineralization involving a 

variety of foodstuffs with astounding nutritional supplementation [75]. 
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1.3 Pea protein 

1.3.1 General composition 

Peas (Pisum sativum L.) are a rich source of proteins. The protein content in peas varies from 21-

25% depending upon environmental conditions and genetic factors [76]. It contains a majority of 

storage proteins, globulins (55-65%) and albumins (18-25%), which makes it nutritious. The major 

pea proteins are legumin, vicilin and convicilin, which represent 65-85% of total pea protein [77]. 

Legumin is a hexamer with a molecular weight between 320 to 380 kDa.  The digestibility is 

reduced due to the presence of anti-nutrients such as phytase, amylase inhibitors and phenolics. 

Pea contains a variety of phenolics, which can act as antioxidants [77]. 

The emerging interest in plant proteins for food and animal feed has led to the evolution of 

valued crops such as field pea in the world market with Canada as a leader in the export of field 

pea [78]. Proteins fragments of pea are an important constituent of the pea seed. Protein from pea 

can be easily isolated using current knowledge for first concentrating protein fractions and then 

isolating, in order to maximise the use of protein fractions for promoting health benefits. The 

current knowledge procedures for isolation, purification and analysis are key for extraction. 

Extraction of protein fragments gives a heterogenous product known as pea protein isolate (PPI) 

[79]. It is of immense importance to advance the production process resulting in a protein isolate 

with an improved beneficial protein source. The enzymatic approach on pea protein isolate leads 

to increased protein fragments over 90% protein, contributing to health-promoting effects. 

1.3.2 Production process of protein isolates and protein hydrolysate 

Protein isolates are dietary supplements created by separating other constituting components other 

than protein [134]. They are commercially produced by alkaline extraction and precipitation at the 

isoelectric point or by using ultra filtration and reverse osmosis [135]. In the alkaline extraction 

method, the precipitated curd is then washed, and spray dried resulting in more soluble protein. 

This method utilises the difference of protein solubilisation in acids and alkali at specific pH 

conditions [136]. The pH for the solution is maintained until the isoelectric point of the protein 

solution is reached which separates out into protein isolates with the maximum attained protein 

level [80]. Another method for protein isolate production involves ultrafiltration and reverse 

osmosis. This system is based on the chemical nature and porous structure, which is governed by 

solute separation.  The final composition of the protein isolate depends on the characteristics of 
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the membrane and operating conditions [137]. The ultrafiltration process is designed to retain the 

protein-rich stream which is dependent on the volume of permeate recovered from the original 

sample. The lower limit of protein isolates contains more than 90% protein [137]. To achieve the 

desired protein %, it is necessary to retentate efficiently prior to spray drying. Production and 

evaluation of pea protein isolate would necessarily increase the further food potential depending 

on the isolated quality, isolate management, water quality, integration process and quality 

assurance. 

Hydrolysates are defined as an enzymatic and chemical combination of broken peptides in 

varying sizes [139]. They improve palatability and storage stability of the parent food protein. 

Protein hydrolysates provide beneficial effects in order to make functional protein readily available 

[140]. They can be prepared using chemical and biological methods. Chemical hydrolysis is 

generally used in industrial practices and biological methods include addition of enzymes which 

degrades the protein in smaller peptide fractions [141]. In the process, a product with high 

functionality and nutritive value is obtained. Although the production process for hydrolysates is 

massive, a proper control of enzyme catalysts, appropriate conditions and physiochemical 

mechanisms aids the final characteristics of the product [120]. 

1.3.3 Characterization of bioactive peptides 

Bioactive peptides trigger specific physiological responses and further promote overall health and 

well-being [104]. Designing of bioactive peptides is a step-by-step process which involves 

selection of protein source and biocatalyst, selection of production technique and peptide 

production, separation and purification [143]. Selection of production technique depends on the 

targeted function of the peptide [143]. Food proteins are enzymatically digested with an enzyme 

followed by key stages of purification and identification [145]. The quantitative structure-activity 

relationship predicts the overall synthesizing of the bioactive peptides from parent protein. In the 

end, economic analysis is carried out to calculate the economic assessment of the entire process 

determining the amount of enzyme required, enzyme to substrate ratio, amount of substrate 

required to achieve the targeted production rate of effect [121].  

1.3.4 Functional properties of pea protein  

Functionality assessment of pea protein isolates is generally based on their solubility, water 

binding capacity, emulsifying properties, foaming abilities, gelation properties and its sensory 
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parameters such as colour, flavour. [146]. Solubility is generally assessed using a nitrogen 

solubility index (NSI), which is indirectly dependent on pH [147]. Pea proteins are highly soluble 

in acidic and alkali pH conditions. Solubility is the key characteristic for evaluating potential 

applications of proteins. Water binding ability of proteins are important for any incorporation in 

food products, pea protein is a hydrated protein which imparts structural properties. Similarly, the 

pea protein possesses good emulsifying properties [147]. Foaming and whipping properties of pea 

protein are considered less when compared with other plant protein such as chickpea and soy. 

Similar results for the viscosity of pea protein isolate dispersion is observed when compared to 

that of soy [148].   

1.3.5 Bioactivities of pea protein  

Apart from nutritional and functional contributions of pea proteins, it also provides offerings in 

the area of functional food and nutraceuticals. The performance and effectiveness of a food protein 

are evaluated using bioactive properties which positively influences human health [149]. 

Enzymatic hydrolysis modifies the conformational structure of the parent protein releasing 

peptides exhibiting various bioactivities which can improve health status. Multifunctional peptides 

target various pathological events and result in beneficial effects for that condition. Some of the 

recognized bioactivities from pea protein are discussed below. 

1.3.5.1 Antioxidant activity 

Phenolic compounds are regarded as the natural antioxidants, which help in protecting against 

chronic diseases such as cancer and other inflammatory-related diseases [150]. Phenolic 

compounds are present in the seed coat and cotyledon of peas from which it provides its antioxidant 

capacity. Antioxidant activity of pea protein-derived peptides represents good metal chelating 

capacity and improved linoleic acid oxidation inhibition [151].  

1.3.5.2 ACE inhibitory properties   

Blood pressure in the human body is regulated by the renin-angiotensin system in which 

angiotensin II acts as a vasoconstrictor with renin and angiotensin-converting enzyme as two 

important enzymes. Two fractions extracted from pea protein showed a significant ACE inhibitory 

property indicating the ability of pea protein derived peptide in treating hypertension [123]. 
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1.3.5.3 Antimicrobial properties 

Antimicrobial properties contribute to their capability of inhibiting the growth and existence of 

pathogenic microorganism. Due to this property, growing interest is emerging in the area of 

pharmacology and food industry [91]. Psdl, 46 amino acids residue isolated from pea protein 

appeared to exert an antibacterial effect by acting as K+ channel inhibitor using surface charge 

distribution [90]. 

1.3.5.4 Hypolipidemic effect 

Lipid-lowering effects of pea protein isolates have been observed, as they regulate the lipid 

metabolism by modifying genes regulating fatty acid and cholesterol homeostasis. Pea protein 

upregulate cellular lipid homeostasis involving gene controlling hepatic cholesterol by 

downregulating fatty acid synthesis [92]. 

1.3.5.5 Anticancer properties 

Anti-cancer activity from the extracts of pea has been investigated showing the presence of chemo-

preventive agent [126]. A potential cancer chemo preventive agent with protease inhibitors, rT11B 

and rT12B from pea pharmacologically induce anti-cancer activity. Pea is also rich in apigenin, 

hydroxybenzoic acid, hydroxycinnamic, acid luteolin and quercetin which all pays to remedial 

therapies including anticarcinogenic [93]. 

1.3.5.6 Ani-inflammatory 

Apart from the bioactivities discussed above, pea protein hydrolysate also exhibits anti-

inflammatory property. Inflammation is a pathological mechanism by an organism in order to 

defend themselves against infection and restoring homeostasis. Inflammation is the beginning of 

severe diseases [128]. Pea protein hydrolysate significantly reduces nitric oxide production by 

20% on activated macrophages. Pea protein hydrolysates are also expected to inhibit the secretion 

of cytokine, IL-6 and TNFs [94]. Pea protein hydrolysate exhibits anti-inflammatory action by 

targeting with high specificity with innovative strategies [95]. 

1.3.5.7 Immunomodulatory properties 

Oral intake of dietary antigens from pea protein hydrolysate stimulates the non-specific immunity 

of the host and forwards the systemic immune response by modulating the role of 

immunocompetent cells [138]. Pea protein hydrolysate signals the stimulation of the innate 
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immune system by enhancing the activity of peritoneal macrophages. Therefore, pea protein can 

help immunostimulation for the regulation of IL-6 production [95]. 

1.4 Bioactivities of food-derived peptides 

Food-derived bioactive peptides have significant biological activities regenerating substantial 

responses. On ingestion of bioactive components in the form of peptides, hydrolysate or non-active 

metabolites it produces specific responses [96]. The collagen derived bioactive peptides such as 

Pro-Hyp and Hyp-Gly, increases the growth of cultured fibroblast and thereby stimulates 

hyaluronic acid levels [97]. Wheat gluten hydrolysate derived peptide Pro-Glu-Leu attenuates the 

D-glucosamine induced acute hepatitis when fed to rats at 20mg/kg BW. Similar effects of wheat 

gluten hydrolysate were observed in mice fed at 0.1mg/kg BW in reducing colitis- induced 

dysbiosis [98]. In the spontaneously hypertensive rat model, a pyro-Gly peptide from elastin shows 

an increase in the production of elastin by protecting the aortic endothelial cells against 

hypertensive endothelial injury [99]. Bioactive peptides derived from milk such as VPP and IPP, 

exhibits angiotensin-converting enzyme inhibitory effects, stimulates nitric oxide levels and 

vasorelaxant pathways associated with atherosclerosis and hypertension [100]. Enzymatic 

digestion of casein protein results in a mixture of peptide fragments generating anti-inflammatory 

effects [101]. Bioactive peptide lactoferricin derived from lactoferrin, a milk protein exhibits anti-

inflammatory activity on human cartilage and synovial cells indicating finest arthritis management 

[102]. Egg derived IRW and IQW from ovotransferrin down-regulates cytokine-induced 

expression stimulating via NF-KB pathway [103]. Soybean derived peptides exerts inflammatory 

activities by TGF-beta signaling [104]. 

These example for bioactivities of the food-derived peptides indicate their substantial 

responses in in vitro and in vivo for promoting health benefits [104]. Food-derived peptides and 

peptide-rich protein hydrolysate ranges with potential health benefits based on various 

physiological conditions. 

1.5 Bioactive peptides and osteoporosis 

Protein intake plays an important role in maintaining bone quality, bone strength, fracture repair 

and bone formation [144]. Due to the side effects of pharmacological drugs, a growing interest is 

emerging in dietary intrusions with food-derived bioactive peptides on preventing and treating 

osteoporosis [142]. Especially in the ageing population, protein intake has crucial standing on bone 
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health. The first derived bioactive peptides were casein phosphopeptides which acted upon 

enhancing vitamin D to independent bone calcification [107]. Synthetic peptides from endogenous 

parent proteins have been utilised as a key element in the regeneration of bone for treating 

osteoporosis. They generate osteogenic effects in producing potent osteoinductive growth factors 

which mediates bone formation [105]. The bone morphogenetic protein (BMP-2) peptide 

stimulates the highest expression of ALP and osteocalcin and induce bone regeneration [106]. 

Bone forming peptide-1 (BFP-1) induces osteogenic differentiation and enhance ALP activity with 

increased calcium deposition. With our current knowledge of the important role of type1 collagen 

in the formation of bone matrix, the literature suggests that hydrolysate or peptides from collagen 

enhance osteoblast differentiation, improving BMD in OVX rats by regulating ALP levels and 

expression of RUNX2 [108]. MPDW, peptide derived from marine microalgae Nannochloropis 

oculate stimulates differentiation of osteoblasts via Mitogen activated protein kinase (MAPK) 

pathway [109]. NAVPITPTL increases osteoblast differentiation through p-Akt pathways. 

Furthermore, VLVPQK peptide derived from buffalo casein is an antioxidant peptide exhibiting 

osteoporotic effects acts by inhibiting oxidative damage and bone-resorbing cytokine in OVX rats 

[110].   

Food derived bioactive peptides provide safe conditions as compared to synthetic drugs. 

They provide bioactive benefits with nutritional and functional value [104]. Enzymatic hydrolysis 

provides easy production of bioactive food peptides from parent food protein. These peptides play 

a synergistic effect which results in osteogenic activity [158]. Therefore, the development of more 

food-based bioactive peptides can help in enhancing safety and bone health-promoting effects. 

