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Summary 
 

Bone is an important organ influenced by mechanical load, hormones, nutrition and 

disease. During bone remodelling, osteoclasts resorb bone and osteoblasts form new 

bone. Osteoblasts are derived from mesenchymal stem cells (MSCs) such as  

adipose-derived stromal cells (ASCs). The mitogen-activated protein kinase (MAPK) 

pathway has been shown to interfere with osteoblast differentiation from an early 

stage. Runt related transcription factor 2 (RUNX2) exerts an effect downstream from 

p38 MAPK. RUNX2 phosphorylation by p38 MAPK may increase osteoblast 

differentiation markers such as alkaline phosphatase (ALP), osteoprotegerin (OPG) 

and receptor activator of nuclear factor kB ligand (RANKL). Palmitoleic acid (PLA), an 

omega-7 monounsaturated fatty acid (MUFA), promotes anti-osteoclastogenic effects, 

however, the effects of PLA on osteoblasts has not been reported.  

 
Osteoporosis is a condition which has debilitating effects in the elderly. Unsaturated 

fatty acids (UFA) have been studied for their beneficial effects on human health for a 

number of years. Polyunsaturated fatty acids (PUFA) have been studied as a potential 

therapeutic agent to prevent and assist in managing the condition. Few studies have 

been conducted on the effects of MUFA on bone therefore this study aimed to 

investigate the effects of PLA on osteoblast differentiation using ASCs and MG-63 

osteosarcoma cells as an osteoblast model. 

 

ASCs and MG-63 osteosarcoma cell lines were exposed to PLA (20-100 μM) in 

osteogenic media (OM). The effects of PLA on cell viability was evaluated on 

undifferentiated cells. Thereafter, cells were exposed to PLA for 7, 14 or 21 days. 

Subsequently ALP activity, calcium mineralisation, gene expression, protein 

expression and adipogenesis were assessed.  

 
In this study, PLA had no significant effects on cell viability in undifferentiated cells. 

Furthermore, PLA had no significant effects on ALP activity, calcium mineralisation or 

phosphorylated extracellular signal-regulated kinase (pERK)/extracellular signal-

regulated kinase (ERK) expression in differentiating cells, however, ALP activity 

increased at 7 day in ASCs and 21 days in MG-63 cells. Alizarin Red S staining 

increased at 21 days in both cell lines with a significant increase in the ASCs, however, 

calcium nodules were not visible. In the ASCs, PLA significantly increased the gene 
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expression of ALP at 7 and 14 days compared to control (p<0.01 and p<0.05) while 

RANKL was significantly decreased at 7 days compared to the control (p<0.05). In the 

MG-63 cells, RUNX2 and OCN were significantly reduced at 7 days compared to 

control (p<0.05) and ALP, RUNX2, Osx and RANKL were significantly reduced at 14 

days compared to control (p<0.001 and p<0.05). In the ASCs, lipid accumulation was 

not present after 21 days while in MG-63 cells, there was a significant increase in lipid 

accumulation at a high concentration of PLA after 21 days compared to control 

(p<0.05). 

 
This is the first study to explore the effects of PLA on osteoblast formation using ASCs 

and MG-63 osteosarcoma cells. Results suggest that PLA exerted changes in the 

ASCs and MG-63 cells during osteoblast differentiation, however, these changes were 

not significant. To conclude, PLA showed some significant effects on osteoblast-

specific gene expression, however, most of the osteoblast-specific gene expression 

was downregulated, particularly in the MG-63 cells, after PLA treatment. 

 

Keywords: Bone remodelling, osteoblasts, adipose-derived stromal cells,  

MG-63 osteosarcoma cells, monounsaturated fatty acids, palmitoleic acid, alkaline 

phosphatase, runt-related transcription factor, osteoprotegerin, mitogen-activated 

protein kinase. 
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Chapter 1  

Introduction 

1.1 Rationale for research 
 
Bone is a dynamic organ that is continuously being resorbed and reformed in a 

process called bone remodelling. This occurs as a response to mechanical loading, 

hormonal changes or damage.1 Imbalances between bone resorption and bone 

formation could lead to a skeletal condition known as osteoporosis.2 This disorder 

ultimately leads to bone fragility which may be due to an increase in bone resorption 

or a decline in bone formation.2 The process of bone remodelling is primarily carried 

out by bone resorbing osteoclasts and bone forming osteoblasts.2 In 2015, 20 million 

individuals over the age of 50 were estimated to be living with osteoporosis in 6 

European countries (France, Germany, Italy, Spain, Sweden and United Kingdom).3  

Finding new ways to treat, alleviate or slow down the progression of osteoporosis and 

other bone weakening disorders are important. 

 
Mesenchymal stem cells (MSCs) are pluripotent cells found in bone marrow, the 

periosteum, the umbilical cord, vessel walls, liver, muscle and fat tissues and are able 

to differentiate into multiple lineages, one of which is osteoblasts.4, 5 Adipose-derived 

stromal cells (ASCs) is a population of stem cells found primarily in fat tissue in which 

osteoblastogenesis can be induced using osteogenic medium (OM) which contains  

β-glycerophosphate, ascorbic acid and dexamethasone.6  

 
Dietary fat contains a combination of saturated fatty acids (SFA), monounsaturated 

fatty acids (MUFA) and polyunsaturated fatty acids (PUFA) which are categorised 

according to the number of double bonds in their carbon chain.7  In vitro, various 

studies have been conducted on the effects of unsaturated fatty acids (UFA) on 

osteoporosis, cancer, cardiovascular disease and bone health.8, 9 The beneficial 

effects of PUFA, especially long-chain polyunsaturated fatty acids (LCPUFA), on bone 

health has shown promising results.10 Human and animal studies have been 

conducted to demonstrate the effects of a low omega-6/omega-3 fatty acids (FA) ratio 
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in maintaining bone mineral density (BMD).8 MUFA are considered non-essential FA 

as they can be formed endogenously as well as present in vegetable oils such as olive 

oil, sunflower oil and rapeseed oil.7 In a study by Gillingham et al., a MUFA rich diet, 

such as the Mediterranean diet, contributed to a reduction in coronary heart disease 

and chronic diseases.11 Previously, palmitoleic acid (PLA), a MUFA found in 

macadamia oil, has been shown to inhibit osteoclast formation, however, there are 

currently no published studies on the effects of PLA on human osteoblast cell lines.12  

 

1.2 Purpose of research 
 
The aim of this study was to investigate the effects of PLA on osteoblast differentiation 

in pre-osteoblastic ASCs and MG-63 osteosarcoma cells and to elucidate a possible 

mechanism of action of this FA in osteoblast differentiation. 

 

1.3 Method of investigation 
 
The study was conducted in vitro on ASCs isolated from processed lipoaspirates and 

pre-osteoblastic MG-63 osteosarcoma cells. The cells were exposed to OM and PLA 

for 7, 14 and 21 days to test their effects on osteoblast formation. The effects of PLA 

on alkaline phosphatase (ALP) activity, mineralisation, gene and protein expression 

and adipogenesis were investigated.  

 

1.4 Objectives  
 
1.   Cell viability 

To test the effects of PLA on cell viability in undifferentiated ASCs and MG-63 

osteosarcoma cells by using a resazurin colorimetric assay. 

 

2. Alkaline phosphatase activity  

To examine the effects of PLA on ALP activity in differentiated osteoblasts 

derived from ASCs and MG-63 osteosarcoma cells as an early marker for 

osteoblastogenesis, by colorimetric assay. 
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3. Mineralisation 

To study the effects of PLA on mineralisation in differentiated osteoblasts 

derived from ASCs and MG-63 osteosarcoma cells, using Alizarin Red S 

staining. 

 
4. Gene expression 

To assess the effects of PLA on gene marker expression in differentiating ASCs 

and MG-63 osteosarcoma cells, using quantitative polymerase chain reaction 

(qPCR). 

 
5.  Protein expression 

To investigate the effects of PLA on protein marker expression in differentiating 

osteoblasts derived from ASCs and MG-63 osteosarcoma cells, using Western 

blotting. 

 
6. Adipogenesis 

To measure the effects of PLA on adipogenesis in differentiated osteoblasts 

derived from ASCs and MG-63 osteosarcoma cells, using Oil Red O staining.  
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Chapter 2  

Literature review 

This section will begin with a short description of bone, its structure and function; the 

types of cells which make up bone; and the bone remodelling cycle along with the 

consequences of an imbalanced bone remodelling cycle resulting in osteoporosis. 

Pathways involved in the differentiation of osteoblasts as well as adipocytes will be 

discussed with emphasis on the mitogen-activated protein kinase (MAPK) pathways 

in osteoblastogenesis. Fatty acid structure and classification will lastly be discussed, 

focusing on PUFA, MUFA and PLA in particular, and their effects which have been 

studied in both animal and human bone health. This will allow a better understanding 

of our current knowledge and what the study hopes to achieve.  

 

2.1 Bone 
 
The human skeleton consists of four main categories of bone, namely long bones such 

as fibulae, tibiae, ulnae and radii; short bones such as patella, tarsal and carpel bones; 

flat bones such as the mandible, ribs and sternum; and irregular bones such as 

vertebrae, coccyx and sacrum.13 Bone provides the body with structural support, 

protects organs, contributes to mineral homeostasis and acid-base balance and 

houses the bone marrow where blood cells are produced.13, 14 Bone comprises of three 

basic components.15 The first component is mineralized type I collagen (COL1) fibrils 

which contain the protein collagen. It is also found in other soft tissues including 

tendons and skin.16 The second component is hydroxyapatite (Ca10(PO4)6(OH)2) and 

the third component is water.16-18 Collagen fibrils merge with adjacent fibrils and each 

fibril has an average diameter of 80-100 nm.19, 20 Fibrils cluster together to form a 

larger fiber hence they never occur alone.15 Hydroxyapatite crystals are found to be 

plate-shaped with a length and width of approximately 50 x 25 nm.21-23 Water is found 

between fibrils as well as within fibrils. It is also present in any gaps between fibers.17 

The relative proportions between water, COL1 and minerals vary between different 

types of bone.24 A raise in mineral content generally displays a decline in water content 

while the amount of COL1 typically remains the same.15  
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In humans, bone is categorised into compact (cortical) and spongy/trabecular 

(cancellous) bone. Compact bone is dense and surrounds the bone marrow space.13 

It is arranged into systematic concentric lamellae.25 Haversian systems are osteons 

which form a network within compact bone.13  Trabecular bone, on the other hand, is 

structured into an irregular honeycomb network of rods and plates (Figure 2.1).13, 26 

Trabecular bone is more metabolically active than compact bone therefore it 

undergoes bone remodelling more often.13, 27 Different skeletal sites have various 

cortical to trabecular ratios therefore the proportion of cortical and trabecular bone 

significantly affects bone strength.13 Osteons have a semilunar structure and are 

composed of concentric lamellae.13 Interstitial lamellae are found in the space 

between osteons and are composed of secondary osteons which have been partially 

resorbed and not removed during bone remodelling.28  

 

Figure 2.1. The organisation of compact and spongy bone. 