1.6 Potential challenges  

With an emergent interest in the area of bioactive peptides, safety risk factors are also involved 

such as efficacy. In order to evaluate the efficacy of the derived peptide, it first requires an early 

stage in vivo experiment before applying it towards the benefit of human health. An associated risk 

system after in vivo studies also requires substantial pharmacokinetic studies for proper dosage 

and frequency of administration, which is difficult to determine the result in huge variability in 

biological activity and intake levels [111].  

Regular intake of these peptides might possess a risk to health, as daily consumption of 

some vitamins at high dose suggests potential toxic possibilities upon consumption. The presence 
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of immunogenic proteins and peptides within the protein hydrolysate are another factor of 

impending risk which can exert aggravate sensitized side effects.  

Therefore, appropriate screening such as in vivo experiments and pharmacokinetic studies 

prior to consumption of explicit peptide fragments which can potentially have a beneficial effect 

is necessary. While with the lack of preliminary study about the bioactivity of the peptide, its 

potential health-promoting effects can act as a limitation imitating optimistic opportunity for future 

research [112]. 

1.7 Future perspectives 

Bioactive peptides and protein hydrolysates have now emerged as a new direction in functional 

foods and nutraceuticals. Various scientific and technological issues about human health and 

nutrition has been resolved with the occurrence of many biologically active compounds. Molecular 

and epigenetic studies have assessed the mechanistic pathways of bioactive compounds to exert 

their activities. Bioactive peptides and protein hydrolysates possess valuable functional 

components in nutritious diet. Through bioinformatic tools, empirical approach to the functioning 

of bioactive peptides and protein hydrolysates have become easier with better understanding at 

peptide-structure activity relationship. Standardized clinical trials assist in evaluating efficacy and 

metabolic fate of bioactive compounds in gastro-intestinal tract in order to investigate its effect are 

essential. 

1.8 General conclusion 

There is a growing interest in the use of bioactive components (food-derived bioactive peptides) 

for health management and in preventing occurrence of severe health diseases. Osteoporosis is 

chronic disease that affects millions of people with its silent aggressive nature. Bone matrix quality 

and bone strength are important factors for bone health, which depends on the bone remodeling 

cycle; therefore, opportunities of identifying food derived bioactive components in maintaining 

the bone matrix quality and bone strength can largely play an important role in preventing 

osteoporosis. A few scientific studies suggest the potential of various food-derived components in 

promoting bone health. However, health benefits from bioactive components such as food peptides 

and hydrolysates are dependent on their fate during gastrointestinal digestion (GI). Due to their 

smaller peptide sequence, they present a strong chance for easy absorption in gastrointestinal 

system. Thus, the bioavailability and efficacy of orally administrated bioactive component further 
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influence its response. Furthermore, it is important to study and examine the underlying pathways 

elucidating its signalling mechanism.  

Apart from all the breakthroughs, food-derived bioactive components present a promising 

approach in benefitting the human health. 
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Figure 1.1 The osteoblasts originate from mesenchymal stem cells in a sequential order of 

different phenotypic transcription factors. The mesenchymal stem cells further differentiate 

in osteoprogenitor, to pre-osteoblasts and finally matured osteoblast. The different stages of 

differentiation are accompanied by the expression of specific genes/proteins. This figure was 

prepared using (Kong, et al., 2012). 
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Figure 1.2 Before activation, the resting bone is covered with bone lining cells. Bone 

remodeling starts with resorption of bone mineral and matrix by osteoclasts. The 

mononuclear cells prepared the resorbed surface for osteoblasts generating newly 

synthesized bone matrix as they differentiate. The matrix mineralization and the 

differentiation of some osteoblasts into osteocytes completes the remodeling cycle. The figure 

is prepared using (Kapinas and Delany 2011).  
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Figure 1.3 OPG/RANK/RANKL pathways depicting bone turnover. The precursor 

osteoclasts cells mature into a multinucleated osteoclast under the stimulating action of 

cytokines, hormones and growth factors. The matured multinucleated cell further 

differentiates into activated osteoblasts in the presence of MCSF and RANKL. Upon 

activation, the osteoclasts degrade the bone surface. OPG the decoy receptor of RANKL, 

inhibits binding of RANKL on RANK, leading to apoptosis of the osteoclast. Furthermore, 

pre-osteoblasts begin with bone formation by further depositing the mineral matrix. The 

figure was prepared using (Trouvin and Goëb 2010). 
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Figure 1.4 The G-protein coupled receptor (GPCRs). On binding of ligand to GPCRs, the 

receptor undergoes conformational change by activating G-protein in exchange of GDP for 

GTP. The alpha and beta-gamma subunit dissociates and activate downstream signalling 

cascades. This figure was prepared using (Depraetere, 2001). 
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Figure 1.5 Upon activation of GPCRs, the SDF-1/STAT3 binds, resulting in downregulation 

of CXCR4 using various mechanism. This figure was prepared using (Cojoc et al., 2013). 
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Figure 1.6 Cytokine binding to cytokine receptors results in JAK activation and subsequent 

phosphorylation of tyrosine residue of the cytokine receptor. Phosphorylated tyrosine 

residues serve as a docking sites for STATs, which allows dimerization. STAT translocate to 

the nucleus, in which they recognize specific sequences. Along with transcriptional co-

activators and enhancer, STAT direct the transcription of their target genes. This figure was 

prepared using (Pedranzini et al., 2004).  
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Table 1.1 Food and Drug Administration approved medication for the treatment of osteoporosis. 

Drug Dosing Route Adverse effects 

Bisphosphonates 

Alendronate 

(Fosamax) 

Treatment: 10 mg once daily or 

70 mg once weekly 

Oral Dyspepsia, abdominal pain, musculoskeletal pain 

Prevention: 2.5 mg once daily 

or 150 mg once a month 

IV: 3 mg every 3 months 

Ibandronate 

(Boniva) 

Oral: 2.5 mg once daily or 150 

mg once a month 

Oral, IV Dyspepsia, abdominal pain, musculoskeletal pain, 

headache 

IV: 3 mg every 3 months 

Risedronate IR: 5 mg once daily or 35 mg 

once weekly or 150 mg once a 

month 

Oral Rash, abdominal pain, dyspepsia, diarrhea, arthralgia 

DR: 35 mg once weekly 

Zoledronic 

acid (Reclast) 

IR: 5 mg once daily or 35 mg 

once weekly or 150 mg once a 

month 

IV Acute reaction (flulike symptoms, fever, myalgia) may 

occur within 3 days of infusion; hypertension, fatigue, 

eye inflammation, nausea, vomiting, abdominal pain 

DR: 35 mg once weekly 

Calcitonin 

Calcitonin 

(Fortical) 

200 IU in 1 nostril alternating 

each day 

Intranasal Rhinitis, nasal irritation, dizziness, nasal dryness 

Calcitonin 

(Miraculin) 

100 IU every other day 200 IU 

in 1 nostril daily alternating 

each day 

SC, IM, 

Intranasal 

Injection site reactions, nausea, vomiting, abdominal 

cramping, flushing 
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Selective estrogen receptor modulator (SERMs) 

Raloxifene 

(Forteo) 

60 mg once daily Oral VTE, arthralgia, leg cramps, flu syndrome, peripheral 

edema, hot flushes 

Parathyroid hormone analogue 

Teriparatide 

(Forteo) 

20 mg once daily SC, IM, 

Intranasal 

Transient hypercalcemia, nausea, rhinitis, arthralgia, 

pain 

Monoclonal antibody 

Denosumab 

(Prolia) 

60 mg every 6 months SC, IM, 

Intranasal 

Dermatitis, rash, mild bone/muscle pain, UT's 
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Table 1.2 Bioactivities of pea protein components 

Sno. Pea protein 

components 

Enzyme used Functional property 

identified 

Source 

1 Pea protein hydrolysate Trypsin Oxidative stability Tamm, et al., 2016 

Emulsion droplet stability 

2 Pea protein hydrolysate Thermolysin Antihypertensive activity in 

SHRs 

Girgih et al., 2016 

3 Pea protein hydrolysate Alcalase ACE inhibitory Li, H. and Aluko, R.E., 2010 

Calmodium-dependent 

phosphodiesterase 1 

inhibitory 

 

4 Pea protein hydrolysate Alcalase ACE inhibitory Humiski, L.M. and Aluko, R.E., 2007 

Flavourzyme 

Papain Free radical scavenging 

activity 
Chymotrypsin 

5 Pea protein hydrolysate Trypsin high alpha-amino nitrogen  Panasiuk et al., 1998 

Pea protein isolate 
 

6 Pea protein hydrolysate Thermolysin High Antioxidant  Ndiaye et al., 2012 

High Anti-inflammatory 

Immunomodulating 

properties 

7 Pea protein hydrolysate 

(F1-F5 peptide) 

Thermolysin Antioxidant activity Pownall et al., 2011 

 



 

 

 

43 

CHAPTER 2- GENERAL INTRODUCTION AND OBJECTIVES 
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2.1 General Introduction  

Bone is a specialized connective tissue that exhibits numerous significant functions in human body 

such as providing support and location for attachment of muscle leading to movement [1]. It also 

acts as a reservoir of minerals such as calcium and phosphate that promote bone health and prevent 

bone loss [5]. A healthy diet and regular physical activity with adequate nutrition is required for 

maintaining the strength and integrity of bones [1]. Bone is a mineralized connective tissue that 

comprises of four main types of bone cells: osteoblast, bone lining cells, osteocytes and osteoclast 

[2]. The dynamic nature of bone enables it to continuously be resorbed and reformed by bone cells 

through the process called bone remodeling [5]. Bone remodeling is a convoluted process that 

occurs in stages, beginning with bone resorption by osteoclasts, followed by reversing the action 

for proliferation and differentiation of osteoblast and final stage characterized by depositing 

mineralized matrix for formation of new bone [2]. It is a vital process for fracture healing, mineral 

homeostasis and skeleton adaptation for mechanical use [6,5,15]. Any disproportion in the process 

of bone remodeling can result in several bone diseases such as osteopetrosis, osteoporosis, rickets 

[7].  

Osteoporosis is one such disease that happens with excessive resorptive action of osteoclasts. 

Osteopenia is a conditional precursor to osteoporosis accompanied with a fracture of bone but 

retains normal bone strength. Osteoporosis is often called as “silent killer” as it progresses 

painlessly from thinning of bone to the point of their breakability [8]. With our progressing life, 

our bones become inefficient and tend to lose tissues, making the bone more prone to fractures. 

Bone disease such as osteoporosis can be prevented with a healthy lifestyle embraced with 

wholesome nutrition, physical exercise and adequate intake of calcium. For the finest defense 

against the development of osteoporosis, it is important to build strong bones before the age of 30 

[8]. After the mid-30s, the balance between the activity of osteoblast and osteoclast is shifted that 

results in loss of more bone than what is replaced. According to Health Canada, two million 

Canadians are affected by osteoporosis including 1 in 3 women and 1 in 5 men [9]. The people at 

risk aims to assess the risk points and carry on with drug treatment. The recommended drug therapy 

includes antiresorptive agents and bone formation techniques. Antiresorptive agents are those 

agents that reduce the rate of bone loss and include bisphosphonates, denosumab, raloxifene and 

estrogen. They act by binding on the bone surface which results in slowing down the resorbing 
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action of osteoclast and thereby improves bone strength [10].  However, with bone formation 

therapies, medication teriparatide is used which helps to build up bones.  Teriparatide is an 

analogue to para-thyroid hormone (PTH), which acts by increasing the bone forming tissues and 

provide remediation of skeleton’s architectural defects [11]. With their health benefits, these 

synthetic drugs have some common side effects like heart burn, nausea, abdominal pain, loose 

bowel movement. In extreme cases, these may also result in kidney dysfunction [6]. 

Therefore, it is critical to recognize the potential secondary cause, detection and treatment 

technique to avoid fractures and crippling deformities [17]. Considering all the side effects of 

osteoporosis medication, recent studies indicate several natural products can provide an alternative 

treatment for bone disorders [12]. For example, it has been reported that essential oils from sage, 

thyme, rosemary and other herbs inhibit osteoclastic activity in vitro commanding to an increase 

in bone mineral density [13]. Similarly, peptide VLVPQK derived from buffalo casein exhibits 

osteoporotic effects by inhibiting oxidative damage and bone-resorbing cytokine in 

ovariectomized rat model of osteoporosis (OVX) [110]. Likewise, soya has also shown assuring 

epidemiological evidence supporting bone health [15]. Traditional medicines have also 

demonstrated a potential effect in the pharmacological model of osteoporosis [14]. Recently, 

tripeptide IRW derived from egg white have shown similar bone health-promoting effects in 

MC3T3-E1 cell line [16].  

2.2 Objectives  

LRW is a tripeptide identified from pea protein hydrolyzed by thermolysin enzyme [19] ; this 

peptide differs only one amino acid residue from IRW, furthermore Leu (L) is the isomer of Ile 

(I); therefore, we hypothesized that LRW, an isomer of IRW, can have the osteoblastic activity on 

MC3T3-E1 cells. Since this peptide is identified from thermolysin pea protein hydrolysate, we 

further hypothesized pea protein hydrolysate can have the osteoblastic activity.  

Therefore, the overall objectives of the research were to explore the potential application of 

pea protein derived peptide peptides LRW and hydrolysate in promoting bone health. The specific 

objectives of the research are:     

1. To investigate the effect of pea protein derived tripeptide LRW on osteoblastic activity on pre-

osteoblast MC3T3-E1 cells. 

2. To study the in vitro regulatory role of pea protein hydrolysate on osteoblast and osteogenesis. 
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2.3 Chapter format  

There are five chapters in the thesis and a brief description of each chapter is given as follows:  

Chapter 1 provides an insight strategy based on the literature review of the current knowledge on 

bone physiology, osteoporosis, pea protein and its bioactive components (hydrolysate and 

tripeptide LRW). In the end, the perspective on developing bioactive proteins on bone health 

including potential challenges are briefly summarized.   

Chapter 2 gives a brief introduction to the bone physiology with the current status of osteoporosis. 

The growing interest in emerging food-derived natural alternatives which possibly promote bone 

health is briefly discussed. Following with the general introduction, the thesis hypothesis and 

objectives are described.  

Chapter 3 investigates the in vitro effect of pea protein derived tripeptide LRW on stimulating 

osteoblastic activity. Murine pre-osteoblast MC3T3-E1 cells were used to investigate the 

stimulatory effects of tripeptide LRW on cell proliferation, cell differentiation and mineralization. 

The effects on cell viability and cell proliferation were determined by AlamarBlue assay and BrdU 

incorporation assay. The effects on cell differentiation were tested by expression of differentiation 

biomarkers using the western blot. The effects on mineralization were evaluated by Alizarin Red 

assay. First objective of the thesis is addressed in this chapter. 

Chapter 4 explores the in vitro effect of pea protein hydrolysate prepared with various enzymes 

on stimulating LRW osteogenic activity. Human osteoblast U-2OS cells were used to explore the 

osteogenic activity of pea hydrolysates, using western blot and qRT-PCR. The effects of matrix 

metalloproteinases were also examined using MMP-1 and MMP-9 assay. The second objective of 

the thesis is addressed in this chapter. 

Chapter 5 provides overall conclusions and discussions of the thesis. It also relates the 

significance of pea protein derived bioactive peptides in the food and health management industry 

in treatment alternatives for osteoporosis disease. The limitations and future recommendations of 

this research work is also discussed.  
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CHAPTER 3 - PEA PROTEIN DERIVED TRIPEPTIDE LRW SHOWS 

OSTEOBLASTIC ACTIVITY ON MC3T3-E1 CELLS 
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3.1 Introduction 

Bone is a connective tissue that provides protection to various organs, stores and regulates 

homeostasis of minerals, and maintains overall structural integrity [1]. It also plays a vital role in 

providing the structural framework of the skeleton to withstand mechanical stress [2]. The bone 

matrix constitutes the organic part, which includes collagenous (such as type 1 collagen) and non-

collagenous proteins, and the inorganic part comprising of various minerals [3]. The skeleton is a 

warehouse of two vital minerals: calcium and phosphorous, which combine to form hydroxyapatite 

crystals. The hydroxyapatite crystals incorporate with the collagen fibrils to form extracellular 

bone matrix [4]. The bones are continuously resorbed and formed by a process called bone 

remodeling, mainly by osteoblasts and osteoclasts [5]. Bone remodeling is self-regeneration 

process which replaces old bone with new bones. It is continuous process in maintaining mineral 

homoeostasis in regulating bone marrow [5].  

The osteoblasts are the cells responsible for bone formation whereas osteoclasts are the 

cells capable of resorbing bone tissue [6]. The regulation of osteoblast differentiation is mainly 

hinged on two major transcription factors i.e. runt-related transcription factor (RUNX2) and 

osterix (Os), which is necessary for early and late osteoblast differentiation [7]. The 

osteoblastogenesis can sequentially express several explicit biomarkers such as type 1 collagen 

(COL1A2) and alkaline phosphatase (ALP) at the early differentiation stage [9]. The final stage of 

the osteoblast differentiation is characterized by the increased expression of the osteocalcin, 

osteopontin with calcium and phosphate deposition. Besides this, osteoblast differentiation is also 

required for osteoclastogenesis and osteoclastic bone resorption [8]. The osteoblasts express two 

important proteins, macrophage colony-stimulating factor (M-CSF) and receptor activator of 

nuclear factor kappa-B ligand (RANKL), which binds to its receptor, RANKL. RANK is expressed 

on the surface of osteoclasts, binding of RANK to RANKL stimulates the differentiation and 

activation of osteoclasts resulting in increased bone resorption [9]. In this situation, excessive bone 

resorption by RANKL binding is prevented by osteoprotegerin (OPG), a decoy receptor secreted 

by osteoblasts. Thus, RANK/RANKL/OPG system is crucial in maintaining bone health [10].[9].  

Equilibrium in the activity of osteoblasts and osteoclasts is necessary to maintain the 

structural integrity and normal functioning of the skeleton [20]. During aging, bone composition, 

mass and function is impaired or deteriorated. The decrease in the bone mass and the weakening 
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of bone structure is a usual course with aging, which contributes to bone diseases such as 

osteoporosis [21]. Osteoporosis is characterized by low bone mass which leads to increased risk 

of bone fractures [7]. In Canada, 2 million people are affected by osteoporosis comprising of about 

1 in 3 women and 1 in 5 men [22]. Medications used in treating osteoporosis include antiresorptive 

drugs [14] such as bisphosphonates, calcitonin, and bone-forming therapies using para-thyroid 

hormone [15]. These pharmacological therapies are associated with some common and adverse 

side effects such as nausea, abdominal pain, headache, and malignant hypercalcemia [16]. 

Thus, there is a growing interest in transition towards food-derived alternatives such as 

bioactive peptides. Casein phosphopeptides have shown to stimulate bone calcification in rachitic 

infants [45] and have also demonstrated reduced bone loss in aged ovariectomized rat (OVX, a 

model of osteoporosis) [46]. The bioactive peptides IPP and VPP identified from Lactobacillus 

helveticus-fermented milk showed an increase in bone mineral density in growing rats and calcium 

absorption rate in postmenopausal women [47]. A peptide NAVPITPTL, derived from buffalo 

casein hydrolysate, stimulated osteoblast differentiation via activating Akt signaling pathway [48]. 

Therefore, food protein-derived peptides show promise in promoting bone health. These food-

derived bioactive peptides are encrypted within parent proteins that positively impact the human 

health [17]. The pharmaceutical and nutraceutical benefits of food-derived bioactive peptides have 

now emerged as a novel food strategy, exerting health benefits [25]. We recently showed that an 

egg-derived tripeptide, IRW (Ile-Arg-Trp), positively regulates osteogenesis and collagen 

synthesis [18]. Interestingly, an analog of LRW, differing in only one amino acid residue, LRW 

(Leu-Arg-Trp) was identified from pea protein hydrolysate [49]. Therefore, the objective of this 

study was to explore the osteoblastic activity of tripeptide LRW using mouse pre-osteoblast cells 

MC3T3-E1.  

3.2 Materials and Methods 

3.2.1 Reagents 

The tripeptide LRW was synthesized by GenScript (Piscataway, NJ, U.S.A) with a purity of 

99.8%. Minimum essential medium-alpha (MEM-α), fetal bovine serum (FBS), penicillin-

streptomycin, 0.25% trypsin-EDTA, and phosphate buffered saline (PBS) were purchased from 

Gibco/Invitrogen (Carlsbad, CA, U.S.A). AlamarBlue reagent, BrdU labeling agent, and Hoechst 

33342 were purchased from Thermofischer Scientific, Inc. (Waltham, MA, U.S.A). Dithiothreitol 
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(DTT), Triton-X-100, Alizarin Red S, ascorbic acid, β-glycerophosphate, and cetylpyridium 

chloride and bovine serum albumin (BSA) were purchased from Sigma Aldrich, (St. Louis, MO, 

U.S.A). The primary antibody against BrdU, Col1A2, GAPDH and Runt-related transcription 

nuclear factor 2 (RUNX2) were purchased from Abcam (Toronto, ON, Canada). The primary 

antibody against receptor activator of nuclear factor kappa-B ligand (RANKL) and osteoprotegerin 

(OPG) were purchased from Santa Cruz Biotechnology (Mississauga, ON, Canada). Primary 

antibody against phosphor-Akt and total-Akt were purchased from Cell Signaling technology 

(Danvers, MA, U.S.A). Goat anti-rabbit IgG (H+L) secondary antibody Alexa Fluor 546 and rabbit 

anti-mouse IgG (H+L) secondary antibody Alexa Fluor 594 was procured from Molecular probes 

(Waltham, MA, U.S.A). 

3.2.2 Cell culture 

The mouse pre-osteoblast cell MC3T3-E1 (ATCC CRL-2593) was purchased from American type 

culture collection (ATCC) (Manassas, VA, U.S.A). The cells were cultured in α-MEM medium 

with 10% FBS, and 1% penicillin-streptomycin and incubated at 37°C, 95% O2 and 5% CO2. After 

80-90% confluency, the cells were subculture into cell culture plates using 0.25% trypsin-EDTA. 

To determine the osteoblastic effect of LRW peptide, the cells were treated with the different LRW 

concentrations (10, 25 and 50 µM) for 24 h prior to experimental analysis. 

3.2.3 Cell cytotoxicity 

Cell cytotoxicity was determined using the AlamarBlue assay. Cells were seeded in 96-well plate 

and were incubated until 80-90% confluency. The tripeptide LRW at a concentration of 50 µM 

was added into the culture medium for another 24 h. After treatment with LRW, the old medium 

was removed and fresh medium containing AlamarBlue was added. The cells were then incubated 

for 4 h at 37°C. The medium for blank, control and sample were transferred in opaque 96well plate 

and read at an excitation wavelength of 560 nm and an emission wavelength of 590 nm. The cell 

viability was then calculated using the following formula.  

Cell viability =   
(Absorbance of treated sample − Absrbance of blank) X 100

Absorbance of control − Absorbance of blank
 

3.2.4 Bromodeoxyuridine (BrdU) incorporation assay 

Cell proliferation was determined using BrdU incorporation assay, in which cells were seeded in 

48 well plates. Cells were treated for 24 h with 10, 25 and 50 µM LRW after 4 h of seeding. After 

treatment, the medium containing peptide was removed, and the cells were rinsed with PBS once. 
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Fresh medium containing 1% BrdU labeling agent was added and the cells were incubated for 1 h 

at 37°C.  The cells were fixed using 70% ethanol. After fixing, the cells were treated with 1N HCl 

for 20 min, permeabilized with 0.1% Triton-x-100 in PBS for 5 min, and blocked with 1% BSA 

in PBS for 60 min. Mouse monoclonal primary antibody against BrdU (0.1%) was added and the 

plate was incubated overnight at 4 °C. The plate was rinsed with 1X PBS and incubated with 0.2% 

anti-mouse IgG secondary antibody Alexa Fluor 594 for 30 min in dark. Cell nuclei were then 

stained with Hoechst 33342 dye for 10 min. After incubation, the cells were washed and observed 

under a fluorescent microscope (Olympus, Tokyo, Japan). Images were obtained using Metamorph 

imaging software (Molecular Devices, Sunnyvale, CA, U.S.A).  Three random fields were chosen 

for each data point. The number of positively stained nuclei with BrdU was calculated and was 

subsequently used for data analysis. 

3.2.5 Cell migration assay 

Cell migration or commonly called as wound healing assay was determined with LRW 

concentrations (10, 25, and 50 µM). The wound was superficially casted on 12 well culture plates 

using inserts. The culture-inserts were fully placed in each well of cell culture plates and the cells 

were then seeded. After 24 h of incubation, the culture inserts were removed casting a superficial 

wound. The cells were then treated with different concentrations of LRW for 24 h. After 24 h, the 

cells were washed with PBS and fixed with 70% ethanol for 20 min. After fixation, the cells were 

treated with 1N HCl for 20 min, permeabilized using 0.1% Triton-X-100 in PBS for 5 min. The 

cells were then blocked in 1% BSA in PBS for 1 h. The nuclei were then stained using Nuclei stain 

Hoechst 33342 for 10 min in dark. The cells were washed with PBS and observed under a 

fluorescent microscope (Olympus, Tokyo, Japan). The images were clicked using Metamorph 

imaging software (Molecular Devices, Sunnyvale, CA, U.S.A). For each data point, three random 

fields were chosen. The images were further analyzed using ImageJ software, the area of the 

wound was measured and was used to calculate the rate of cell migration and wound closure using 

the following formula. 