Cortical (compact) bone surrounds the bone marrow space and contains osteons which are made up 

of concentric lamellae surrounding a Haversian canal. Haversian canal’s contain lymphatic vessels and 

blood vessels to supply bone with nutrients and to get rid of waste materials. Trabecular (spongy) bone 

is made up from a honeycomb network of rods and plates. Image created with information from 

Gunnarsson et al. (2013).26 
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In a long bone, the ends consist of dense compact bone on the outer shell with a 

spongy trabecular interior.13, 27 In a long bone, the diaphysis is composed of a hollow 

shaft and is mainly composed of cortical bone (Figure 2.2).29 Located below the 

epiphyseal growth plate is the cone-shaped metaphysis while the round epiphysis is 

located above the epiphyseal growth plate. These are primarily composed of a 

meshwork of trabecular bone enclosed by a thin layer of cortical bone.13 The 

periosteum surrounds the outer surface of long bones and is made up of a fibrous 

connective tissue sheath. It contains blood vessels, nerve fibres and cells involved in 

bone remodelling.13 The periosteum attaches to the external surface of bone by 

Sharpey’s fibres while the endosteum, a membrane which covers the internal surface 

of cortical and trabecular bone, lines the medullary cavity and encloses the Volkman’s 

canals (blood vessel canals).13, 29 The endosteum contains blood vessels and cells 

involved in bone remodelling.13, 29 Flat bones have dense outer layers of compact bone 

and a thin trabecular structure within.27 Irregular bones such as vertebrae resembles 

a long bone in the anterior vertebral body, consisting of spongy bone surrounded by a 

thin layer of cortical bone. The posterior vertebral arch consists of laminae, which are 

flattened bone with a dense cortex and less dense spongy bone; and pedicles which 

have dense cortices and less dense spongy bone.30 
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2.1.2 Bone remodelling 

 
Bone remodelling is a continuous process whereby bone is resorbed and then 

reformed again.1, 31 This process occurs in order to strengthen and repair bone which 

has been weakened due to mechanical loading or injury. It similarly assists with 

calcium homeostasis in the body. Bone remodelling takes place at trabecular and 

cortical bone sites and is conducted by osteoclasts, osteoblasts and osteocytes.1 A 

basic multicellular unit (BMU) mainly consists of osteoclasts and osteoblasts which 

are present during a bone remodelling cycle (Figure 2.3).32 Activation, bone resorption, 

reversal, bone formation and quiescence are five phases which characterise the bone 

remodelling cycle.32 The activation phase is initiated by either mechanical loading, 

structural damage or changes in paracrine factors. Structural damage or increased 

mechanical loading causes a decrease in transforming growth factor β (TGF-β). Bone 

Figure 2.2. The structure of a long bone. 

A long bone which shows the compact bone surrounding the spongy bone. The periosteum is attached 

to the external bone surface while the endosteum is attached to the internal surface of the bone and 

encompasses blood vessels important for nutrient delivery. Image created with information from 

Markings et al. (1995).29  
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lining cells are also activated which results in the recruitment of osteoclast 

precursors.32 Lining cells are terminally differentiated osteoblasts which remain on the 

bone surface and they play a role in recruiting osteoclast precursors.1, 32, 33 Osteoclast 

precursors express receptor activator of nuclear factor kappa-B (RANK) which either 

binds to RANK ligand (RANKL) expressed by osteoblasts to activate osteoclast 

formation, or to osteoprotegerin (OPG) which inhibits osteoclast formation.34  

 
Osteoclasts are multinucleated cells derived from hematopoietic stem cells which 

resorb bone by forming a sealed micro-environment where acid and proteases are 

secreted to degrade and demineralize the bone matrix during the bone resorption 

phase.32 During the reversal phase, undigested bone matrix fragments are removed 

from the bone surface.32 The degraded matrix causes local paracrine signals to be 

released which subsequently results in the recruitment of osteoblasts to initiate the 

bone formation phase.32 New bone matrix is secreted and mineralized by mature 

osteoblasts to cover the resorption cavity.32 Once bone formation has been completed, 

the bone surface returns to a state of quiescence where bone lining cells remain on 

the surface.32 Bone remodelling is maintained by means of balancing bone resorption 

and bone formation.1, 35 An imbalance of these processes can lead to bone disorders 

such as osteopetrosis, osteoporosis and Paget’s disease.1 Osteopetrosis is an 

uncommon genetic disorder characterised by defective osteoclast function resulting in 

an increase in bone mass. This leads to the accumulation of old bone and 

spontaneous fractures.36 Paget’s disease is a common skeletal disorder caused by 

accelerated and disorganised bone remodelling in either one or more skeletal sites.37 
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Figure 2.3. Basic multicellular unit during a bone remodelling cycle 

There are five phases in a bone remodelling cycle, namely activation, bone resorption, reversal, bone 

formation and quiescence. Osteocytes, found embedded within the mineralized matrix, sense 

microdamage and initiates the remodelling cycle. Osteoclast precursors express RANK which binds to 

RANKL expressed by osteoblasts. Osteoclasts differentiated from hematopoietic stem cells resorb 

bone. Osteoblasts which differentiate from MSCs, express OPG and mineralize new bone matrix. Image 

created with information from Nicholls et al. (2012).32 

 
2.1.3 Bone cells 

 
Osteoclasts 

Osteoclast precursors express RANK which binds to RANKL to stimulate osteoclast 

formation.32 OPG exerts its osteoclast inhibitory effect by blocking the RANK and 

RANKL interaction (Figure 2.3).32, 34, 38, 39 During bone resorption, osteoclasts release 

factors, that become trapped within the bone matrix, which could help stimulate bone 

formation by osteoblasts.1 These factors include insulin-like growth factors I and II 

(IGF)40, fibroblast growth factors (FGF)41, TGF-β1 and 242, bone morphogenic proteins 
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(BMP) 2,3,4,6, and 743-45, and platelet-derived growth factors (PDGF)46. Once bone 

resorption is complete, osteoclasts undergo apoptosis and are removed from the bone 

surface.1 The concentration of these factors released by osteoclasts could determine 

the quantity of bone which could be resorbed.1 An imbalance between osteoclastic 

bone resorption and osteoblastic bone formation could lead to osteoporosis which is 

characterised by low bone density or bone mass leading to weaker bone prone to 

fractures.47 

 
Osteoblasts 

Osteoblasts are cells derived from MSCs which produce an unmineralised 

extracellular matrix (ECM), consisting of mainly COL1, known as osteoid which 

becomes mineralized into new bone matrix by forming hydroxyapetite.1, 13, 31, 47 The 

secretion of osteoid slows down as the bone remodelling cycle finishes.1 Osteoblasts 

become trapped within the bone matrix after bone formation and differentiate into 

osteocytes or bone lining cells.1, 47, 48. Osteoblasts secrete OPG, which acts as an 

osteoclast inhibitor as it is a decoy receptor for RANKL.13 A high OPG/RANKL ratio 

impedes bone resorption and osteoclast activity while a low OPG/RANKL ratio 

stimulates bone resorption and osteoclast activity.9   

 
Osteoblasts similarly secrete non-collagenous proteins such as osteocalcin (OCN), 

osteopontin (OPN) and osteonectin (ON).1 OCN plays a role in regulating glucose 

homeostasis and binds to the bone matrix where it undergoes decarboxylation and 

becomes activated during resorption. Once activated, OCN enhances insulin release 

from beta cells in the pancreas, which in turn enhances OCN production once again.49 

Maximal expression of OCN is associated with matrix mineral deposition at a terminal 

stage of osteoblast differentiation.49 OPN is a protein which has been deposited in the 

matrix in a previous bone formation cycle by osteoblasts and binds to hydroxyapatite. 

The accumulation of OPN on the bone surface attracts osteoclasts and their 

precursors. OPN assists in forming a close-fitting attachment between osteoclasts and 

the bone surface to allow bone resorption to take place.50 ON is a glycoprotein which 

supports bone remodelling and plays a role in the maintenance of bone mass.51 In 

vitro studies have shown that ON binds to collagen and hydroxyapatite.52, 53  
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Osteoblast differentiation may be affected by ephrins, parathyroid hormone related 

protein (PTHrP) and sclerostin (SOST) amongst others.1 EphrinB2 is a 

transmembrane protein produced by mature osteoblasts and assists in the 

communication with surrounding osteoblasts.54 EphrinB2, also found on osteoclast 

precursors, binds to the EPHB4 receptor in osteoblast precursors to stimulate the 

differentiation of osteoblasts (Figure 2.4).54 As a result, disrupting EphrinB2 and 

EPHB4 binding impairs bone mineralisation.1, 54 Osteoblast proliferation and 

differentiation plays a crucial role in skeletal homeostasis and fracture healing.47 

 

 
Osteocytes 

Osteocytes are considered to be mechanosensors as they appear to respond to 

mechanical stress placed on bone.13, 48 Osteocytes are connected to other osteocytes 

 

Figure 2.4. The interaction between EphrinB2 and EPHB4. 

Osteoclast formation is inhibited by the interactions of EPHA4 and EphrinB2 which stimulates osteoblast 

differentiation. EPHA2 and EphrinA2 inhibits osteoblast formation and stimulates osteoclast 

differentiation thus it has the opposite effect. Osteoblast differentiation is also enhanced by 

EphrinB2/EPHB4 interactions within osteoblast lineages. Osteocytes express EphrinB2 and EPHB4 

and interference with this interaction inhibits the expression of SOST. Image created from information 

by Sims et al.54 
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to sense microdamage within the bone matrix and play a role in the bone remodelling 

process.1 Under basal conditions, TGF-β and SOST are secreted by osteocytes which 

inhibits osteoclast differentiation in addition to wingless-related integration site (Wnt)-

activated bone formation by osteoblasts.32 Osteocytes may also express macrophage 

colony-stimulating factor (M-CSF) and RANKL which are essential for the formation of 

osteoclasts.32 Osteocytes release SOST which inhibits bone formation. SOST 

interferes with the BMP and Wnt signalling pathways to induce osteoblast apoptosis, 

impair bone mineralisation and inhibit the proliferation of osteoblasts.1 

 

2.2 Osteoporosis 
 
Osteoporosis is a condition marked by general bone fragility attributed to a reduction 

in bone quality and quantity where bone strength is considerably reduced causing 

fractures without significant trauma.2, 55 Skeletal integrity and peak bone mass is 

influenced by genetic, hormonal, physical and nutritional factors.55 In the United 

States, 1.5 million fractures occur per year as a consequence of osteoporosis with a 

majority occurring in postmenopausal women.56 Recent statistics for South Africa 

regarding osteoporosis is not available however, by 2050, an estimated 28%  

(13.6 million) of South Africans will be over 50 years of age while 6% (4 million) of the 

population will be over 70 years of age with the total population remaining around 50 

million.57 Osteoporosis and fractures related to osteoporosis is a concern for public 

health as it results in massive health care costs as treatments are costly.58 

 
2.2.1 Pathogenesis 
 
Bone mass is acquired mainly between the ages of 12-18 years of age.2 Recent 

studies have shown that BMD may begin to decrease from as early as 30 years of age 

in both men and women, however, women experience accelerated BMD loss during 

menopause and thereafter.2, 58 The mechanism of this pathogenic condition can be 

attributed to either failing to achieve a high peak bone mass and bone strength during 

puberty and growth; an increase in bone resorption by osteoclasts; or insufficient bone 

formation by osteoblasts causing a decrease in bone mass and strength.59 

 
There are two subtypes of primary osteoporosis namely osteoporosis type I and type 

II, and one type of secondary osteoporosis.60 Type I osteoporosis is generally due to 

hormone loss in postmenopausal women triggered by oestrogen deficiency, and is a 
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result of enhanced osteoclast activity mainly affecting trabecular bone sites.60 Type II 

osteoporosis results from a decline in osteoblast function commonly brought on by the 

aging of cortical and trabecular bones, leading to a loss of bone mass.47, 60 Secondary 

osteoporosis, in contrast, is typically brought on by other conditions such as 

osteogenesis imperfecta, type 2 diabetes mellitus, end-stage renal disease, or lifestyle 

risks which include insufficient vitamin D consumption, immobilisation, low calcium 

intake, smoking and alcohol abuse.60 Glucocorticoid therapy, used for the treatment 

of chronic diseases, exerts a detrimental effect on bone by decreasing osteoblast 

differentiation, impairing osteoblast function, reducing the lifespan of osteoblasts and 

increasing the duration of osteoclast activity and osteoclast formation.61 

 
Osteoporosis can be diagnosed by determining BMD using dual X-ray absorptiometry 

(DXA) which measures the grams of mineral calcium present per square centimeter 

of a bone.60 This is typically performed on the hip or spine to predict fracture risks in 

the future.60 A T-score is then calculated based on the difference between the patient’s 

BMD and the mean BMD of young females between the ages of 20-29 years of age. 

This difference is subsequently divided by the standard deviation of a reference 

population. If the T-score of the BMD is 2.5, or more standard deviations below the 

mean for young females, the patient is diagnosed with osteoporosis.60 Osteopenia is 

present if the patient has a T-score of between 1 and 2.5 standard deviations below 

the mean of a healthy population of females.60 

 
Age-related osteoporosis is typically caused by the senescence of bone cells and 

changes in hormone levels.61 It is commonly marked by a decrease in cortical 

thickness, frequently seen in trabecular bone.61 Bone deterioration may be due to 

several factors including age-related osteoblast proliferation impairment; decreased 

osteoblast lifespan; reduced osteoblast differentiation and function; a diminished 

response to growth factors and hormones; the differentiation of MSCs into adipocytes 

rather than osteoblasts; and osteoblast senescence.61 This contributes to increased 

bone marrow adiposity observed in the elderly.61 

 
In postmenopausal women, oestrogen levels decrease rapidly which results in an 

increase in both bone resorption and bone formation with resorption increasing more 

than formation.58 This is due to the BMU becoming increasingly activated at additional 

sites on the bone surface and the resorption time by osteoclasts being extended while 
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bone formation time by osteoblasts are shortened.58 This has a negative effect on 

calcium homeostasis in the body as an efflux of calcium into the extracellular fluid from 

resorbed bone will cause compensatory mechanisms to be stimulated therefore 

decreasing the uptake of renal calcium, decreasing intestinal calcium absorption and 

reducing parathyroid hormone secretion (PTH).58 Furthermore, oestrogen is known to 

suppress RANKL expression and increase OPG expression as a bone protective 

mechanism to limit osteoclast development and activity. During menopause, this 

reduction in oestrogen reduces the OPG/RANKL ratio which results in increased 

osteoclast formation and excessive resorption.58 Oestrogen also promotes the 

differentiation of MSCs into osteoblasts as well as reduces osteoblast apoptosis.58 

 
2.2.2 Treatment 
 
Apart from pharmacological treatment, non-pharmacological options are available to 

diminish the progression of osteoporosis and assist in managing the condition.56 

Evaluating lifestyle risk factors such as smoking or excessive alcohol consumption 

may be beneficial in osteoporosis treatment and management.56 Exercise in addition 

to adequate calcium and vitamin D intake may similarly assist in reducing the fracture 

risk of patients with osteoporosis.56 There are several pharmacologic therapies used 

in the treatment of osteoporosis, however, these therapies may cause adverse side 

effects.56  

 
Oestrogen and selective oestrogen receptor modulators (SERMs) are hormone and 

hormone analogues which bind to the oestrogen hormone receptor to cause a 

response.58 These hormone therapies given to postmenopausal women were shown 

to prevent bone loss through anti-resorptive effects, however, it may have non-skeletal 

adverse effects such as increasing the chance of developing breast cancer, or causing 

thrombotic, cerebrovascular and coronary events.56, 60  

 
Bisphosphonates are inorganic pyrophosphate analogues which have a high binding 

affinity to hydroxyapatite causing osteoclast-mediated endocytosis and finally 

osteoclast apoptosis.58 Bisphosphonate absorption by the body differs depending on 

the delivery method. When delivered orally, it is minimally absorbed in the intestines 

due to the hydrophilic nature of the compound, however, when delivered 

intravenously, it is 100% bioavalible.58 This therapy is used to reduce fracture risks as 
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it inhibits bone remodelling, however, it may cause adverse side effects such as mild 

hypocalcaemia, uncharacteristic femoral fractures, gastrointestinal irritation, severe 

chronic musculoskeletal pain, ocular inflammation and osteonecrosis of the jaw.56, 58 

 
Denosumab is a human monoclonal antibody used as an anti-resorptive agent which 

limits osteoclast-mediated resorption, however, this treatment is not yet available in 

South Africa.58, 60 This antibody specifically binds to RANKL to prevent it from binding 

to RANK on osteoclast precursors thus disrupting osteoclast formation.58 Denosumab 

is used to treat osteoporosis and also to reduce the risk of fractures in men who are 

undergoing androgen-therapy for non-metastatic prostate cancer as well as for women 

who are being treated for breast cancer using an additional aromatase inhibitor.58, 60  

 
Teriparatide is a human recombinant PTH which, when injected subcutaneously once 

per day, it stimulates bone formation together with resorption, however, bone 

formation was found to increase more than resorption.58 Treatment duration using 

teriparatide is limited to 24 months as it was thought to increase the possibility of 

developing osteosarcoma in a preclinical rat model.58 Many of the Food and Drug 

Administration (FDA) approved drugs used to treat osteoporosis produce undesirable 

side effects in patients at a cost thus inexpensive and less harmful treatments are 

required to help ease the progression of osteoporosis.58 

 

2.3 Mesenchymal stem cells (MSCs)  
 
MSCs are multipotent adult stem cells which have the potential to differentiate into 

adipocyte, chondrocyte and osteoblast lineages5, 62 (Figure 2.5).63-71 MSCs can be 

isolated from bone marrow, adipose tissue and dental pulp and these lineages are 

characterised by the presence of certain surface markers such as cluster of 

differentiation (CD)73, CD90 and CD105.62 MSCs express markers which differ 

depending on the source the cells were isolated from, hence it may express either 

embryonic stem cell or pluripotent markers.5 Stem cells derived from bone marrow 

may express additional markers such as octamer-binding transcription factor 4  

(Oct-4), Nanog, ALP and stage-specific embryonic antigen-4 (SSEA-4) while cells 

derived from adipose tissue express Oct-4, Nanog, sex determining region Y-box 2 

(SOX-2), ALP and SSEA-4.5 
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MSCs are primary stromal cells which may be stimulated into osteoblast differentiation 

in vitro through supplementing culture medium with osteogenesis induction media 

containing ascorbic acid, β-glycerophosphate and dexamethasone72 (Figure 2.5). 

Enzymes that hydroxylate proline and lysine in pro-collagen require ascorbic acid as 

a cofactor.73 Ultimately, ascorbic acid plays a role in COL1 secretion into the ECM.74 

For osteoblast differentiation to occur, osteoblasts must be able to interact with the 

ECM containing collagen.75 β-glycerophosphate is required as a source of phosphate 

in order to produce hydroxyapatite minerals (Ca10(PO4)6(OH)2). Inorganic phosphates 

regulate the gene expression of osteoblast markers such as OPN by acting as an 

intracellular signalling molecule which acts on extracellular signal-regulated kinase 

Figure 2.5. Mesenchymal stem cell differentiation.  

There are multiple factors which influence the differentiation of MSCs into different lineages. White 

adipocytes express markers and proteins such as peroxisome proliferator-activated receptor γ  

(PPAR-γ), leptin and adiponectin while brown adipocytes which express PPAR-γ and CCAAT/enhancer 

binding protein alpha (CEBPα). Chondrocytes express CD44, CD151 and SOX -5, -6 and -9 after 

differentiation while osteoblasts express runt related transcription factor 2 (RUNX2), osterix (Osx), 

OCN, OPN and COL1 after differentiation. Image created from information by Chhabra et al.63, Zhou et 

al.64, Schäffler et al.65, Takada et al.66, Bennett et al.67, Felber et al.68, Rutkovskiy et al.69, Narcisi et 

al.70, and Terzoudis et al.71 
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(ERK).76, 77 In vitro, MSCs undergo osteoblast differentiation, mineralisation and 

ultimately produce calcified nodules which resemble woven bone.72 In a study by 

Bellows et al., it was found that β-glycerophosphate induced mineralisation which 

occurred in two phases. In the first initiation phase, a small number of minerals are 

deposited while in the second progression phase, mineralisation occurs at a constant 

rate.78  

 
Mineralisation occurs in the presence of ALP as it hydrolyses organic phosphates in 

order to release free inorganic phosphates.79 Bone sialoprotein (BSP), a  

non-collagenous protein, is expressed in bone and is thought to cause hydroxyapatite 

crystal formation in the matrix of bone.80 BSP knockout mice were found to have a 

decreased body and long bone growth yet they displayed increased trabecular bone 

mass and low bone turnover.81  

 
MSC differentiation is regulated by biological, chemical and physical factors which 

determines the different outcomes of MSC differentiation.4 Biological factors include, 

micro-ribonucleic acids (miRNA), transcription factors and signalling pathways while 

physical and chemical factors include mechanical stimulation, radiation or a high fat 

diet. MiRNA are 22 nucleotide non-coding ribonucleic acids (RNA) of which many have 

been shown to affect MSC differentiation.4 For instance, miR-204 exerts  

pro-adipogenic and anti-osteoblastic differentiation effects by inhibiting RUNX2 

expression in MSCs.4 MiR-31 similarly exerts anti-osteoblastic differentiation effects 

through inhibiting Osx expression during osteoblastogenesis.4 

 
Transcription factors play a regulatory role in the differentiation of MSCs into 

adipocytes or osteoblasts. These factors upregulate gene expression for particular cell 

types.4 RUNX2 is a significant transcription factor which plays a role in the formation 

and maintenance of bone.82-84 RUNX2 binding elements are found in the promoter 

regions of osteoblast-specific genes such as Osx.85-88 Osx is a novel zinc finger-

containing transcription factor and is crucial for osteoblast differentiation from pre-

osteoblasts.89 Osx knockout mice showed normal cartilage development but they 

showed an absence of bone formation. These mice also had normal RUNX2 

expression which indicates that Osx occurs downstream from RUNX2. Osx is thus 

essential for the differentiation of osteoblasts and bone formation in early bone 

development.90  
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There are a number of signalling pathways which demonstrate osteoblastic and 

adipogenic differentiation regulation in MSCs of which, two significant pathways are 

BMP and Wnt signalling pathways.4 With a number of signalling pathways affecting 

MSC differentiation, there may be crosstalk among them thereby regulating 

osteoblastic and adipogenic differentiation.4  

 

2.4 Pathways involved in osteoblastogenesis 
 
As previously mentioned, RUNX2 serves as an important transcription factor in 

osteoblast differentiation as several signalling pathways intersect to express RUNX2 

such as the BMP, Wnt, MAPK and Hedgehog (Hh) signalling pathways.91 

 
2.4.1 Bone morphogenic protein (BMP) pathway 

 
The BMP pathway is involved in regulating the differentiation of MSCs and 

osteoprogenitors into chondrocytes and osteoblasts.5 BMPs form part of the TGF-β 

family of cytokines.92 BMP receptors (BMPR) are serine-threonine kinase receptors, 

of which there are two subtypes, namely BMPR-I and BMPR-II. These receptors are 

formed on the plasma membrane of the cell and are recruited together to form a 

complex.93 The signal is transduced once the activated receptor kinases 

phosphorylate Smad family member 1 (Smad1), 5 or 8 transcription factors. Smads 

are divided into receptor regulatory Smads (R-Smads), inhibitory Smads (I-Smads) 

and common Smads (Co-Smads).94  There are seven Smad members which have 

been known to have ligand selectivity.95 Smad1 has been associated with BMP 

responses while Smad2/3 are activated after TGF-β treatment.95 Smads1/5/8 are  

R-Smads and once phosphorylated, bind to Smad4 which is a Co-Smad, to enter the 

nucleus and activate the transcription of target genes (Figure 2.6).4, 94, 96-98 BMPs are 

found in bone ECM and are secreted by osteoprogenitors, MSCs, osteoblasts and 

chondrocytes to target osteoblasts.5  
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TGF-β is a chemotactic stimulator of MSCs which enhances the proliferation of MSCs, 

pre-osteoblasts, chondrocytes and osteoblasts. TGF-β initiates BMP signalling in 

osteoprogenitor cells, inhibits osteoclast activation and causes osteoclast apoptosis.5 