Rate of cell migration (
cm

h
) =

Initial wound width − Final wound width (cm)

Duration of migration(h)
 

Wound closure % =
Area of the wound for (control − treatment)

Area of the wound for control
X 100 
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3.2.6 Western blot 

The cells were seeded in 6-well culture plates with MEM-α containing 10% FBS and 1% 

penicillin-streptomycin. After 90% confluency, the cells were treated with 10, 25 and 50 µM LRW 

concentrations for 24 h. After 24 h treatment, the culture medium was removed, and the cells were 

lysed in boiling Laemmle's buffer prepared with 50 µM DTT and 0.2% Triton-X-100. The 

prepared samples were run in SDS-PAGE, transferred to a nitro-cellulosic membrane, blocked 

with 5% TPBS in TPBS, and incubated with antibodies against COL1A2, RUNX2, RANKL, OPG, 

Phospho-Akt, total-Akt with the protein loading control GAPDH. The protein bands were detected 

by Licor Odyssey Bio Imager and were quantified by densitometry using corresponding software 

(Licor Biosciences, Lincoln, NE, U.S.A). Each band was normalized to its corresponding band of 

loading control and the results were expressed as fold change to the corresponding untreated 

control (control). 

3.2.7 Alkaline Phosphatase Assay 

The activity of alkaline phosphatase (ALP) was determined using the ALP assay kit (Abcam) and 

was followed according to instruction protocol. The cells were grown in 24 well culture plate and 

were treated with 10, 25 and 50 µM LRW for 24 h. After treatment, the culture medium and cell 

lysate were collected separately. The culture medium and the cell lysate sample were prepared 

using 5 mM p-NPP solution. Each sample was incubated for 1 h at 25°C in dark. After incubation, 

the reaction was stopped using stop solution and the plate was read at 405 nm using SpectraMax 

340 plate reader (Molecular Devices, San Jose, CA, U.S.A). The standard curve was plotted, and 

net alkaline phosphatase activity was calculated. 

3.2.8 Mineralization 

The degree of mineralization was determined by Alizarin S red staining. The medium used in 

mineralization study was prepared by adding ascorbic acid (5 µg/mol) and beta-glycerophosphate 

(10 mM) in MEM-α. The cells were treated with different concentrations of LRW (10, 25 and 50 

µM) and were incubated for 10, 15 and 20 days. After 80-90%confluency of the cells, the medium 

was removed, and the cells were washed with PBS. The cells were fixed using 70 % ethanol for 1 

h, subsequently washed with Milli-Q water. After washing, the cells were stained with Alizarin S 

red stain (1% w/v in water). The stained cells were observed under white light and the pictures 

were taken. The cells were then destained using 10 % cetylpyridinium chloride (w/v) and the 
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absorbance for extracted stain was observed at 562 nm using SpectraMax 340 plate reader 

(Molecular Devices, San Jose, CA, U.S.A). 

2.9 Statistical Analysis 

All data presented in this study as the mean± SEM (standard error of the mean) of three to six 

independent experiments. One-way analysis of variation (ANOVA) was used in data analysis with 

Dunnett's posthoc test for comparison to the control using PRISM 6 statistical software (GraphPad 

Software, San Diego, CA) with P<0.05 as statistically significant. 

3.3 Results 

3.3.1 Tripeptide LRW shows no cell cytotoxicity in MC3T3-E1 cells. 

To investigate the cytotoxicity of tripeptide LRW, cells were incubated for 24 h with 50 µM LRW. 

Cell viability was not affected by adding 50 µM LRW (Figure 1), indicating that tripeptide LRW 

preserve no cytotoxicity at the highest LRW concentration (50 µM) used in this study.  

3.3.2 Tripeptide LRW stimulates cell proliferation  

Effect of peptide LRW on cell proliferation was determined by measuring incorporation of 

bromodeoxyuridine (BrdU). BrdU is a structural analog of thymidine, which gets incorporated into 

the newly synthesized DNA of proliferating cells [25]. The percentage of BrdU positive cells was 

significantly increased from 2.0±0.4 (control) to 4.5±0.3, 5.3±0.7 and 8.4±0.6 for 10, 25 and 50 

µM LRW concentrations (p<0.001), respectively (Figure 2). The increase in the percentage of 

positive BrdU cells suggests that tripeptide LRW could promote the cell proliferation in osteoblast. 

3.3.3 Tripeptide LRW promotes cell migration 

Cell migration ability was determined by calculating rate of cell migration and wound closure %. 

The migration rate of the cells increased from 1 cm2/h (control) to 1.89 cm2/h, 2.54 cm2/h and 2.69 

cm2/h for LRW concentrations 10, 25 and 50 µM (p<0.5), respectively (Figure 3 B). The wound 

area decreased after treatment with LRW for 24 h (Figure 3A). Correspondingly, the closure 

percentage was normalized with control and was increased to 12, 22.5 and 34% for LRW 

treatments (10, 25 and 50 µM), indicating collective cell migration ability of the tripeptide LRW 

in vitro. 

3.3.4 Tripeptide LRW promotes osteoblasts differentiation 

Alkaline phosphatase (ALP) and type 1 collagen (COL1A2) expressions are considered as an 

essential indicator for osteoblasts differentiation. ALP activity was measured for both cultured cell 
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lysates and growth medium. Upon treatment with tripeptide LRW, a significant increase in dose 

dependent manner was observed in cell cultured lysates; 2-fold, 2.8-fold and 3-fold (p<0.05) 

increased was observed in the LRW treated concentrations of 10, 25 and 50 µM as compared to 

that of control (Figure 4 A). In the case of culture medium, a significant increase was observed in 

25 and 50 µM LRW concentrations treated group (Figure 4 B). 

Whereas, type 1 collagen is an eminent structural component of bone extracellular matrix, 

which plays an important role in osteoblastic bone formation. Thus, the expression of COL1A2 

was studied in this study to investigate the effect of tripeptide LRW on cell differentiation. As 

presented in Figure 5, COL1A2 expression increased in all three different LRW concentrations 

(10, 25 and 50 µM) when compared to control. The highest significant effect was observed in 50 

µM LRW treatment showing 2.8-fold (p<0.001) increase as compared with the control.  

3.3.5 Tripeptide LRW activates the Akt pathway and increase the expression of transcription 

factor RUNX2 

Osteoblast differentiation is mainly mediated by various signaling pathways, such as Akt pathway, 

which thereby regulate the expression of major transcription factor RUNX2. Akt expression is 

considered as a potent player in regulating bone mass and turnover. Therefore, an increased Akt 

expression suggest osteoblast differentiation [29]. Tripeptide LRW (50 µM) concentration showed 

significant 1.8-fold increase (p<0.05), whereas 10 and 25 µM induced no significant change in 

phosphorylation and total-Akt (Figure 7). Akt pathway regulates the expression of RUNX2, with 

only significant effect in 50 µM LRW treatment group. The RUNX2 expression was increased 

with LRW treatment, with highest 2.8-fold increase at 25 µM LRW concentration (Figure 6), as 

compared to control group, suggesting a stimulating role on cell differentiation.   

3.3.6 Tripeptide LRW promotes mineralization  

Bone mineralization is an index of bone mineral density or deposited mineral matrix. This is the 

final stage and conclusive indicator of bone formation. Osteoblasts were treated with tripeptide 

LRW for 10, 15 and 20 days. Subsequent matrix formation was observed, an increase in the 

absorbance of extracted stain was measured which is directly relative to the degree of matrix 

formation (Figure 8B). Furthermore, the deposition of calcium nodules in osteoblasts were clearly 

visible on day 15 and day 20 in LRW treated group (Figure 8A). A 0.6-fold, 1.2-fold and 1.4-fold 
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increase was observed in the absorbance of extracted strain of LRW (10, 25 and 50 µM) treatment 

groups respectively at 20th day as compared to control.  

3.3.7 Tripeptide LRW did not decreases RANKL expression 

RANKL is a marker for osteolysis [28]. It is expressed on the surface of osteoblast, which further 

binds to its receptor (RANK) and promotes bone resorption. Thus, RANKL expression is 

precarious in affecting osteoblast activity. Figure 9 shows that the expression of RANKL was not 

significantly affected by LRW as compared with the control. 

3.3.8 Tripeptide LRW promotes OPG expression in osteoblasts 

Osteoblast also releases OPG to restrain the binding of RANKL with RANK, preventing bone 

resorption mediated through osteoclast. Similarly, the effect of different concentrations of 

tripeptide LRW was investigated on preventing bone resorption. After treatment with tripeptide 

LRW, 1.3-fold (p<0.05),1.5-fold (p<0.01) and 1.6-fold (p<0.001) increase was observed in 10 µM, 

25 µM and 50 µM LRW treated group, respectively, compared with the control group (Figure 10). 

3.4 Discussion 

Osteoporosis is categorized as a bone disease with decreased bone mass and strength, which can 

be critically regulated by epigenetic mechanisms emphasizing on the fate of cells. While, genetic 

dynamics is an imperative factor in determining bone compositional strength, thus it is analytically 

important to promote bone health status [5].   

Recent studies have given a new edge to the transcriptional regulation of osteoblast 

differentiation [31]. The cascade of transcriptional events in the differentiation of osteoblast is 

largely controlled by a series of phenotypic gene expressions such as RUNX2 and type 1 collagen 

[32]. Osteoblast (MC3T3-E1) cells are widely used in vitro model to study osteogenesis in a 

harmonized approach beginning with the differentiation of osteoblast cells on the bone surface to 

initiate bone formation. The differentiation of osteoblasts is generally characterized in three stages: 

cell proliferation, cell differentiation and matrix formation. Following this systematic approach, 

our results showed that tripeptide LRW promoted osteoblast proliferation, differentiation and 

matrix mineralization with no cellular cytotoxicity. 

Osteoblasts treated with LRW showed an increased number of BrdU positive cells after 24 

h, suggesting that LRW enhanced cell proliferation. The differentiating stages of osteoblasts is 

presented as the chronological process deriving from transcriptional factors such as COL1A2, 
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ALP, and RUNX2 [33]. These bone-cell specific markers are regarded as functional detection 

characteristic for cell differentiation. COL1A2 is an extracellular matrix component essentially 

required for maintaining bone mineral density. The increasing ALP levels are associated with 

vascular calcification. It is a marker for bone formation and bone turnover which are linked to the 

skeletal strength [33]. The molecular swift of the transcriptional factor RUNX2 has multiple 

upstream regulators and an extensive variability of targets. RUNX2 is expressed as an osteoblastic-

specific protein controlled by post-translational effects on bone formation [34]. On treatment with 

LRW, RUNX2 expression levels were increased, suggesting differentiation of osteoblast lineage. 

The Akt- controlled pathway is a signaling conduit promoting differentiation of osteoblasts. The 

Akt activity leads to bone growth and development. Treatment with tripeptide LRW also shown 

to increase the phosphorylation of Akt. Therefore, tripeptide LRW represented a significant 

increasing trend in the activity of ALP and COL1A2 expression, suggesting osteoinductive activity 

of tripeptide LRW. 

All together these transcriptional factors are accessory components required for 

intracellular signaling in response to physiological bone development and differentiation [35]. 

Furthermore, osteoblast differentiation is forwarded under permissive conditions of ascorbic acid 

and glycerol-2-phosphate [40]. Glycerophosphate belongs to the family of serine-threonine 

phosphatase inhibitor and acts as a simple phosphate donor. Altogether with ascorbic acid, it 

stimulates mineralization of matrix by increasing neutral metalloproteinase in vesicles and 

degrading proteoglycans resulting in precipitation of minerals in the form of crystals. Binding of 

alizarin’s red stain to the crystals indicates the deposition of calcium nodules, which further leads 

to the formation of bone matrix as shown in Figure 8 [41]. Hence, the levels of COL1A2, ALP and 

mineralized nodules in our study demonstrate the stimulatory effect of LRW on osteoblast 

differentiation. Thus, it is feasible for investigating in vitro osteoblast activity and relating to bone 

-markers. 

The RANK/RANKL/OPG system regulates bone modeling and remodeling. 