Conversely, TGF-β1 may furthermore induce non-Smad signalling through MAPK 

pathway activation.98 Without TGF-β and BMP-2, normal fracture healing does not 

occur as MSCs will not differentiate into an osteogenic lineage.5 RUNX2 is a target for 

the BMP-Smad pathway (Figure 2.6), as treatment with BMP-2 increases the protein 

levels of ALP and RUNX2 gene expression.4, 99 Osteoblast-specific genes such as 

COL1 and OCN could be regulated by RUNX2 which is involved in the regulation of 

MSCs differentiation into osteoblasts.85-88 Its expression initiates bone mineralisation 

and increases the expression of osteoblast-specific genes.87, 88 RUNX2 knockout mice 

demonstrated a diminished number of functional differentiated osteoblasts as a result 

of a lack in RUNX2 expression.100 Furthermore, RUNX2 overexpression was found to 

favour osteogenesis over adipogenesis, hence RUNX2 could increase bone healing 

efficiency.101, 102 

 

Figure 2.6 BMP signalling can occur through a canonical or non-canonical pathway.  

BMP ligands bind to BMPR-I/BMPR-II complex to either induce the non-canonical p38 MAPK pathway 

or the canonical pathway through the phosphorylation of Smads, which acts as a transcription factor to 

induce RUNX2/Osx activation in the nucleus. MiRNAs may target important transcription factors to 

inhibit RUNX2/Osx transcription. Image created from information by Hu et al.4 
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The BMP pathway interacts with other factors which affect MSCs differentiation into 

osteoblasts (Figure 2.7).5 Osteogenic differentiation in human MSCs is additionally 

stimulated by cyclin dependent kinase 1 (CDK1) through the phosphorylation of 

enhancer of zeste homolog 2 (EZH2) which is known to regulate stem cell 

differentiation. CDK1 knockdown has been shown to lead to a decrease in the 

phosphorylation of EZH2 and the repression of RUNX2 and OPN.5 Stromal  

cell-derived factor 1 (SDF-1) has also been known to stimulate MSC differentiation 

into osteoblasts. Culturing cells in both OM and SDF-1 showed increased ALP activity 

compared to culturing cells in OM only.103 Disrupting SDF-1 signalling resulted in 

impaired mineralization of bone nodules and inhibited BMP-2 induced early expression 

of RUNX2 and Osx.104 SDF-1 is a chemoattractant for the migration of MSCs to injury 

sites where it is upregulated and activates the C-X-C chemokine receptor type 4 

(CXCR4) receptor.105, 106 SDF-1 and CXCR4 combine to form a complex that promotes 

growth and metabolic activity at injury sites.105  

 

 

2.4.2 Wingless-related integration site (Wnt) signalling pathway 

 
Osteoblastogenesis is controlled by a second pathway, the Wnt signalling pathway. 

Wnts form a part of a group of secreted cysteine-rich glycoproteins that play a role in 

cellular migration, proliferation and differentiation.107 Signals can be transduced via a 

canonical or non-canonical pathway.  

 

Figure 2.7 Factors which affect MSC differentiation into osteoblasts.  

TGF-β and BMP-2 are essential for normal fracture healing to occur and influences RUNX2 activation 

downstream in the BMP and Wnt pathways. CDK1 and SDF-1 also play a role in MSC differentiation 

and migration. Tafazzin (TAZ), a RUNX2 transcriptional co-activator of OCN, promotes MSCs 

differentiation and inhibits PPAR-γ from stimulating MSCs adipocyte differentiation. Image created 

from information by Garg et al.5 
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In the canonical pathway, β-catenin is compulsory for signalling whereas in the  

non-canonical pathway, β-catenin is not compulsory.108 Extracellular Wnts bind to the 

expressed Frizzled (Fzd) transmembrane receptor as well as to the co-receptor  

low-density lipoprotein receptor-related protein (LRP) 5/6 and proteins part of the 

dishevelled family, illustrated in Figure 2.8.4, 107 This complex inhibits the axin, 

adenomatosis polyposis coli (APC) and glycogen synthase kinase 3β (GSK3β) protein 

complex which in turn prevents the phosphorylation of β-catenin, preventing it from 

being degraded.107 An increase in β-catenin allows it to enter the nucleus and form a 

complex with the T-cell factor/lymphoid enhancer factor (TCF/LRF). This leads to  

β-catenin accumulating in the nucleus and stimulates the transcription of target 

genes.109  

 
The non-canonical pathway activates heterotrimeric G proteins and also increases 

calcium intracellularly, illustrated in Figure 2.8.107, 110 Intracellular release of calcium 

regulates calcium-sensitive enzyme activity and causes downstream targets to be 

activated such as transforming growth factor beta-activated kinase 1 (TAK-1)/ TAK1-

binding protein 2 (TAB-2) thus inhibiting the transcription of target genes  

(Figure 2.8).107 This could occur through protein kinase C-dependent mechanisms or 

it could be induced via rho-kinase or c-Jun N-terminal kinase (JNK)-dependent 

changes which mediate cytoskeleton formation.110 
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2.4.3 Mitogen-activated protein kinase (MAPK) pathway 

 
MAPK plays an essential role in skeletal development as well as in bone homeostasis 

which affects osteoblast differentiation.111 MAPK are a group of enzymes that contain 

a serine-threonine kinase domain which transduce extracellular signal into cellular 

actions by a series of phosphorylation. Different signalling pathways may also 

converge to activate MAPK.111 There are five conventional MAPK namely ERK1/2, 

ERK5, JNK1/2/3, and p38, of which there are four isoforms (p38α, -β, -γ and -δ).111 

MAPK activates and phosphorylates RUNX2 to stimulate osteoblast differentiation by 

stimulating the transcription of osteoblast markers such as OCN.75 

 
ERK1/2 is expressed by osteoblasts and plays a role in bone metabolism. Moreover, 

ERK1/2 has a positive effect on osteoblast differentiation as it is required for RANKL 

Figure 2.8. Osteogenesis and adipogenesis regulation by BMP and Wnt signalling pathways.  

BMPR-I phosphorylation initiates the phosphorylation of Smad and p38 MAPK pathways. The 

phosphorylation of p38 and Smad ultimately stimulates PPAR-γ activation. This ultimately promotes 

adipogenesis. Wnt/Fzd complex stimulates canonical and non-canonical signals. Canonical signals 

stabilize β-catenin to suppress PPAR-γ. Non-canonical signals (TAK-1/TAB-2) to suppress  

PPAR-γ transactivation to promote osteogenesis. Image created from information by Muruganandan 

et al.107 
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expression in osteoblasts and for osteocalcin-expressing mature osteoblasts.112 

Inactivation of ERK1/2 reduces RANKL which impacts osteoclast differentiation.112 Hu 

et al., investigated the role of ERK in osteoblast differentiation. Inhibition of ERK had 

no significant effect on cell differentiation, however, at an early stage of osteoblast 

differentiation, ERK activation was observed.47 In another study, Lai et al., 

demonstrated that dominant negative (a gene product that acts as an antagonist to 

the wild-type gene product) ERK1 inhibited human osteoblast differentiation as well as 

proliferation and migration.113 This discrepancy could be due to the source of the cells 

as Hu et al., used primary calvarial osteoblasts and mouse bone marrow stromal 

cultures while Lai et al., used human bone chips. Furthermore, ERK1 was inhibited in 

different manners. In the study by Hu et al., an inhibitor of ERK1 was used while in the 

study by Lai et al., a dominant negative form of ERK1 was used which could also 

contribute to the differences observed.47 Moreover, Hu et al., indicated that ERKs may 

negatively affect osteoblast differentiation induced by BMP-2.47 

 
P38 MAPK coding genes display a unique tissue distribution and appear to be 

differentially expressed.111 p38 MAPK activation has been demonstrated to interfere 

with osteoblast differentiation.47 Once p38 MAPK was inhibited, the differentiation 

markers for ALP, OCN and mineral deposition were decreased, thus suggesting p38 

MAPK is required for osteoblast differentiation at an early stage.47 Osteoblast 

differentiation was found to be delayed by the inhibition of p38 MAPK which, was 

partially released by the presence of BMP-2. This suggests that the loss of signals 

from p38 MAPK can be overcome by BMP-2 during osteoblastogenesis.47 Yoshida et 

al., indicated that through the inhibition of Smad proteins, BMPs may be able to control 

osteoblast differentiation. Hence, by activating the BMP-Smad pathway, the loss of 

p38 MAPK may be counteracted.94 It is hypothesized that p38 MAPK exerts its effect 

either by directly or indirectly phosphorylating transcription factors through activating 

other kinases which consequently phosphorylates its targets downstream. This could 

in turn increase the deoxyribonucleic acid (DNA) binding affinity or activate their  

trans-activation ability to upregulate genes involved in differentiation.47  

TAK-1/TGF-β-activated protein kinase 1 (TAB-1) facilitates the recruitment and 

activation of upstream effectors of p38 which may also be controlled by additional 

mechanisms such as acetylation, protein degradation and changes in coding gene 

expression.111  
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JNK consists of three isomers and forms part of the MAPK pathway to phosphorylate 

c-Jun in its N-terminal trans-activation domain.114 A study by Matsuguchi et al., 

established the role of JNK in osteoblasts.114 Results showed JNK inactivation 

significantly inhibited terminal osteoblast differentiation and also supressed late stage 

osteoblast differentiation events including OCN and BSP gene expression.114 Earlier 

differentiation events such as ALP and OPN gene expression were not supressed by 

the inactivation of JNK.114 Transcriptional expression of factors such as RUNX2 and 

Osx were not significantly affected by JNK inactivation. The study concluded that JNK 

activity is crucial for late-stage osteoblast differentiation.114 Figure 2.9 shows how 

BMP-2 can stimulate osteoblast differentiation through RUNX2, however, RUNX2 can 

also be inhibited by tumour necrosis factor α (TNF-α) and interleukin 1β (IL-1β) alone 

or in conjunction with BMP-2.115 Therefore, in an inflammatory environment, BMP-2 

induced activation of RUNX2 may be reduced, inhibiting osteoblast differentiation.115 

 

Figure 2.9. BMP-2 activates BMPR-I/II to stimulate the canonical and non-canonical BMP 

pathways in order to stimulate osteoblast differentiation through MAPK.  