RANK/RANKL stimulates osteoclast activation by reducing the number of osteoclasts, resulting 

in pathological conditions characterized by increased bone turnover [36]. Besides the function of 

osteoclast stimulation, OPG protects bone from disproportionate resorption by acting as a receptor 

enabling RANKL to bind. It has also been reported in the literature, that RANKL may also act by 
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reducing the number of osteoclasts which thereby increase the cancellous bone mass [51]. 

Nonetheless, an increase in OPG levels suggests a protective effect against excessive resorption 

by RANKL binding. Thus, the relative increase in OPG expression suggests major determinant of 

bone mass and strength in maintaining balanced bone mass by inhibiting osteoclast-mediated bone 

resorption [37]. Therefore, it is also possible that RANKL, does not positively induce bone mass 

or bone structure via osteoblasts stimulation but may reduce the number of osteoclasts for 

osteoclastogenesis. 

In addition to the osteogenic activity, peptide LRW also showed an increased cell migration 

rate. The role of cell migration is associated with the collective movement of cells which is mainly 

associated with rate of cell migration and wound closure %. The cells migrate to the bone surface 

to heal the superficial wound, which is created by a trans-well insert. After subsequent removal of 

the insert, movement of cells is regulated to maintain intracellular adhesions [43]. During the 

repairing stages of the cells, the movement of cells happens over time. Therefore, an increased rate 

of cell migration and wound closure % factors suggest fastened cell movement in the presence of 

LRW peptide [44]. The movement of cells on to the injury site participates in bone formation. The 

cell migration is a key implication in bone formation and bone disease treatment. The migration 

of osteoblasts to bone injury sites indicates the therapeutic efficacy in the treatment of osteoporosis 

or fractures. These results also suggest a conclusive association in increased movement of cells at 

the resorption site under the influence of LRW. 

Tripeptide LRW presented similar profound effects on RUNX2, ALP, COL1A2 and OPG 

expressions as that of IRW peptide derived from egg protein. However, LRW-stimulated 

osteogenic activity of bone cells enhanced collagen synthesis for extracellular matrix leading to 

bone health-promoting effects and subsequent bone formation. 

The treatment and preventive actions against bone mass deterioration have now been 

focused greatly on naturally derived compounds such as polyphenols. Moreover, some food 

bioactive compounds such as genistein, an isoflavone isolated from various plants have also been 

projected as a preventive drug against bone mass in postmenopausal women [52]. Interactions 

among other available food macro-nutrients affect the bioavailability of the single bioactive 

compound. The genetic aspects act as a controlling factor for contributing pathogenesis of 

osteoporosis is, however, small but also reflects the individual relationship between candidate 
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biomarker and osteoporosis. Therefore, it is interesting to investigate the effectual dose with the 

appropriate valuation of the potent bioactive components. 

3.5 Conclusion 

Osteoporosis is bone disease with reduced bone mass, consequently resulting in increased risk of 

fractures. Due to the increased prevalence of this progressive disease, we provided a potential 

bioactive tripeptide. We demonstrated that tripeptide LRW increased the proliferation and 

differentiation of mouse pre-osteoblast cells MC3T3-E1. Moreover, LRW also stimulated the 

expressions of phenotypic markers which control the activity of osteoblasts. The formation of 

mineralized nodules suggests LRW-stimulated roles in bone formation. Therefore, LRW peptide 

have bone health promoting and osteoprotective effects. Our results may support the possibilities 

to investigate the development of medical alternative based on therapeutic potential of LRW in 

preventing or treating osteoporosis.  
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Figure 3.1- The in vitro effect of peptide LRW on cell cytotoxicity/viability in pre-osteoblast 

cell line MC3T3-E1. The cells were treated with 50µM LRW for 24 h by AlamarBlue assay. 

The absorbance showed ~100% viability, indicating no observed toxicity in MC3T3-E1 

cells. The data presented is mean ± SEM of 3 independent experiments. 
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Figure 3.2- The in vitro effect of peptide LRW on cell proliferation in pre-osteoblast cell line 

MC3T3-E1. The cells were treated with 10, 25 and 50 µM LRW for 24 h prior to BrdU 

labelling agent. The cells were further immuno- stained and observed under florescence 

microscope (10X). The increasing LRW concentration, showed an increase in the percentage 

of the BrdU positive cells suggesting proliferation of cells under the influence of drug. The 

data presented is mean ± SEM of 6 independent experiments. *, **, and *** indicate p<0.05, 

p<0.01 and p<0.001 respectively as compared to control. 
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Figure 3.3-The in vitro effect of peptide LRW on mineralization in pre-osteoblast cell line 

MC3T3-E1. The cells were cultured with insert, and then treated with 10, 25 and 50 µM of 

LRW for 24 h. Representative images of migrating movement of cells were taken using 

fluorescence microscopy (A). The rate of migration of cells (B) and wound closure % (C) was 

increased with increased LRW concentration. The data represented is mean ± SEM with 4 

independent experiments. *, **, and *** indicate p<l0.05, p<l0.01 and p<0.001 respectively 

as compared to control. 
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Figure 3.4-The in vitro effect of peptide LRW on ALP activity in pre-osteoblast cell line 

MC3T3-E1. The cells were treated with 10, 25 and 50 µM LRW. After 24 h, ALP activity 

was determined in both cell lysates (A) and culture medium (B). An increase in ALP activity 

was observed with LRW concentrations. The data presented is mean ± SEM with 3 

independent experiments. *, **, and *** indicate p <0.05, p<0.01 and p<0.001 respectively 

as compared to control. 
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Figure 3.5- The in vitro effect of peptide LRW on COL1A2 expression in pre-osteoblast cell 

line MC3T3-E1. The cells were treated with 10, 25 and 50 µM LRW. After 24 h, the cells 

were lysed, and protein was extracted. The extracted cell lysate was further immunoblotted 

for COL1A2 and loading control (GAPDH) expressions. An increase in COL1A2 levels was 

observed. The data presented is mean ± SEM of 6 independent experiments. *, **, and *** 

indicate p<0.05, p<0.01 and p<0.001 respectively as compared to control. 
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Figure 3.6- The in vitro effect of peptide LRW on RUNX2 expression in pre-osteoblast cell 

line MC3T3-E1. The cells were treated with 10, 25 and 50 µM LRW. After 24 h, the cells 

were lysed, and protein was extracted. The extracted cell lysate was further immunoblotted 

for RUNX2 and loading control (GAPDH) expressions. An increase in RUNX2 levels was 

observed. The data presented is mean ± SEM of 6 independent experiments. *, **, and *** 

indicate p <0.05, p<0.01 and p<0.001 respectively as compared to control. 
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Figure 3.7- The in vitro effect of peptide LRW on p-Akt and t-Akt expression in pre- 

osteoblast cell line MC3T3-E1. The cells were treated with 10, 25 and 50 µM LRW. After 24 

h, the cells were lysed, and protein was extracted. The extracted cell lysate was further 

immunoblotted for p-Akt, t-Akt and loading control (GAPDH) expressions. An increase in 

expression for p-Akt whereas no change for t-Akt. The data presented is mean ± SEM with 

5 independent experiments. *, **, and *** indicate p<0.05, p<0.01 and p<0.001 respectively 

as compared to control. 
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Figure 3.8- The in vitro effect of peptide LRW on mineralization in pre-osteoblast cell line 

MC3T3-E1. The cells were treated with 10, 25 and 50 µM of LRW in a medium containing 

ascorbic acid and beta—glycerophosphate for 10, 15 and 20 days. Representative images of 

Alizarin red S stain were taken (A). Absorbance of the extracted stain depicted an increase 

in bone matrix in higher LRW (25 and 50 µM) concentration (B). The data presented is mean 

± SEM with 3 independent experiments. *, **, and *** indicate p<0.05, p<0.01 and p<0.001 

respectively as compared to control in their respective group. 
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Figure 3.9- The in vitro effect of peptide LRW on RANKL expression in pre-osteoblast cell 

line MC3T3-E1. The cells were treated with 10, 25 and 50 µM LRW. After 24 h, the cells 

were lysed, and protein was extracted. The extracted cell lysate was further immunoblotted 

for RANKL and loading control (GAPDH) expressions. A decrease in RANKL levels was 

observed. The data presented is mean ± SEM of 6 independent experiments *, **, *** and ns 

indicate p <0.05, p<0.01, p<0.001 and not significant respectively as compared to control. 
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Figure 3.10- The in vitro effect of peptide LRW on OPG expression in pre-osteoblast cell line 

MC3T3-E1. The cells were treated with 10, 25 and 50 µM LRW. After 24 h, the cells were 

lysed, and protein was extracted. The extracted cell lysate was further immunoblotted for 

OPG and loading control (GAPDH) expressions. An increase in OPG levels was observed. 

The data presented is mean ± SEM of 5 independent experiments. *, **, and *** indicate 

p<0.05, p<0.01 and p<0.001 respectively as compared to control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Control 10 25 50
0

50

100

150

200

O
P

G
 /
 G

A
P

D
H

(%
 C

o
n

tr
o
l)

LRW (µM)

*
**
***

OPG 

GAPDH 

          Control          10             25           50 

𝑳𝑹𝑾(𝝁𝑴) 



 

 

 

77 

CHAPTER 4 - THE IN VITRO EFFECT OF PEA PROTEIN HYDROLYSATE ON BONE 

REMODELING 
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4.1 Introduction 

Osteoporosis, affecting 1 in 3 women and 1 in 5 men, is characterized by low bone mass and 

deteriorated microarchitecture of bone tissues [1]. As the most common bone disease, osteoporosis 

increases the risk of fractures, which leads to substantial increase in physical impairments and a 

decrease in quality of life, contributing to over $4.6 billion economic burdens in Canada [32]. In 

addition to aging and genetic factors, nutrients such as calcium, vitamin D and food protein are 

key in determining bone health [29]. Dietary protein has been clinically associated with increased 

bone strength and mineral mass, and reduced risk of osteoporotic fractures [28]. Recent studies 

indicate that an appropriate amount of food protein intake from either plant or animal sources can 

attenuate the risk of fractures by promoting bone strength, reducing bone loss and increasing bone 

density [5]. A clinical trial of 291 females aged between 50 and 65 y suggested that the intake of 

basic milk protein increases bone mineral density maintaining balanced bone remodeling [38]. 

Similarly, another clinical study of 35 healthy young women has reported that supplementation of 

40 mg/day basic milk protein for 6 months can effectively increase bone mineral density mediated 

via the bone formation process [26]. Likewise, 0.01% and 0.1% of basic milk protein diet fed to 

an ovariectomized model of rats (OVX) for 17 weeks suppresses osteoclast-mediated bone 

resorption and prevents bone loss [30]. A cross-sectional study focusing on the consumption of 

whole egg reported a positive influence on the bone mineral content of cortical bone, promoting 

pediatric bone development and prevention of fractures [27]. Likewise, plant proteins have also 

sparked potential bone health properties. Increased intake of plant-based high protein foods 

incorporated in a vegetarian diet (comprising of beans, nuts, and vegetable meat analogs) 

significantly decreased the risk of wrist fractures in a cohort study of 65 peri- and postmenopausal 

women [36]. It has also been reported that an adequate amount of dietary proteins can positively 

impact bone health by increasing muscle mass, calcium absorption, and production of insulin 

growth factor-1 [41]; association of all these contributing factors highlights the importance of 

protein intake on bone health. Thus, adequate intake of proteins can help regulate bone turnover 

and bone mineral density [31]. 

In comparison to intact food proteins, protein hydrolysates are more rapidly absorbed by 

the human body. This results in an efficient supply of amino acids for building muscle strength 

and increasing bone turnover [8]. Often prepared by proteolysis, protein hydrolysates are the 
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cleaved products of the parent food protein that are composed mainly of low molecular peptides 

and free amino acids [7]. Recent studies also indicate that protein hydrolysates contribute to bone 

health-promoting effects via different metabolisms in the human body [10]. For example, soy 

protein hydrolysates were reported to exhibit positive effects in promoting the formation of 

calcium complexes on bone mass [49]; hydrolysates prepared using lentils and chickpea also 

exhibited bone health-promoting effects by increasing bone mass and slowing down the loss of 

bone density [50]. 