BMP-2 activation of BMPRI/II can be opposed by TNF-α/IL-1β activation. (A) BMP-2 pathway activation 

stimulates the MAPK pathway to phosphorylate p38, ERK1/2 and JNK1/2 which, in turn increases 

RUNX2 expression and thus stimulates osteoblast differentiation. (B) TNF-α and IL-1β activates MAPK 

pathways through p38, ERK1/2 and JNK1/2 but it has an opposite effect and thus reduces RUNX2 

expression. (C) Activation of BMP-2 and TNF-α/IL-1β reduces RUNX2 expression through the activation 

of MAPK. Image created from information by Huang et al.115 
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2.4.4 Other pathways affecting osteoblastogenesis 

 

Other pathways also affect osteogenesis. During postnatal growth, the growth 

hormone (GH) signalling pathway is activated as GH binds to GH receptor (GHR), 

ultimately activating the Janus kinase/signal transducers and activators of 

transcription (JAK/STAT) pathway amongst others. This leads to growth and 

metabolism of tissues such as bone.98  In mice, osteoblastogenesis can be stimulated 

through RUNX2 interaction in the Hh signalling pathway. Hh signalling is essential for 

skeletal patterning throughout development.116, 117 Wnt signalling occurs downstream 

of Hh.118 Osteogenesis induced by Hh signalling correlated with increased RUNX2 

and Osx expression.118 There are three homologs of Hh, two of which are Sonic 

hedgehog (Shh) and Indian hedgehog (Ihh) and they are both involved in the 

development of osteoblasts.119 In human MSCs, Hh signalling decreases RUNX2 

expression during osteoblast differentiation and thus inhibits osteogenesis in contrast 

to rodent cells.119 The inhibition of nuclear factor kappa-B (NF-кB) inflammatory 

pathways in murine osteoblasts expressing a dominant-negative form of nuclear factor 

kappa-B kinase subunit beta (IKKβ), showed an increase in BMD and an increased 

bone volume due to increased osteoblast activity. NF-кB inhibition also enhanced 

BMP-induced osteoblastogenesis and bone formation.120 

 

2.5 Adipose-derived stromal cells 
 
ASCs are a type of adherent multipotent cell population.6 The capacity of MSCs to 

differentiate into adipocytes provides a model to study adipogenesis. Adipocytes are 

perceived as complex endocrine cells which affect homeostasis in the body and can 

secrete cytokines, chemokines and hormones.121 Adipocytes express CD36 on its cell 

surface. Its function is to facilitate the uptake of free fatty acids (FFA) into cells which 

is followed by esterification into triglycerides where they are subsequently stored within 

lipid droplets.121 ASCs express CD13, CD29, CD36, CD44, CD73, CD90 as well as 

CD105 surface antigen markers, and are converted into preadipocytes and 

subsequently become mature adipocytes through Wnt, BMP-2 and -4 signalling 

pathways.6 Adipogenesis and osteogenesis pathways are linked as they both stem 

from MSCs71 (Figure 2.5). Increases in adipocyte formation and the accumulation of 

fat may cause decreases in osteoblast differentiation and bone formation.6 
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2.5.1 Adipogenesis 

 
White adipose tissue store triglycerides and is involved in lipogenesis (metabolic 

formation of fat) and lipolysis (the breakdown of fats), and the activity of these 

mechanisms depends on the need to store or release FA.122 The body’s need for FA 

depends on the individual’s energy expenditure, levels of hormones and enzyme 

activities.122 In a recent study, adipocytes were found to release factors such as 

palmitic acid (PA, C16H32O2), a saturated FA which inhibits osteoblast differentiation 

by causing apoptosis in bone marrow MSCs.123 Adipogenesis may be inhibited while 

osteoblastogenesis may be induced through Hh signalling.124 PPAR-γ is supressed 

during osteogenesis by IL-1 and TNF-α.125 The mechanism of PPAR-γ suppression 

by IL-1 and TNF-α differs from the mechanism induced by non-canonical Wnt 

ligands.124 IL-1 and TNF-α impedes adipogenesis through the TAK-1/TAB-1 pathway 

which in turn suppresses PPAR-γ (Figure 2.8).107, 124 Non-canonical Wnt5a activates 

nemo-like kinase (NLK) causing the formation of PPAR-γ/SET domain containing 1 

(SETD1) complex (Figure 2.8).107 This leads to transcriptional silencing thereby 

inhibiting PPAR-γ-induced adipogenesis.124  

 
Adipogenesis may be regulated by PPAR-γ, a receptor found on the nucleus, as its 

suppression has been demonstrated to prevent adipogenesis and subsequently 

induce osteoblastogenesis.124, 126 Canonical Wnt signalling similarly has been shown 

to affect osteoblastogenesis and adipogenesis through LRP5/β-catenin.127, 128 Wnt 

and BMP-2 signalling pathways integrate at various points such as at the expression 

of RUNX2 and β-catenin.91 The differentiation of MSCs into adipocytes is stimulated 

at low levels of BMP.5 Thus Wnt signalling plays a crucial role in the regulation of  

PPAR-γ transactivation in MSCs, as seen in previous studies, and may also determine 

the fate of MSCs.6, 124, 128 

 
2.5.2 The role of peroxisome proliferator-activated receptors (PPARs) in 

adipogenesis 

 
PPARs are a receptor group belonging to the steroid hormone receptor superfamily.129 

This receptor group has been implicated in adipogenesis. PPARs are involved in 

pathways for fat storage and lipid metabolism.130, 131 There are three PPAR receptor 

subtypes, PPAR- α, β and γ. PPAR-α is found mainly in the liver while PPAR-β is 
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highly expressed in skin, brain and adipose tissue.132, 133 Both of these subtypes have 

been found to be expressed in osteoclasts and osteoblasts.134 PPAR-γ is the third 

nuclear receptor subtype, which is expressed in adipocytes and pancreatic beta 

cells.129, 133 

 
PPAR-γ has two isoforms which arise due to alternative splicing and promoter usage. 

PPAR-γ1 is expressed by adipocytes, muscles, macrophages, osteoclasts and 

osteoblasts. PPAR-γ2 is expressed only in adipocytes and is an essential transcription 

factor in MSCs lineage commitment.132, 135, 136 Additionally, PPAR-γ is essential for 

adipocyte gene expression.129 Moreover, it stimulates stem cell differentiation towards 

adipocytes instead of osteoblasts.137, 138 PPAR-γ overexpression has previously been 

shown to suppress RUNX2 expression and ultimately promote the formation of 

adipocytes.138 During age-related osteoporosis, a decline in bone mass is found to be 

accompanied by an increase in marrow adipose tissue formation.139 PPAR-γ 

transcriptional activity may be modulated through negative and positive interactions 

with other signalling pathways.124 In addition to this, PPAR-γ may be activated by 

FFA.140 The phosphorylation of PPAR-γ at the N-terminal domain is known to supress 

the activation of PPAR-γ through decreasing its affinity for PPAR-γ ligands. PPAR-γ 

ligand-dependent post-translational modification which incorporates small  

ubiquitin-like modifier proteins, represses NF-кB and thus antagonises inflammatory 

responses.124 BMP signalling molecules act as osteogenic inducers and may impact 

the differentiation of adipocytes via the induction of TAZ, a PPAR-γ co-repressor.124 

Furthermore, TAZ is a transcriptional co-activator for OCN and RUNX2.141 The  

upregulation of OCN may correlate with increased osteoblast proliferation.141 

 

2.6 Fatty acids 
 
FA comprise of hydrocarbon chains with a terminal carboxyl group at one end and a 

methyl group at the other end. FA may be saturated in which they contain no double 

bonds, or monounsaturated when they contain only one double bond, or 

polyunsaturated when they contain two or more double bonds in their carbon chain 

(Figure 2.10).142, 143 UFA can have two geometric configurations, they may be of cis 

configuration where two hydrogen atoms are found on the same side of the carbons 

joined by a double bond or they may be in trans configuration where the hydrogen 

atoms are found on the opposite sides of the carbons joined by a double bond.142 
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2.6.1 Types of fatty acids and their health benefits 

 
Saturated fatty acids 

SFA have no double bonds in their carbon chains. PA (16:0) (Figure 2.10), stearic acid 

(SA; 18:0), myristic acid (MA; 14;0) and lauric acid (12:0) are abundant saturated FA 

found in the diet.144 Sources of SFA include palm oil, coconut oil, cocoa butter and 

animal-derived fats for example lard and butter.145 SFA may also be synthesized de 

novo in humans from acetyl-CoA.145 SFA such as lauric acid, PA and MA may increase 

total and low-density lipoprotein (LDL) cholesterol. Evidence from human studies 

suggests there is a positive association between the intake of dietary SFA and insulin 

resistance.146 Circulating concentrations of even carbon atom numbered FA such as 

MA, PA and SA were positively associated to the incidence of type 2 diabetes while 

odd numbered FA such as pentadecanoic acid (C15:0) and heptadecanoic acid 

(C17:0) were inversely associated with the incidence of type 2 diabetes.147  

 

Figure 2.10. Fatty acids may be saturated, monounsaturated or polyunsaturated. 

Fatty acids contain a terminal carboxyl group (-COOH) at one end and a methyl group (-CH3) on the 

other end. They may have none, one, two or three double bonds within their carbon chain.  

Omega -3, -6 or -9 polyunsaturated fatty acids refer to the first double bond being at positions -3, -6 or 

-9 from the methyl group. Image created from information by Dandekar et al.143 
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Polyunsaturated fatty acids 

PUFA include omega-3 and -6 FA. Omega-3 PUFA contain a double bond at position 

3 from the methyl end while omega-6 PUFA contain a double bond at position 6 from 

the methyl end (-CH3) (Figure 2.10).143 PUFA can arise from either the linoleic acid 

(LA; 18:2n-6) family, which can have a double bond at positions 6 or 9 from the 

terminal methyl group, or the α-linolenic acid (ALA; 18:3n-3) family which can have a 

double bond at positions 3, 6 or 9 from the terminal methyl group (Figure 2.10).148  

 
ALA desaturates and elongates to form omega-3 PUFA.149 ALA is mainly found in 

plants and more specifically in seeds, nuts and some vegetable oils such as flaxseed 

and walnut oils.149 It is the parent chain of both eicosapentaenoic acid (EPA; 20:5n-3) 

and docosahexaenoic acid (DHA; 22:6n-3). ALA can be used to synthesize EPA and 

DHA by the body, however, the bioconversion is inadequate due to the limitation in the 

enzyme responsible for this conversion thus it must be supplemented by our diet.149 

Certain fish such as salmon, herring and sardine are dietary sources of DHA and 

EPA.149 In a 2007 Japanese study, termed the JELIS study, highly purified EPA 

administered together with statin resulted in a significant prevention in cardiovascular 

events through a cholesterol-independent mechanism even in patients who had 

recently experienced a myocardial infarction.150  

 
Omega-3 PUFA may exert their anti-inflammatory properties through modifying cell 

membranes which are composed of phospholipids.151 These phospholipids contain FA 

of which their length and saturation alters the properties of the cell membrane. The 

incorporation of omega-3 PUFA into phospholipids can influence the function of 

membrane proteins such as the suppression of IL-2. This may cause the modulation 

of ion channel function, resulting in anti-arrhythmic effects.151 The anti-inflammatory 

effects of omega-3 PUFA may also be mediated by receptors such as G-protein 

coupled receptors (GPCR) such as GPR120.151 Omega-3 PUFA are ligands for 

GPR120 receptors which reduces TNF-α-mediated pro-inflammatory signalling in 

macrophages. GPR120 is also known to be expressed in mature adipocytes and 

stimulation of this receptor with omega-3 PUFA promotes glucose uptake in 

adipocytes through increasing the expression of the GLUT4 glucose transporter.151 

Moreover, EPA and DHA inhibited NF-κB signalling either through blocking inhibitor of 



 

30 
 

nuclear factor κB (IκB) phosphorylation or through PPAR-α/γ which ultimately 

downregulated inflammation-related gene expression.151 

 
Omega-6 FA such as arachidonic acid (AA; 20:4n-6) are synthesized from LA. A 

primary source of LA is vegetable oils such as corn, sunflower and soybean oils.149 LA 

is known as an essential FA as it cannot be synthesized by humans.152 LA can be 

desaturated to form other omega-6 FA such as γ-linoleic acid (GLA; 18:3n-6), which 

then undergoes elongation to form dihomo-γ-linoleic acid (DGLA; 20:3n-6), which can 

then be desaturated to form AA, which can be further metabolised into other  

omega-6 PUFA.152 In a Western diet, AA is a major contributor of FA found in 

phospholipid membranes of cells involved in inflammation and is also a precursor to 

potent pro-inflammatory mediators.152 ALA levels also tend to be lower in the diet than 

LA thus levels of omega-6 PUFA tend to be higher than omega-3 PUFA in the body.149 

A high omega-6 and low omega-3 PUFA intake is common in Western diets.153 

 
Omega-3 and -6 PUFA are enzymatically converted into eicosanoids which are 

hormone-like compounds that have a chain length of 20 carbons. Eicosanoids are 

produced from precursor FA such as AA, EPA and DGLA when PUFA are liberated 

from membrane phospholipids by phospholipases. These PUFA serve as a substrate 

for cyclooxygenases, lipoxygenases or cytochrome P450 monooxygenases.154 

Cyclooxygenases generate prostaglandins and thromboxane’s while lipoxygenases 

form hydroxy fatty acids, leukotrienes and lipoxins. Cytochrome P450 

monooxygenases produce hydroxy fatty acids, epoxy fatty acids and dihydroxy fatty 

acids.154 Eicosanoids are short-lived but biologically powerful compounds which can 

modulate inflammation and immune responses as well as play a role in platelet 

aggregation, cell differentiation and growth.154 

 
Thromboxane A2, formed from AA, is a potent vasoconstrictor and platelet aggregator. 

On the other hand, thromboxane A3, formed from EPA, is a less potent 

vasoconstrictor.155 Vascular endothelial tissue lacks thromboxane synthetase, 

however, expresses prostacyclin synthetase which causes the production of 

prostacyclin (PGI2) from AA. PGI2, a potent vasodilator, inhibits platelet aggregation. 

PGI3 formed from EPA, however, is a less potent vasodilator and has weaker platelet 

aggregation properties.155 Therefore, eicosanoids produced from AA generally 

exhibits pro-inflammatory properties while eicosanoids produced from EPA exhibit 
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anti-inflammatory properties.154 In a study by Uauy et al., DHA and EPA reduced the 

clinical risk of developing cardiovascular disease due to the alteration of the duration 

of bleeding and platelet aggregation.149, 156 In a review article, Shahidi et al., 

summarised numerous research findings on the effects of omega-3 PUFA on clinical 

trials in cardiovascular health.149 

 
Monounsaturated fatty acids 

MUFA have higher melting points than PUFA and only contain one double bond in 

their carbon chains. PLA (16:1n-7) an omega-7 MUFA (Figure 2.11) and oleic acid 

(OA; 18:1n-9) an omega-9 MUFA (Figure 2.10) are two common MUFA which occur 

in cis conformation.143, 157 MUFA can be found in numerous vegetable oils such as 

canola and olive oil, various nuts and seeds such as cashews and peanuts, and in 

avocado, olives and certain meats.158 OA can also be synthesized by mammals, 

including humans.153 High levels of MUFA are found in Mediterranean diets.159 A 

traditional Mediterranean diet consists of minimally processed whole grains and 

legumes; a large variety of fresh vegetables consumed daily; fresh fruits; a majority 

source of fats from nuts, seeds and olive oil; moderate fish consumption; low amounts 

and frequency of dairy and red meat intake; and low to moderate wine consumption.159  

 
Recently, in a randomized clinical trial, individuals on a Mediterranean diet were 

supplemented with extra-virgin olive oil and found to have a significant decrease in 

inflammatory markers as well as circulating oxidised LDL.159 It has been reported that 

the Mediterranean diet protects against inflammation, oxidative stress, and platelet 

aggregation; and the modification of growth factors and hormones involved in cancer 

pathogenesis.159, 160 Dietary MUFA intake is also associated with a healthy blood lipid 

profile, mediates blood pressure, and modulates insulin sensitivity as well as 

glycaemic control which can ultimately reduce the risks of developing cardiovascular 

disease.11, 159, 160 In addition, studies suggested that metabolic syndrome and even 

cognitive impairments such as Alzheimer’s disease can be prevented and reduced by 

following a Mediterranean diet.160-162 

 
PA is a saturated FA containing 16 carbons (Figure 2.11).163 It undergoes 

dehydrogenation to form PLA which is a monounsaturated omega-7 FA. PLA has a 

cis double bond at the seventh carbon from the methyl end.12, 164 Dietary sources high 

in PLA include eggs, macadamia nuts, chocolate, olive oil, salmon, cod liver oil and 
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sea buckthorn.164 The biosynthesis of PLA takes place mainly in the liver but may also 

take place in adipose tissue where it can then be incorporated into phospholipids.164 

PLA is synthesized endogenously by adipocytes through the desaturation of PA by 

stearoyl-CoA desaturase (SCD-16). PLA synthesis results from lipogenesis in humans 

and is more abundant in abdominal subcutaneous adipose tissue.12, 163, 164 

Furthermore, PLA is considered a novel lipokine as is it release by adipose tissue but 

exerts an effect on distant organs.164 

 

 
Bolsoni-Lopes et al., demonstrated that the binding affinity of PPAR-α to peroxisome 

proliferator-responsive element (PPRE), its DNA consensus sequence, increased 

significantly after 12 hours of PLA treatment. This indicates that PPAR-α is activated 

by PLA, however, it is unknown whether PLA acts as a direct PPAR-α ligand. Further 

studies are required to establish the mechanism of action.165 Mice treated with PLA 

demonstrated a significant increase in adipocyte lipolysis while mice fed on PA rich 

high fat diet showed a reduction in adipose tissue de novo fatty acid synthesis as well 

as PLA content. This demonstrated that PLA may contribute towards important 

metabolic processes in adipose tissue such as adipocyte lipolysis.165 In animal 

Figure 2.11 Palmitic acid undergoes dehydrogenation to form palmitoleic acid.  

Dehydrogenation of PA can occur via SCD-16 or via beta-oxidation of vaccenic acid, a trans fatty acid 

found in human milk and dairy products, to form PLA. Image created from information by Sansone  

et al.163 
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models, cis-PLA resulted in a reduction in the expression of pro-inflammatory markers 

and adipokines.164 However, in humans, the role of PLA in the development of obesity 

and its influence on liver and cardiovascular health may not be clear. A high 

concentration of PLA was associated with a decrease in the prevalence of diabetes.164  

 
PLA has been associated with suppressing the expression of adipocyte cytokines, 

promoting pancreatic β-cell proliferation as well as its secretary functions, enhancing 

glucose uptake in skeletal muscle, and stimulating the transcriptional activity of  

PPAR-γ.166 In a study by Mozaffarian et al., plasma phospholipid PLA was 

independently associated with favourable high-density lipoprotein (HDL) cholesterol 

as well as total:HDL cholesterol, thus potentially supporting the metabolic benefits 

established in animal models.166 However, it was also associated with increased 

adiposity and triglyceride levels as well as an increase in insulin resistance in men.166 

In contrast, a study by Nestel et al., reported that PLA significantly lowered HDL 

cholesterol in comparison to PA in hypercholesteraemic men.167 Thus, studies have 

demonstrated conflicting results on the effects of PLA on HDL cholesterol and more 

work is required to establish the effects of PLA on HDL cholesterol. 

 
A more recent study by Souza et al., described the anti-inflammatory effect of PLA on 

endothelial cells.168 The study concluded that PLA reduced cytokine and adhesion 

molecule production while downregulating pro-inflammatory gene expression for  

NF-κB, IL-6 and cyclooxygenase-2, and upregulating PPAR-α gene expression.168 PA 

increased the concentration of AA, a pro-inflammatory FA, while PLA increased the 

concentration of vaccenic acid, an anti-inflammatory FA, thus suggesting a protective 

effect against cardiovascular disease.168 Several studies have thus shown the 

beneficial effects of PLA on metabolic processes, cardiovascular health and 

inflammation.164, 166-169 

 

2.7 Fatty acids and bone 
 
There are numerous dietary and other factors which are known to affect bone health. 

These include calcium, PTH, vitamin D, phosphorus, magnesium and potassium which 

enhance bone health.170 An individual’s nutritional requirement changes during their 

lifespan and if not adequate, could result in conditions such as osteopenia and 

osteoporosis.170 PUFA and MUFA have shown promising results in preventing and 
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reducing the effects of metabolic bone conditions in vivo and in vitro, however, their 

exact mechanisms are currently not fully understood.171 

 
2.7.1 In vitro studies 

 
Several in vitro studies have been considered in examining the link between bone and 

FA. Studies of osteoblasts and osteoclasts have mainly focussed on the effects of 

different FA on cells involved in bone formation, bone resorption as well as the 

production of pro-inflammatory or anti-inflammatory cytokines.14, 172 Higher levels of 

soybean, sunflower and corn oils in the diet have been known to inhibit osteogenesis 

through the expression of PPAR-γ in bone cells and thus promoting the differentiation 

of MSCs into adipocytes instead of osteoblasts.173 

 
Saturated and unsaturated FA may act as signal molecules. SFA could produce 

reactive oxygen species (ROS) and accumulation of this leads to lipotoxicity in cells, 

ultimately leading to cellular dysfunction and death.14 PUFA such as AA, ALA and LA 

are natural ligands for PPAR-γ. The effects of compounds derived from the 

metabolism of omega-3 FA have demonstrated weaker effects on MSC differentiation 

into adipocytes than omega-6 FA.14 The activation of PPAR-γ2 by these metabolised 

PUFA leads to a reduction in osteoblast production as a result of an increase in 

adipocyte formation in MSCs.14 Other UFA such as DHA, EPA, PLA and OA have 

been shown to modulate the activity of osteoblasts and osteoclasts though free fatty 

acid receptor 4 in vitro.9  

 
2.7.1.1 Osteoblast studies 

 
In vitro studies have been conducted on the effects of SFA, such as palmitate, on bone 

cells. Palmitate, an ester of PA, has shown to have cytotoxic effects on human MSCs 

and osteoblasts derived from MSCs through inducing endoplasmic reticulum stress 

and activating NF-κB as well as ERK pathways.172 Cells exposed to PA produced  

pro-inflammatory responses, with osteoblasts derived from MSCs displaying more 

sensitive lipotoxicity than undifferentiated MSCs.172 The presence of OA along with 

PA, on the other hand, counteracted the pathways which PA had activated. This may 

be due to OA inducing the esterification of PA into triglycerides and lipid droplet 

storage.172 Studies on the effects of palmitate on osteogenesis in human cells also 
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demonstrated a reduction in transcriptional activity of RUNX2 and β-catenin thus 

negatively affecting bone formation.172  

 
Other studies have reported on the effects of PUFA on osteoblasts. Watkins et al., 

described the modulatory effects of omega-3 PUFA on osteoblast function using 

MC3T3-E1 pre-osteoblasts in vitro and reported that omega-3 PUFA increased the 

expression of ALP activity and reduced prostaglandin E2 (PGE2) production thus 

possibly promoting bone formation by osteoblasts.8 Kasonga et al., conducted a study 

on the effects of different classes of UFA on osteoblast activity in MC3T3-E1 pre-

osteoblasts.9 DHA, EPA, OA and PLA were shown to modulate osteoblast specific 

gene expression using the free fatty acid receptor 4-β arrestin 2 signalling pathway 

thus concluding that this signalling pathway may mediate bone protective effects.9 