Pea protein is recognized as a high-quality and sustainable plant protein containing all 

essential amino acids [13]. Further, pea protein contains a relatively higher content of branched-

chain amino acids (BCAAs) such as leucine, isoleucine, and valine [14], which are associated with 

higher bone mineral density and required for muscle synthesis. Unlike other plant protein sources, 

pea protein doesn't retain gluten and its allergenicity is comparatively lower [15]. Pea protein is 

also regarded as a rich source of iron [42]. Pea protein hydrolysates or its derived peptides were 

reported to exhibit ACE-inhibitory, antioxidant, anti-inflammatory and immunomodulatory 

properties [12]. LRW, a tripeptide derived from pea protein, was shown to have osteogenic activity 

in our previous chapter. We demonstrated that pea-protein derived tripeptide LRW can positively 

regulate bone formation biomarkers (such as RUNX2, COL1 A2, ALP, p-Akt), which represents 

sequential osteoblast proliferation and differentiation, followed by deposition of calcium nodules 

for bone matrix formation. As LRW was identified using pea protein hydrolysate and thermolysin 

enzyme, we hypothesized that upon enzymatic hydrolysis using different enzymes can release 

LRW or different peptides that can produce similar or increased osteogenic activity by stimulating 

osteoblastic activity. Therefore, our research objectives were to explore the in vitro regulatory role 

of pea protein hydrolysate in enhancing the activity of osteoblasts leading to managing bone 

remodeling.  

4.2 Materials and Methods 

4.2.1 Reagents 

The commercial pea protein isolate, PropulseTM was gifted from Nutri-Pea Ltd. (Portage la Prairie, 

Manitoba, Canada). The enzymes such as trypsin, chymotrypsin, alcalase, pepsin and thermolysin 

and, trifluoroacetic acid (TFA), Alizarin-S red stain, cetylperidium chloride, anti-STAT3 primary 

antibody, anti-CXCR4 primary antibody, dithiothreitol (DTT), Trito-X-100, β-glycerophosphate, 
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bovine serum albumin (BSA) were purchased from Sigma-Aldrich (St. Louis, Mo, USA). The 

enzyme Protex 6L was purchased from Amano Enzyme Inc. (Nagoya, Japan). Dulbecco's modified 

eagle media (DMEM), fetal bovine serum (FBS), penicillin-streptomycin, 0.25% trypsin-EDTA, 

and phosphate buffer saline (PBS) were purchased from Gibco/Invitrogen (Carlsbad, CA, U.S.A). 

The primary antibody against COL1A2 and GAPDH was purchased from Abcam (Toronto, ON, 

Canada). Rabbit anti-mouse IgG (H+L) secondary antibody Alexa Fluor 594 was procured from 

Molecular probes (Waltham, MA, U.S.A). 

4.2.2 Preparation of pea protein hydrolysate 

Pea protein isolate was hydrolyzed using different enzymes (trypsin, chymotrypsin, Protex 6L, 

alcalase, pepsin, and thermolysin) under conditions presented in Table 1. For preparing pea protein 

hydrolysate, a 5% pea protein isolate slurry was prepared with distilled water and digested at 

specific pH and temperature conditions for 3 h. The digests were then heated to 95°C for 15 min 

to inactivate the enzyme. The hydrolysate was then collected after centrifugation of the prepared 

slurry at 10 000g for 25 min. The hydrolysates were then desalted using C18 cartridge column 

(Sep-Pak® Vac, 35 cc, C18 cartridges, Waters Corporation, Milford, Massachusetts, U.S.A). The 

hydrolysate was first dissolved in 10 mL distilled water and then buffer salts present in 

hydrolysates were removed in an exchange system with water and further lyophilized by freeze-

drying. 

4.2.3 Degree of Hydrolysis (DH) 

The degree of hydrolysis was determined using the TNBS (Trinitrobenzesulfonic) method [39]. 

The hydrolysate samples were first acid hydrolyzed with 4 M methanesulfonic acid (0.5 

mg/200µL) at 1115°C for 24 h and was then cooled to room temperature. The aliquots of 2mL 

from the samples were withdrawn followed by mixing with 10 mL of 1% SDS solution. The 

sample was then incubated for 15 min in a water bath maintained at 75°C. After incubation, the 

samples were top up with a 1% SDS solution in a 50 mL volumetric flask. Aliquots of 250 µL 

from the prepared samples were mixed with 2 mL of 0.2 M sodium phosphate buffer (pH 8.2) in 

a test tube. Thereafter, 2 mL of 0.1% TNBS solution was then added to each tube, followed by 1 

h incubation in a water bath maintained at 50°C. The reaction was then terminated using 0.1 M 

HCl, and the samples were then cooled to room temperature. The sample absorbance was measured 
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at 340 nm using SpectraMax 340 plate reader (Molecular Devices, San Jose, CA, U.S.A) and the 

DH was calculated using following formula. 

Degree of Hydrolysis (DH) % =
Ls‐Lo

(Lmax‐Lo)
X100 

Where, Ls is the amount of amino acids released by hydrolysis, Lo is the amount of amino acids 

in original sample without enzymatic hydrolysis and Lmax is the amount of amino acids after acid 

hydrolysis. 

4.2.4 Size-exclusion chromatography using FPLC  

The prepared hydrolysates were then analyzed for the size-exclusion chromatography using fast 

protein liquid chromatography (FPLC). The Superdex peptide 10/300 GL column (GE Healthcare, 

Piscataway, NJ, U.S.A) was attached FPLC system AKTA explorer 10S system (GE Healthcare, 

Piscataway, NJ, U.S.A). The samples were prepared at 0.5 mg/mL in 30% acetonitrile containing 

0.1% trifluoracetic acid (TFA). The injection volume was 100 µL and the samples were eluted in 

30% acetonitrile buffer prepared with 0.1% TFA at a flow rate of 0.5 mL/min, monitored at 214 

nm. The column was calibrated with vitamin B12 (1355 Da) [A], oxidized glutathione (660 Da) 

[B], reduced glutathione (310 Da) [C], triglycine (189 Da) [D] and glycine (75 Da) [E] as the 

standards. Peptides present in the sample were then estimated from the plot between the log of 

molecular weight and elution volume as compared to the standards. 

4.2.5 Cell culture  

The human osteoblast cell line U-2OS (ATCC HTB-96) was purchased from ATCC (Manassas, 

VA, U.S.A). Cells were cultured in Dulbecco’s modified eagle medium (DMEM) supplemented 

with 10% FBS and penicillin-streptomycin in an incubator under 95% air and 5% CO2. Cells were 

then sub-cultured using 0.25% trypsin every 2-3 days until 80-90% confluence. To examine the 

activity of pea protein hydrolysates, the cells were incubated with the different hydrolysates at a 

concentration of 1000 µg/mL for 24 h before any experimental analysis. 

4.2.6 Cell viability using XTT 

Cell viability was determined using the XTT assay kit as per the manufacturer's instruction 

protocol. The cells were grown in 96-well culture plate and were treated with 1000 ug/mL of 

hydrolysates prepared with chymotrypsin, alcalase, and thermolysin for 24 h. After treatment, the 

culture media was removed, and the cells were washed with PBS. The XTT reagent component A 
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and B in the 50:1 ratio was then added to the well containing treated cells for 1 h at 37°C. After 1 

h of incubation, the plate was then read at Excitation wavelength 560 nm and emission wavelength 

590 nm. The cell viability in terms of fold change from the control was then calculated. 

4.2.7 Western blot  

The cells were seeded in 6-well culture plates in DMEM containing 10% FBS and 1% penicillin-

streptomycin. After ~90% confluence, the cells were treated with the prepared hydrolysates at 

1000 µg/ml for 24 h. After then, the culture media was removed, the cells were lysed in boiling 

Laemmle's buffer containing 50 µM DTT and 0.2% Triton-X-100. The boiled sample was then 

run in SDS-PAGE and then transferred to a nitro-cellulosic membrane, blocked with antibodies 

against COL1A2, STAT 3, CXCR 4, NRF2 and the protein loading control GAPDH. The protein 

bands were then probed with specific secondary antibodies, and finally detected using Licor 

Odyssey Bio Imager (Lincoln, NE, U.S.A), and quantified using densitometry. Each band was 

normalized to its corresponding band of loading control. The results were expressed as fold change 

corresponding to its untreated sample.  

4.2.8 Procollagen type I C-peptide assay 

Procollagens are known as the precursor molecules of collagen type I, II, III, IV, and V. The 

procollagen type I C-peptide (PIP) EIA kit was used for quantifying the procollagen levels in the 

cell culture extracts using in ELISA. The procollagen levels were determined using Takara’s PIP 

assay kit as per the manufacturer's instruction protocol. The cells were grown in a 6-well plate and 

were treated with hydrolysates at 1000 µg/mL for 24 h. After treatment, the cell lysates were 

collected. The antibody cocktail solution was added into the sample and standards wells and 

incubated for 3 h at 37°C. After incubation, the antibody solution was removed, the plate was then 

washed three times with 1X PBS buffer. Following the binding of the antibody, the reaction was 

initiated between peroxidase and TMB substrate resulting in color development with color 

intensities indicating the amount of PIP present in the samples and standards. The proportional 

amount was measured using a spectrophotometer. The number of procollagen levels in the samples 

were calculated using the standards obtained by plotting a standard curve and were further 

expressed as fold change to the control. 
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4.2.9 Matrix metallopeptidases (MMPs) assay 

Matrix metalloproteinase 1 (MMP-1) and matrix metalloproteinase 9 (MMP-9) levels in the 

samples were determined using abcam’s Human MMP-1 and MMP-9 ELISA kit as per the 

manufacturer's instruction manuals. The cells were seeded in a 6-well plate and incubated until 

90% confluence, treated with pea protein hydrolysates at a concentration of 1000 µg/mL for 24 h, 

and the protein was extracted after 24 h using radioimmunoprecipitation assay buffer (RIPA). The 

cells were collected using a cell scrapper and resuspended in RIPA buffer.   

The samples and standards were added to the precoated wells followed by respective 

antibody cocktail solutions and then incubated for 3 h at 37°C. The cells were then washed with 

1X PBS to remove any unbound material. The TMB (3,3,5,5- tetramethylbenzidine) development 

solution was then added which was catalyzed by HRP (Horseradish peroxidase) generating blue 

coloration, and the color intensity was measured at 450 nm. The MMP-1 and MMP-9 levels in the 

samples were expressed as the fold change to that of untreated samples (control).  

4.2.10 Quantitative RT-PCR 

Human osteoblast cells were cultured in 6-well plates and were treated after 80-90% confluence 

with hydrolysates at a concentration of 1000 µg/mL. The total RNA was extracted using TriZol 

reagent (Ambion, Carlsbad, CA, U.S.A). The RNA was precipitated using chloroform, followed 

by isopropanol. The obtained RNA pellets were washed with 75% ethanol and resuspended in 20 

µl of nuclease free water. The extracted mRNA was then quantified using nanodrop (Agilent 

technologies, Santa Clara, CA) to determine the concentration of mRNA in ng/µL. The mRNA 

was then reversely transcribed to cDNA using Superscript II reversely transcriptase (Invitrogen). 

The qRT-PCR was performed using SteponePlus Real Time PCR systems (Applied Biosystems, 

Foster City, CA, U.S.A). The real-time PCR was performed using the Fast SYBR Green PCR 

Master Mix (Applied Biosystem, Burlington, ON, Canada). The conditions used are 95°C for 20 

sec, 40 cycles at 95°C for 1 sec, followed by annealing/extension for 20 sec at 60°C. The fold 

change of CXCR4 and STAT 3 was expressed by using ß-actin as the reference gene based on the 

cycle of threshold (CT). 

4.2.11 Statistical Analysis 

All data presented in this study as the mean ±SEM (standard error of the mean) of three to six 

independent experiments. One-way analysis of variation (ANOVA) was used in analyzing data 



 

 

 

84 

with Dunnette's posthoc test for comparison to the control using PRISM 6 statistical software 

(GraphPad Software, San Diego, CA) with P<0.05 as statistically significant.  

4.3 Results 

4.3.1 Hydrolysate preparation 

Pea protein hydrolysates were prepared using the conditions listed in Table 1. The degree of 

hydrolysis ranged between 15-20%. The size-exclusion chromatogram of hydrolysates differed as 

per the enzyme used for hydrolysis (Figure 4.1); all hydrolysates showed peptides ranged from 70 

Da to 1500 Da, with mostly under 600 Da. Based on the eluting peak of hydrolysate in the 

chromatograms, the sample prepared with alcalase showed more low molecular weight peptides 

as compared to others. Pea protein hydrolysates presented no cytotoxicity when compared to 

control, suggesting that the hydrolysates do not possess any cellular toxicity at the concentration 

of 1 mg/mL (Figure 4.3). Thus, further experiments were performed at a concentration of 1mg/mL.  

4.3.2 Pea protein hydrolysates stimulates collagen levels 

Type 1 collagen is a biomarker of osteogenesis and the increase in the secretion of COL1A2 

reflects a transition of pre-osteoblasts to mature osteoblasts. As shown in Figure 4.2, cells treated 

with hydrolysates prepared by chymotrypsin, alcalase, and thermolysin increased COL1A2 level 

by 1.8-fold, 1.6-fold and 1.3-fold with P<0.05 respectively, compared with the control. Therefore, 

these three hydrolysates were chosen for further study (Figure 4.2).  