 
Poulsen et al., used MC3T3-E1/4 osteoblast-like cells to determine whether the 

omega-6 PUFA, AA, stimulates RANKL expression and whether other PUFA such as 

EPA, DHA and GLA could be used to inhibit RANKL expression in osteoblasts.174 

Secondly, they set out to demonstrate the effects of EPA, DHA and GLA on 

membrane-bound RANKL expression and OPG secretion in MC3T3-E1/4 cells 

stimulated with PGE2 to induce RANKL expression.174 The results indicated that GLA 

and AA cyclooxygenase products such as PGE2 stimulates membrane-bound RANKL 

expression in MC3T3-E1/4 osteoblast-like cells.174 Under standard conditions, EPA 

and DHA had no effect on membrane-bound RANKL expression. However, EPA and 

DHA inhibited the increase in RANKL expression stimulated by PGE2.174 This 

suggests that EPA and DHA may reduce RANKL-mediated osteoclast formation which  

could have an impact on bone loss induced by inflammation.174 In 2013, a study by 

Casado-Diaz et al., examined the effects of AA, EPA and DHA on MSC differentiation 

into osteoblasts or adipocytes.175 The study differentiated human MSCs derived from 

bone marrow in the presence of AA, an omega-6 FA, or EPA and DHA which are 

omega-3 FA.175 Markers for osteoblasts or adipocytes were analysed and results 

showed that AA decreased osteoblast markers and the OPG/RANKL ratio. High 

concentrations of AA also inhibited mineralisation and stimulated the appearance of 

adipocytes to a larger extent in comparison to DHA and EPA.175 Adipogenesis was 

also increased when the cells were exposed to AA while DHA and EPA did not have 

an effect.175 The contradicting results could be due to different types of cell lines used 
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in the two studies as in Poulsen et al., murine osteoblasts cells were used while in the 

study by Casado-Diaz et al., human MSCs were used. 

 
Choi et al., led a study to investigate the effects that DHA and ethyl DHA had on  

MC3T3-E1 osteoblast-like cells.176 The cells were induced to differentiate into 

osteoblasts using ascorbic acid and β-glycerophosphate, with or without mouse 

embryonic fibroblast conditioned medium.176 DHA showed a higher increase in ALP 

levels after 2-3 weeks of differentiation and a higher increase in BMP-2 expression 

compared to ethyl DHA.176 Coetzee et al., studied the effects that AA and DHA had on 

the differentiation of MC3T3-E1 cells into osteoblasts and trans-differentiation into 

adipocytes.177 Results revealed ALP activity was inhibited by long-term exposure of 

AA while DHA inhibited ALP activity in both long-term and short-term exposure.177 The 

study also concluded that AA and DHA did not induce any adipocyte trans-

differentiation due to the absence of cytoplasmic triglyceride accumulation.177 In the 

study of Choi et al., cells were differentiated at intervals of 0, 3, 7, 14 and 21 days 

before ALP activity was measured while in the study of Coetzee et al., cells were 

differentiated for 48 hours before ALP activity was assessed. This could explain the 

differences observed in the results between the two studies. 

 
Watkins et al., conducted a study on rat foetal calvarial cells, where FA altered RUNX2 

gene expression and nodule formation.8 The effects of LA, AA, conjugated LA, and 

EPA was determined in rat foetal calvarial cells at 7, 14 and 21 days.8 Results showed 

that FA increased the expression of RUNX2 which peaked at 14 days of treatment.8 

LA and AA increased RUNX2 expression to a larger extent but EPA increased RUNX2 

expression at 7 and 14 days. Conjugated LA was found to decrease protein expression 

of RUNX2.8 Bone nodule formation was determined where separate Alizarin Red S 

stained aggregates of mineralized bone were counted as nodules.8 Conjugated LA 

exerted an inhibitory effect on bone nodules and ALP activity compared to LA.8 The 

study concluded that the effects of different FA in rat foetal calvarial cells exert different 

effects on bone forming cells as LA and AA increased RUNX2 expression however, 

conjugated LA reduced RUNX2 expression.8 
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2.7.1.2 Osteoclast studies 

 
SFA promoted osteoclast formation in bone marrow macrophages through enhancing 

the NF-κB pathway and osteoclastic differentiation markers.178 The effects of palmitate 

on osteoclast differentiation in RAW264.7 murine macrophages was determined in a 

study by Drosatos‐Tampakaki et al., and found to increase RANKL-mediated 

osteoclastogenesis, however, the effects of palmitate was counteracted by the 

presence of OA.178 Palmitate-mediated osteoclastogenesis was stimulated in the 

absence of RANKL which could be due to the production of TNF-α, which is also 

known to stimulate osteoclastogenesis.178  

 
The role of PLA, a MUFA, on osteoclast formation was previously determined by van 

Heerden et al.12 The study investigated the effects of PLA on osteoclast formation in 

RAW264.7 murine macrophages.12 It was revealed that PLA exhibited  

anti-osteoclastogenic properties as it inhibited osteoclast formation induced by 

RANKL. PLA also affected the expression of osteoclast-specific genes in addition to 

stimulating apoptosis of mature osteoclasts. In RAW264.7 murine macrophages, PLA 

was shown to inhibit pERK and pJNK thus supressing the MAPK pathway.12 

Furthermore, activation of NF-κB and MAPK pathways were inhibited which was 

proposed as a possible mechanism of action for PLA.12 Previous studies have found 

that JNK and p38 MAPK are involved in inducing apoptosis while ERK supresses 

apoptosis.179-182 Cornish et al., explored the effects of SFA, MUFA and PUFA on 

osteoclastogenesis in RAW264.7 murine macrophages.183 Results demonstrated that 

SFA were more potent in inhibiting osteoclast formation in RAW264.7 murine 

macrophages than omega-3 or -6 PUFA.183 

 
Several PUFA have exhibited anti-osteoclastic and anti-osteolytic activities thus 

exerting a protective effect on bone. In the study by Boeyens et al., the effects of 

omega-3 FA, EPA and DHA, as well as the omega-6 FA, AA and DGLA were 

examined on RAW264.7 murine macrophages.184 The PUFA were all found to 

decrease messenger ribonucleic acid (mRNA) and protein markers of osteoclast 

differentiation in addition to reducing osteoclastic bone resorption, with AA and DHA 

being the most effective.184 Recently, Kasonga et al., demonstrated the effects of 

different classes of UFA on osteoclast activity in RAW264.7 murine macrophages.9 
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DHA, EPA and PLA exerted anti-osteoclastogenic effects through the free fatty acid 

receptor 4-β arrestin 2 signalling pathway.9  

 
Rahman et al., examined the effects of DHA and EPA on RANKL-stimulated osteoclast 

formation in RAW264.7 murine macrophages.185 The results of this study indicated 

that DHA is a more potent inhibitor of osteoclastogenesis than EPA. Similarly, DHA 

significantly reduced NF-κB and p38 MAPK pathway activation thus reducing 

osteoclast formation and bone resorption.185 In 2015, Kasonga et al., investigated the 

effects of DHA and AA on osteoclast activity in human CD14+ monocytes isolated 

from peripheral blood.186 Data revealed that DHA and AA reduced the potential to 

differentiate into osteoclasts as well as impaired bone resorption by mature 

osteoclasts.186 Osteoclast-specific gene expression was also shown to be 

downregulated by AA and DHA.186  This confirms earlier work conducted on 

RAW264.7 murine macrophages. 

 
Kasonga et al., furthermore determined how different classes of UFA activate PPARs 

and how this may influence osteoclast signalling using human CD14+ monocytes 

which were differentiated using M-CSF and RANKL.187 AA, EPA and DHA increased 

the activity of PPAR-α and PPAR-γ more so than PPAR-β/δ. Conversely, PLA and 

EPA increased the activity of PPAR-β/δ more than PUFA which suggests that  

PPAR-β/δ had a higher affinity for MUFA than PUFA in osteoclasts.187 The study also 

suggested that this may be a result of the varying concentrations of the UFA used.187 

Fenofibrate, a PPAR-α agonist; Troglitazone, a PPAR-γ agonist; and L-165041, a 

PPAR-β/δ were shown to significantly reduce osteoclast formation at 10 μM. 

Troglitazone exerted the most powerful anti-osteoclastogenic effect while fenofibrate 

exerted the least potent anti-osteoclastogenic effect.187 The PPAR agonists 

downregulated RANKL signalling pathway activation and the expression of osteoclast-

specific gene expression.187 The study concluded that PPAR activation inhibits 

osteoclastogenesis though RANKL signalling modulation.187 

 
2.7.2 In vivo studies 

 
A number of in vivo studies have been conducted on the effects of FA on bone which 

has shown promising results. Several of these studies focussed on the 

occurrence/risks of bone fractures in adolescent and elderly populations.188, 189 Other 
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studies have reported the effects of omega-3 and -6 PUFA in animal and human 

models.173, 188, 190, 191  

 
2.7.2.1 Animal studies 

 
In a study by Lanham et al., high fat/high calorie diets in maternal mice during gestation 

were found to have an effect on their offspring’s bone structure by increasing the bone 

marrow adiposity in the femur compared to the control diet.192 The high fat diet 

consisted of 18% animal lard which contains mostly SFA and some PUFA as well as 

MUFA. Mothers fed on the high fat diet also showed altered in utero offspring 

developmental organisation as their female offspring presented with an altered 

trabecular structure. Thus, in utero nutrition can affect offspring health thus having 

consequences later on in life.192 In a study by Drosatos-Tampakaki et al., OA 

enhanced triglyceride formation which prevented osteoclastogenesis by PA.178 Mice 

fed on PA-enriched high-fat diets showed larger reductions in bone mass and structure 

than mice fed OA-enriched high-fat diets.178 SFA enhanced RANKL-mediated 

osteoclastogenesis through upregulating TNF-α and RANK. 

 
A study led by Mousavi et al., found that the consumption of extra-virgin olive oil, which 

is high in OA, during mice gestation and lactation caused OPG and the OPG/RANKL 

ratio mRNA to be upregulated in the offspring’s bone thus promoting 

osteoblastogenesis.193 However, offspring born to mice who were fed 45% extra-virgin 

olive oil compared to 16% extra-virgin olive oil showed an increase in PPAR-γ gene 

expression and a reduction in OPG and OPG/RANKL mRNA expression thus 

promoting adipogenesis and osteoclastogenesis.193 The study concluded that the type 

and the amount of extra-virgin olive oil fed to maternal mice affected bone remodelling 

markers in adolescent offspring.193 Mousavi et al., also explored the effects of  

extra-virgin olive oil in maternal mice diets and found that the consumption of this 

increased osteoblastic gene expression in adolescent offspring when compared to 

soybean oil.193 However, high amounts of both the oils caused a decrease in 

osteoblast gene expression and an increase in adipogenic gene expression in 

adolescent offspring.193   

 
In 2010, Halade et al., set out to establish a model for high fat diet-induced obesity 

with the aim of associating this condition to osteopenia and osteoporosis.173 They fed 
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10% corn oil to aging female mice, as a high omega-6 dietary fat source is commonly 

observed in Western diets.173 They concluded that the corn oil fed to these  

insulin-resistant and obese female mice, decreased the BMD which was also 

accompanied with increased PPAR-γ expression, increased bone marrow adiposity 

and pro-inflammatory cytokines in the bone marrow.173 Thus mimicking human chronic 

conditions experienced during obesity and post-menopausal bone loss. This model 

could therefore be useful for future studies on obesity, age-related bone loss, and 

dietary fatty acids. 