Procollagens are known as the precursor molecules of synthesized collagen types I, II, III, 

IV, and V. The number of procollagens is directly related to the synthesis of the collagen molecules 

in the extracellular matrix, leading to bone matrix formation and regulating bone development. 

The procollagen levels were increased as 1.3-fold, 1.1-fold and 1.1-fold with P<0.05 for alcalase, 

chymotrypsin, and thermolysin hydrolysates, respectively (Figure 4.4 B). The trend of procollagen 

levels corroborated with the western blot expressions of COL1 A2 (Figure 4.4 A). 

4.3.3 Pea protein hydrolysates increase intracellular NRF2 level  

The nuclear factor erythroid 2- related factor 2 (NRF2) is the marker of antioxidant responses of 

genes regulating pathological pathways of oxidant exposure. The level of NRF2 increased after 

treatment with pea protein hydrolysate indicating a possible antioxidant activity. Our results 

indicated 1.4-fold, 1.2-fold with P<0.05 increase in pea protein hydrolysates prepared by alcalase 
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and chymotrypsin, respectively, compared with the control (Figure 4.5). Thus, increased NRF2 

expression relates to the antioxidative response of pea protein hydrolysates. 

4.3.4 Pea protein hydrolysates increase Intracellular CXCR4 level 

C-X-C chemokine receptor type 4 (CXCR4) is the cytokine receptor which play an important role 

in regulating bone remodeling mechanisms [23]. The 2-fold (P<0.05) increase in the CXCR4 

protein level was observed in the cells treated with alcalase hydrolysate. Similar 1.6 and 1.4-fold 

(P<0.05) increase was also witnessed in the cells treated with chymotrypsin and thermolysin 

hydrolysates, respectively (Figure 4.6). mRNA expression of CXCR4 was significantly increased 

in alcalase and thermolysin, but not chymotrypsin hydrolysate treated samples (Figure 4.8). 

Therefore, increased CXCR4 level suggests a regulatory role of pea protein hydrolysates towards 

the osteogenic activity.  

4.3.5 Pea protein hydrolysates augment Intracellular STAT3 level  

Signal transducers and activators of transcription 3 (STAT3) is a transcription factor secreted by 

osteoblasts, which maintains bone homeostasis [46]. Activation of STAT3 results in the regulation 

of bone formation leading to increased bone mass. Upon treatment with pea protein hydrolysate, 

the protein level of STAT3 was increased by 1.5-fold (P<0.05) and 1.45-fold (P<0.05), in cells 

treated with alcalase and chymotrypsin, hydrolysates, respectively, compared with the control 

(Figure 4.7). The mRNA expression of STAT3 was also upregulated in alcalase and thermolysin 

hydrolysates (Figure 4.9). An increased level of STAT3 suggests a possible increased bone mass, 

which may result in amplified bone formation.  

4.3.6 Pea protein hydrolysates decrease MMP-1 and MMP-9 levels  

Matrix metalloproteinases are the endopeptidase that is responsible for degrading extracellular 

matrix including collagen via physiological pathways leading to bone resorptive activity. The 

degradation of extracellular components of the bone matrix acts as the down-regulator of bone 

health. MMP-9 was reduced by 28% (p<0.05) (Figure 4.10) in alcalase and thermolysin prepared 

hydrolysates while MMP-1 was reduced by ~20% (p<0.05) (Figure 4.11) in cells treated with 

chymotrypsin hydrolysate, compared with the control.  

4.4 Discussion  

 The influence of dietary proteins in maintaining bone structures have spurred the pharmacological 

methodology in preventing or treating osteoporosis. Protein supplementation increases muscle 
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strength, which retraces over the individual’s life span, making bone health an important skeletal 

issue. The consumption of dietary proteins exerts direct relation with bone health conforming to 

the overall skeletal mobilization. Therefore, protein hydrolysates aim at nutritional aspects in 

providing adequate rich levels of protein leading to positive health effects such as promoting 

muscle mass and bone mineral density [16].  

In this study, we showed that pea protein hydrolysates prepared using different enzymes 

stimulated osteogenic markers for bone matrix formation (COL1A2 and procollagen) and 

remodeling (CXCR4, STAT3, NRF2, MMP-9 and MMP-1) in human osteoblast cells. Enzymatic 

hydrolysis of food proteins in the process of making protein hydrolysates releases smaller peptides 

which delivers different physiological health benefits. Therefore, protein hydrolysates have 

emerged as a practical food strategy to improve human wellbeing in conjunction with the health 

effects [41]. We presented a positive connotation of pea protein hydrolysates with the phenotypic 

markers regulating bone health. Thus, it is reasonable to observe the possible anabolic effects of 

pea protein hydrolysates in bone formation. 

 The extent of enzymatic degradation of food proteins in producing hydrolysates is often 

reflected by its physiochemical properties [43]. The proteolytic effect of enzymes modulated the 

molecular size and structure of pea proteins; with degree of hydrolysis ranging between 15-20% 

(Table 4.1) for all the prepared hydrolysates. Such physiochemical properties of the hydrolysates 

indicate the affinity of pea protein hydrolysates in representing low molecular weight protein 

fragments; which was validated using size-exclusion chromatogram (Figure 4.1). The results from 

this study suggested dominant peaks of smaller peptide fractions from 70 to 1500 Da, showing the 

broad specificity of enzymes during protein hydrolysis. The low molecular weight peptides stand 

a virtuous fate in getting absorbed into the gastrointestinal system and facilitating the easy action 

in delivering its physiological health benefits [44].  

Essentially, the physiochemical and transcriptional responses are both required in 

analyzing any induced monitoring effects on bone health [20]. The prognosis of age-related 

osteoporosis is the resulted outcome of reduced bone mineral density and impaired bone cell 

activity [21]. Therefore, we established new convincing evidences that pea protein hydrolysates 

promote bone health by supplementing quality source of proteins. To validate the clinical 
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applicability of the pea protein hydrolysates in treating osteoporosis; we used the human osteoblast 

cell model, eliminating any interspecies differences.  

The cells treated with pea protein hydrolysates showed no presence of toxicity caused from 

free amino acids and peptide sequences after proteolysis. Therefore, the use of pea protein 

hydrolysates suggests no cytotoxicity. 

The known scientific evidences of collagen as an important organic component of bone 

micro-architecture and metabolism have established the definite actualities for wholesome bone 

wellbeing. Whereas, Type 1 collagen (COL1A2) and procollagen are the abundant forms found in 

bone matrix and are known as the sensitive markers to determine bone strength in medical 

application. On treatment with pea protein hydrolysate, expression of COL1A2 and procollagen 

levels increased, suggesting enhanced effects on new bone matrix formation. 

The osteoblast cells also express transcription factor, NRF2 (Nuclear factor erythroid 2-

related factor) which is considered as the main regulator for cytoprotective genes along with 

oxidative effects [40]. NRF2 mediates bone formation by regulating remodeling of bone. It is also 

regarded as a master regulator for protective cellular effects in conditions of inflammation and 

tissue damage by regulating responses at the antioxidant response elements (ARE) sites [45]. 

Apart, from its antioxidant activity, NRF2 also controls the pathophysiology of osteoporotic 

conditions by regulating antioxidant endogenous and bone accrual responses [40]. In this work, 

pea protein hydrolysate presented increased NRF2 expressions indicating their antioxidant and 

bone health-promoting effects. 

The regulating pathway of CXCR4 is governed by the G-protein activation mechanism 

[23]. The binding of stromal cell-derived factor (SDF-1/CXCL 12, ligand) to C-X-C Chemokine 

4 (CXCR4, receptor) activates cellular effector molecule resulting in the regulation of different 

signaling pathways stimulating bone cell activity [23]. The CXCR4 is also involved at the site of 

bone remodeling via proliferation and differentiation of osteoblasts, and regulation of blood 

calcium homeostasis [23]. It also adjusts bone matrix composition by increasing the movement of 

cells at the site of injury in case of disease or inflammation [24]. Likewise, Signal-transducer and 

activator of transcription (STAT3)  plays an important role in bone development and homeostasis, 

mediated through the signaling of cytokines (CXCR4/SDF-1) [23].This results in the activation 

and phosphorylation of tyrosine residue of STAT3, which further dimerizes and enter nucleus to 
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transcribe genes resulting in cell proliferation and differentiation [46]. The anabolic increased 

expressions of CXCR4 and STAT3 were observed in three pea protein hydrolysates 

(chymotrypsin, alcalase, and thermolysin) implying to its positive effects. The anabolic effects of 

pea protein hydrolysates on human osteoblast cells are closely associated with an analogous 

increase in CXCR4 mRNA and protein expressions, parallelly coupled with the augmented 

expression of transcription factor STAT3 (Figure 4.7) Likewise, the regulatory signaling of 

CXCR4 and STAT3 have wider bone- health-promoting roles evidenced with mRNA and protein 

levels.  

Furthermore, CXCR4 also directly interacts with the cells to regulate bone remodeling, 

which thereby encourages the signaling events in activating the promoters of type 1 collagen 

(COL1A2) and procollagen [47]. It has also been evidenced in literature, that CXCR4 is regarded 

as the contributing factor to collagen deposition leading to enhanced deposition of extra cellular 

matrix [48].  

Matrix metalloproteinases (MMPs) are regarded as proteases that cleave the extracellular 

matrix. They are also associated with the inhibitors of osteoblast activity. The dynamic degradation 

of the fibrillar collagen is inversely related to the low bone mineral density, thus it is considered 

as a biochemical bone resorption marker [49]. Therefore, a decrease in the levels of MMP-9 

suggested inhibitory role of pea protein hydrolysates on bone resorption.   Notably, the present 

study suggest that pea protein hydrolysate may have some bioactive peptide sequences that can 

mechanistically regulate bone remodeling process by augmenting the expressions of STAT3 and 

CXCR4 mediated through the JAK-STAT pathway. Moreover, MMP also inactivates the 

regulation of STAT 3 and CXCR4 [25]. However, with the treatment of pea protein hydrolysates, 

a decrease in MMP-1 and MMP-9 was observed (Figures 10 and 11). In this work, pea protein 

hydrolysates were shown to regulate the expression of extra cellular matrix formation (COL1 A2 

and procollagen) and bone remodeling markers (MMP-9, CXCR4, STAT3 and NRF2) expressions 

which mediates bone formation. 

Hence, the new approach focusing on pea protein hydrolysates and bone phenotypic 

markers on bone formation have been substantiated. As well, pea protein hydrolysate reveals 

inhibition of bone resorption markers). Therefore, pea protein hydrolysate after the appropriate 

animal and clinical trials can be a potential natural treatment alternative for osteoporosis.  
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4.5 Conclusion  

In this work, we established positive and compelling evidences showing the ability of pea protein 

hydrolyzed samples to regulate phenotypic markers of bone health. The activities of these 

hydrolysates prepared using various enzymes increased osteoblast proliferation and 

differentiation, possibly due to the action of constituent bioactive peptides [20]. The prepared pea 

protein hydrolysates increased COL1 A2, procollagen, NRF2 expressions, suggesting overall 

improvement in bone physiological function. The effect of pea protein hydrolysate on 

osteoblastogenesis was further elucidated at the molecular level by increased STAT3 and CXCR4 

mRNA expressions.  However, future in vivo studies followed by clinical trials can confirm the 

safety and efficacy of pea protein hydrolysates towards the prevention or possible mitigation of 

osteoporosis.  
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Table 4.1- The degree of hydrolysis of pea protein hydrolysates prepared with various 

enzyme at different pH and temperature combinations.  

 

 

Sno. Enzyme used pH conditions Temperature 

(℃) 

Degree 

of Hydrolysis 

1. Trypsin 8 37 15.5 

2. Chymotrypsin 8 37 18 

3. Protex 6L 8 60 16 

4. Alcalase 8 60 20.5 

5. Pepsin 2 37 18 

6. Thermolysin 8 60 18.5 

7. Pepsin+Thermolysin 2, 8 37, 60 19 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

96 

Figure 4.1- The size exclusion chromatogram of pea protein hydrolysates prepared with 

enzymes at different pH and temperature combinations was calibrated and performed using 

vitamin B12 (1355 Da) [A], oxidized glutathione (660 Da) [B], reduced glutathione (310 Da) 

[C], triglycine (189 Da) [D] and glycine (75 Da) [E] as standards. 
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Figure 4.2- The in vitro effect of pea protein hydrolysates prepared with Protex 6L[P6L], 

Chymotrypsin [CT], Alcalase [A] and Thermolysin [Th], Pepsin [P], Pepsin+Thermolysin 

[P+Th], Trypsin [T] on COL1 A2 expression in human osteoblast cell line U-2OS. The cells 

were treated with 1000 µg/mL of hydrolysate. After 24 h, the cells were lysed, and protein 

was extracted. The extracted cell lysate was further immunoblotted for STAT 3 and loading 

control (GAPDH) expressions. An increase in STAT 3 levels was observed. The data 

presented is mean ± SEM of independent experiments. *, **, and *** indicate p <0.05, p<0.01 

and p<0.001 respectively as compared to control [C]. 
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Figure 4.3- The in vitro effect of pea protein hydrolysates prepared with chymotrypsin, 

alcalase and thermolysin on cell viability in human osteoblast cell line U-2OS. The cells were 

treated with 1000µg/mL of hydrolysate. After 24 h, the cells were lysed, and protein was 

extracted. The absorbance showed viability, indicating no observed cytotoxicity in U-2OS 

cells. The data presented is mean ± SEM of 3 independent experiments. 
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Figure 4.4- The in vitro effect of pea protein hydrolysates prepared with chymotrypsin [CT], 

alcalase [A] and thermolysin [Th] on COL1 A2 expression in human osteoblast cell line U-

2OS (A) and collagen levels using collagen kit (B). The cells were treated with 1000µg/mL of 

hydrolysate. After 24 h, the cells were lysed, and protein was extracted. The extracted cell 

lysate was further immunoblotted for STAT 3 and loading control (GAPDH) expressions. 

An increase in STAT 3 levels was observed. The data represented is mean ± SEM of 5 

independent experiments. *, **, and *** indicate p <0.05, p<0.01 and p<0.001 respectively 

as compared to control [C]. 
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Figure 4.5- The in vitro effect of pea protein hydrolysates prepared with chymotrypsin [CT], 

alcalase [A] and thermolysin [Th] on NRF 2 expression in human osteoblast cell line U-2OS. 

The cells were treated with 1000µg/mL of hydrolysate. After 24 h, the cells were lysed, and 

protein was extracted. The extracted cell lysate was further immunoblotted for NRF 2 and 

loading control (GAPDH) expressions. An increase in NRF 2 levels was observed. The data 

represented is mean ± SEM of 5 independent experiments. *, **, and *** indicate p <0.05, 

p<0.01 and p<0.001 respectively as compared to control [C]. 
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Figure 4.6- The in vitro effect of pea protein hydrolysates prepared with chymotrypsin 

[CT], alcalase [A] and thermolysin [Th] on CXCR4 expression in human osteoblast cell line 

U-2OS. The cells were treated with 1000µg/mL of hydrolysate. After 24 h, the cells were 

lysed, and protein was extracted. The extracted cell lysate was further immunoblotted for 

CXCR4 and loading control (GAPDH) expressions. An increase in CXCR4 levels was 

observed. The data presented is mean ± SEM of 5 independent experiments. *, **, and *** 

indicate p <0.05, p<0.01 and p<0.001 respectively as compared to control [C]. 
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Figure 4.7- The in vitro effect of pea protein hydrolysates prepared with chymotrypsin [CT], 

alcalase [A] and thermolysin [Th] on STAT 3 expression in human osteoblast cell line U-

2OS. The cells were treated with 1000µg /mL of hydrolysate. After 24 h, the cells were lysed, 

and protein was extracted. The extracted cell lysate was further immunoblotted for STAT 3 

and loading control (GAPDH) expressions. An increase in STAT 3 levels was observed. The 

data presented is mean ± SEM of 5 independent experiments. *, **, and *** indicate p <0.05, 

p<0.01 and p<0.001 respectively as compared to control [C]. 
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Figure 4.8- The in vitro effect of pea protein hydrolysates prepared with chymotrypsin, 

alcalase and thermolysin on CXCR4 qRT-PCR expression in human osteoblast cell line U-

2OS. The cells were treated with 1000µg/mL of hydrolysate. After 24 h, the rna was 

extracted using Trizol and further precipitated in chloroform and isopropanol. The mRNA 

was further transcribed to cDNA. The qRT-PCR was performed using SYBR green master 

mix and data was expressed in terms of fold change. The data presented is mean ± SEM of 

3 independent experiments. *, **, and *** indicate p <0.05, p<0.01 and p<0.001 

respectively as compared to control. 
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Figure 4.10- The in vitro effect of pea protein hydrolysates prepared with chymotrypsin, 

alcalase and thermolysin on MMP 9 expression in human osteoblast cell line U-2OS. The 

cells were treated with 1000µg/mL of hydrolysate. After 24 h, the cells were lysed, and 

protein was extracted. The extracted cell lysate was further analyzed for MMP 9 expression. 

A decrease in MMP 9 levels was observed. The data presented is mean ± SEM of 3 

independent experiments. *, **, and *** indicate p <0.05, p<0.01 and p<0.001 respectively 

as compared to control. 
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Figure 4.11- The in vitro effect of pea protein hydrolysates prepared with chymotrypsin, 

alcalase and thermolysin on MMP 1 expression in human osteoblast cell line U-2OS. The 

cells were treated with 1000µg/mL of hydrolysate. After 24 h, the cells were lysed, and 

protein was extracted. The extracted cell lysate was further analyzed for MMP 1 expression. 

A decrease in MMP 1 levels was observed. The data presented is mean ± SEM of 3 

independent experiments. *, **, and *** indicate p <0.05, p<0.01 and p<0.001 respectively 

as compared to control. 
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Figure 4.13 The diagrammatic conclusion depicting the effect of pea protein hydrolysate 

prepared using different enzymes.  The constituent bioactive peptides regulate the signalling 

of various phenotypic markers for osteoblast proliferation and differentiation. The 

activation of STAT3 by the action of cytokine (CXCR4) promote the activity of osteoblasts 

via JAK-STAT pathway. Moreover, NRF2 mediates bone formation through nuclear 

translocation at the ARE sites; thereby regulating bone remodelling. The increased 

expression of the most abundant component of bone, collagen, helps in depositing bone 

matrix. 
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CHAPTER 5- OVERALL SUMMARY AND DISCUSSION 
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5.1 Key Findings of the Present Research 

The overall objectives of the current research study were to understand the regulatory roles of the 

pea protein derived bioactive peptides on the activity of osteoblasts and to explore its potential 

applications as a therapeutic treatment alternative for osteoporosis. The key findings of each study 

are listed below: 

5.1.1 The first objective was to investigate the effect of pea protein derived tripeptide LRW 

on osteoblastic activity on mouse pre-osteoblast MC3T3-E1 cells (Chapter 3) 

The diverse spectrum of bioactive peptides derived from either animal or plant source have now 

gained interest as nutraceuticals and functional foods because they exert beneficial positive effects 

on body functions [1]. Similarly, pea protein derived bioactive peptide LRW, is recognized as 

antioxidant, anti-inflammatory and ACE inhibitory peptide [2]. A similar study about IRW peptide 

derived from egg white protein have reported to stimulate osteoblast proliferation and 

differentiation [3].  

In this study, pea protein derived tripeptide LRW directly stimulated osteoblast 

proliferation, differentiation and mineralization. On treatment with tripeptide LRW, osteoblasts 

exerted no toxic cellular response and exhibited increased proliferation. The treatment with 

different concentrations of LRW also increased the rate of cell migration. The tripeptide LRW also 

stimulated osteoblast proliferation and differentiation by increased expression of type 1 collagen, 

ALP and RUNX2. Furthermore, tripeptide LRW additionally promoted mineralization of calcium 

nodules for bone matrix formation. Moreover, tripeptide LRW also showed promoting effect on 

osteoblastogenesis by increasing OPG expressions. 

Overall, pea protein derived tripeptide LRW reported increased activity of osteoblasts in 

stimulating bone formation markers. 

5.1.1.1 The second objective was to determine the in vitro regulatory role of pea protein 

hydrolysate on osteoblast and osteogenesis (Chapter 4) 

Protein hydrolysates are a mixture of oligo, tri and polypeptides which are generated after the 

enzymatic action on the parent protein [4]. Due to the presence of numerous peptides, hydrolysates 

exhibit structural functionalities and nutritional properties as compared to native proteins [5].  

In the current research work, pea protein hydrolysates prepared with chymotrypsin, 

alcalase and theromlysin possessed no toxic cellular effect suggesting 100% viability. The 
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different pea protein hydrolysates up-regulated type 1 collagen and procollagen levels. The pea 

protein hydrolysates also activated JAK/STAT via upregulating CXCR4 expressions. 

Furthermore, pea protein hydrolysate also increased CXCR4 and STAT3 expressions at the 

molecular level. Metalloproteinase (MMPs) levels were also decreased suggesting inhibitory 

effect on bone resorption.  

Largely, pea protein hydrolysate increased expression of bone matrix formation markers 

(COL1 A2 and procollagen) and inhibited levels of bone resorption markers (MMP-9 and MMP-

1). Pea protein hydrolysate increased CXCR4, STAT3 and NRF2 expressions suggesting increased 

osteoblast proliferation and differentiation. 

In conclusion, this thesis demonstrated the potential use of pea protein bioactive 

compounds as a potential therapeutic treatment alternative for osteoporosis through the 

management of bone remodeling via regulating osteoblast and osteoclast activity. 

5.2 Significance of this research 

In the current study, pea protein derived bioactive peptides has been widely studied for its bone 

health promoting effects. To our best knowledge, this is the first study reporting in vitro bone 

health promoting effects of pea protein bioactive peptides. This thesis has greatly contributed to 

the knowledge of pea protein bioactive compounds as a regulatory molecule on osteoblast activity 

paving a new way of value addition to the food industry. Thus, the study exhibits significance in 

both food industry and bone health management. 

5.2.1 Significance to food industry 

Food industry has shown emerging interest towards alternatives towards animal protein derived 

products. Therefore, the acceptability of pea protein derived bioactive peptides stands a strong 

chance at technological levels, as it contains a complete amino acid profile.  

Worldwide, 143 products in food category and 36 products in drink category containing 

pea protein has been launched between 2011 and 2015 [6]. Global acceptability of pea protein is 

due to its nutritional importance in terms a complete protein, containing all the essential amino 

acids [7]. In addition to it, it also contains all branched chain amino acids which effectively 

increases muscle mass [8]. 

Therefore, the potential of pea protein in preventing osteoporosis and enhancing bone 

health will be of great interest to food, nutraceutical and pharmaceutical companies, which will 
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eventually bring health benefits to the food industry by developing valued added pea protein 

products. 

5.2.2 Significance to Osteoporosis treatment 

The number of osteoporosis-attributable fractures are reported to be 131,443 resulting in the 

estimated economic burden of osteoporosis in Canada to be $4.6 billion [9]. Even some of the 

pharmaceutical drugs used in the treatment of osteoporosis have reported to increase the risk of 

ovarian cancer and cardiovascular diseases [10]. Therefore, the transition towards natural 

alternatives using dietary interventions can provide safe opportunity for treating osteoporosis.  

 The finding of this research work provides a new approach for the treatment of osteoporosis 

with fewer side effects. Moreover, the regulatory role of certain effector molecules in the distinct 

signalling pathway have provided better insight for the development of new therapeutic approach 

in regulating bone remodeling. 

5.3 Future research directions 

It should be noted that this thesis also has some limitations in its research work. Firstly, we used 

murine cell line (MC3T3-E1) in the first in vitro study, validation of these effects of pea protein 

derived tripeptide LRW should be made with primary cells and human cell lines. Secondly, the 

metabolism of pea protein derived bioactive peptides after oral administration and its absorption 

in gastro-intestinal digestion is not known.  

 Based on the key findings and the limitations of the research work, the recommended future 

studies are outlined below- 

1. The absorption mechanism for the pea protein bioactive peptides should be studied. The 

bioavailability of the pea protein derived bioactive peptides is necessary to estimate the 

efficacy of these bioactive peptides to produce its biological effect.  

2. In vitro cell studies involve direct contact with bone cells. However, the transportation studies 

of the peptides in gastrointestinal tract to reach active site is not known. Therefore, in vivo 

evidences using protein labeling is required to track the transportation and circulation of 

bioactive peptides. 

3. The human applicability of pea protein derived bioactive peptides can be will extrapolated 

using ovariectomized model of rats (OVX) to study the role of pea protein bioactive peptides 

on treatment of osteoporosis.  
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4. The regulatory role of pea protein bioactive peptides in case of diseased condition is remained 

to be established. Therefore, exploring more with diseased animal model can broaden the 

application of pea protein bioactive peptides in treatment of osteoporosis. 

5. Pea protein bioactive peptides oral administration may also have affected immune functions, 

muscle synthesis, adipogenesis. The contributing effects of pea protein bioactive peptides can 

be further explored in these areas for better understanding the additional effects on human 

body. 
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