 
Chen et al., conducted an investigation on the effects of endogenous omega-3 PUFA 

on bone marrow adiposity under conditions of osteoporosis using ovariectomised 

(OVX) FAT1 transgenic mice as their osteoporosis model.194 These mice convert 

omega-6 PUFA to omega-3 PUFA endogenously at a fixed ratio and overexpress the 

FAT1 gene.194 Results showed that omega-3 PUFA inhibited the accumulation of bone 

marrow adiposity which prevents bone loss induced by ovariectomy.194 Transgenic 

mice displayed a significantly lower PPAR-γ expression compared to wild-type mice, 

in addition to a higher RUNX2 gene expression in the bone marrow.194 The study 

concluded that the endogenous conversion of omega-6 to omega-3 PUFA attenuates 

bone marrow adipogenesis which is associated with an increase in RUNX2 expression 

and a decrease in PPAR-γ expression.194 

 
OVX rats fed EPA enriched diets inhibited oestrogen-deficiency induced bone weight 

loss and strength. Thus, omega-3 PUFA may play a role in maintaining bone health.8 

On the other hand, mice fed diets enriched with PA displayed a larger reduction in 

bone mass and structure than mice fed OA enriched diets.14 In a study by Song et al., 

ALA, an omega-3 PUFA, was found to inhibit RANKL-mediated osteoclastogenesis in 

OVX mice through repressing RANKL-induced markers of osteoclasts and the 

phosphorylation of ERK.14, 191  

 
A study by Anez-Bustillos et al., concluded that omega-3 PUFA had no beneficial 

effects on bone in healthy young mice and suggested the beneficial effects of  

omega-3 PUFA may be only become evident in diseased states.190 The study was 

limited as it lacked single housing for mice as well as adequate food intake control for 

each mouse. The activity of the mice were also uncontrolled which can impact bone 

health.190 
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The effects of omega-3 and -6 FA such as EPA, DHA, GLA and a mixture of all three 

(MIX) were analysed in OVX rats in a study conducted by Poulsen et al.195 Results 

indicated that DHA improved bone mineral loss induced through ovariectomy. MIX and 

EPA did not exhibit any bone protective effect against bone loss in the study, however, 

post-OVX bone mineral loss was exacerbated by GLA.195  

 
Li et al., conducted a study using omega-3 FA deficient rats to determine if preformed 

dietary docosapentaenoic acid (DPA) could replace DHA for normal bone growth.196 

The pups were fed artificial rat milk containing ALA in combination with either DHA, 

DPA or a combination of both (DHA/DPA). At adulthood, the rats were euthanized and 

their BMD and bone mineral content (BMC) analysed.196 Results indicated that when 

there was a lack of omega-3 FA in the diet, omega-6 FA replaces omega-3 FA in the 

bone but does not allow for normal bone growth. Rats fed DPA contained higher DPA 

content and presented with the lowest BMC and BMD.196 

 
2.7.2.2 Human studies 

 
A study conducted by Corwin et al., analysed the effects of SFA in American men and 

women using data collected from the National Health and Nutrition Examination 

Survey III.197 This survey set out to assess whether there is an association between 

certain FA, total dietary fat and BMD in the proximal femur of the hip region.197 This 

site is important as it is a vulnerable site for fractures in the elderly.197 Results indicated 

that SFA intake was negatively associated with bone density, especially in men over 

50 years of age.197 High dietary SFA not only increased the risk for cardiovascular 

disease, but also may increase the risk of bone disease.197 

 
There have been a number of studies conducted on human populations on the effects 

of FA and bone but some have shown contradictory results. One study concluded that 

a change in the omega-6/omega-3 ratio from 10:1 to 2:1 had no effect on bone 

resorption or formation markers.198 However, another study concluded that a decrease 

in omega-6/omega-3 ratio resulted in a decrease in bone resorption markers and 

exerted anti-inflammatory effects.199 The decreased ratio of omega-6/omega-3 PUFA 

can reduce inflammation and thus the severity of skeletal conditions such as 

rheumatoid arthritis and osteoporosis.153  
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Plant sources of omega-3 PUFA may exert a protective effect on bone metabolism. 

Griel et al., conducted a controlled feeding study involving middle-aged men and found 

that the incorporation of walnuts and flaxseed in the diet caused a decrease in the 

omega-6/omega-3 PUFA ratio which exerts an anti-inflammatory effect and reduces 

resorption markers in bone.199 

 
Rajaram et al., evaluated bone turnover biomarkers after dietary omega-6/omega-3 

ratio alteration using plant or marine supplementation in healthy adults.198 Twenty-four 

healthy adults took part in the study where participants were given one of four diets: a 

control diet, an EPA/DHA diet, an ALA diet or a combination diet.198 Results suggest 

the diets did not affect any bone resorption or formation markers, however, the study 

also stated that the lack of favourable results could be due to a low bone turnover rate 

in young, healthy adults.198 The small sample size of the study could have influences 

the outcome of the study. 

 
Weiss et al., described the association between omega-6/omega-3 ratio in BMD in 1 

532 men and women from data collected from 1988-1992.200 Results indicate a 

significant inverse relationship between the LA/ALA ratio and hip BMD.200 The study 

concluded that a higher ratio of omega-6/omega-3 is associated with a lower hip BMD 

in men and women.200 

 
A recent study by Vinding et al., examined the effects of omega-3 PUFA 

supplementation during pregnancy on offspring.201 The study involved 736 pregnant 

women who were supplemented with either fish oil or olive oil as a control from the 

24th week of pregnancy up until one week after birth.201 The offspring were found to 

have a higher body mass index (BMI) from 0 to 6 years of age with no increase in 

obesity risk.201 The offspring given fish oil were also found to have increased bone, 

lean and fat mass suggesting their overall growth was stimulated.201 

 
Some studies did not find any beneficial effects of PUFA on the risk of hip fractures in 

human populations while other studies attributed hip fracture risk to other lifestyle and 

dietary factors such as green tea consumption and the number of children born to 

women. Virtanen et al., conducted a study in investigating the effects of fish 

consumption along with EPA and DHA consumption on the BMD and risk of hip 
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fractures in the elderly.202 The study involved 5 045 men and women who were 65 

years of age or older.202 Results suggested that fish consumption and estimated EPA 

and DHA consumption did not significantly lower the risk of hip fractures.202 A high 

intake of tuna and other fish was found to have a small association with lower BMD at 

the femoral neck and there was no apparent dose-dependent relationship.202 A study 

led by Maraki et al., demonstrated that increased BMD in Japanese women could be 

due to the consumption of green tea which contains flavonoids that have been shown 

to induce osteoclast apoptosis.203 The study involved 632 women who were 60 years 

or older.203 The women who drank alcohol and green tea, and were physically active, 

had a higher BMD than the women who smoked.203 The results of this study could 

suggest that the consumption of fish or PUFA may not be the only factor which 

determines bone health in populations known for a high PUFA intake.203 

 
Farina et al., demonstrated the relationship between hip BMD, and dietary PUFA and 

fish intake in adults taking part in the Framingham Osteoporosis Study.204 The study 

found that high intake of fish was associated with a lower rate of bone loss at the four 

year follow up in the femoral neck in men and women, depending on the type of fish 

consumed.204 AA exerted a protective effect in women with a high intake of EPA and 

DHA but not in those with low intakes.204 The effects of EPA, DHA and AA were overall 

protective in men, however, AA was detrimental to men with a low intake of EPA and 

DHA.204 Higher LA intake was also associated with higher rates of bone loss in women 

and not in men.204 The study concluded that AA may exert protective effects on bone 

depending on EPA and DHA intake.204 

 
In 2016, a short-term study conducted by Fonolla-Joya et al., aimed to evaluate the 

effects of dairy products enriched with PUFA on bone metabolism in 117 healthy 

postmenopausal women.205 The women were given low-lactose skimmed milk 

enriched with EPA and DHA, or OA. UFA had no effect on bone turnover markers or 

OPG in the treatment groups, however, RANKL was reduced which may indicate a 

reduction in bone resorption.205 A high bone turnover may results in an increased 

fracture risk in postmenopausal women thus a reduction in bone resorption could 

result in a reduced fracture risk.205 

 
A secondary analysis of cross-sectional data from 6 cohorts of postmenopausal 

women was performed by Harris et al., in 2015.206 Mean intake of dietary PUFA were 
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assessed and results showed that ALA and LA was significantly inversely associated 

with total body and lumbar spine BMD. AA had a positive association to BMD in the 

trochanter.206 In the hormone therapy group, which consisted of women supplemented 

with hormone therapy, ALA and LA together had a positive association to total body 

BMD while ALA alone had an inverse relationship to total body and spine BMD.206 This 

study demonstrates that hormone therapy may modulate the effects of PUFA on 

bone.206   

 
To conclude, the beneficial effects of PUFA on human bone health have been 

identified in some studies204, 207-211 but not in others.202, 203, 212 There are several 

challenges between nutrition and bone health which have been commonly outlined 

and these include [1] very few studies were reported that look at the cumulative effects 

of diets throughout life, [2] deleterious bone outcomes usually only become evident 

later on in life, [3] single dietary nutrients make a small contribution to dietary 

composition thus a whole-diet approach seems to be a superior method to analyse the 

effects of diets on bone health, and [4] diets depend on the socioeconomic status and 

lifestyle decisions of an individual as factors such smoking and physical inactivity 

affects bone health.170 Bone health is likely more influenced by the effects of a mixed 

type of nutrients in a diet rather than a single nutrient.14 
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Chapter 3  

Materials and methods 

3.1 Logistics 
 
All experiments were conducted in the laboratories of Department of Physiology and 

the Centre for Neuroendocrinology at the University of Pretoria. Photomicrographs 

were taken at the Department of Physiology at the University of Pretoria.  

 

3.2 Ethical consent 
 
Ethical consent was obtained from the Faculty of Health Sciences Research Ethics 

Committee at the University of Pretoria. (Reference number 386/2018, Appendix A) 

 

3.3 General laboratory procedures 
 

3.3.1 Materials and reagents 

 
PLA was bought from Cayman Chemical Company (Ann Arbor, MI, USA). Resazurin, 

trypan blue, Triton X-100, 1% antibiotic solution (fungizone, streptomycin and 

penicillin), goat anti-rabbit IgG antibody horseradish peroxidase (HRP) conjugate and 

all other chemicals of research grade was purchased from Sigma Aldrich (St. Louis, 

MO, USA). Dulbecco’s Modified Eagles Medium (DMEM) (Cat #11594486) and 

Trypsin-ethylenediaminetetraacetic acid (EDTA) (Cat #10779413) were purchased 

from GIBCO  (Invitrogen Corp, Carlsbad, CA, USA) or from Biowest (Cat #X0930-100) 

(MO, USA), and heat inactivated foetal bovine serum (FBS) was bought from 

Capricorn Scientific (Cat #FBS-GI-12A) (Ebsdorfergrund, Germany). Consumable 

plastic ware such as culture flasks, culture plates, pipette tips, syringes, etc. were 

purchased from Lasec (Midrand, GP, SA). Clarity Western ECL Substrate was bought 

from Bio-RAD (Hercules, CA, USA). M-MuLV reverse transcriptase was purchased 

from New England Biolabs (Ipswich, MA, USA). The bicinchonic acid (BCA) protein 

assay kit was purchased from Thermo-Fischer Scientific (Rockford, IL, USA). Primary 

antibodies against p38 MAPK was supplied by Abcam (Cambridge, MA, USA); 

antibodies against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and pp38 
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MAPK was supplied by Sigma Aldrich (St. Louis, MO, USA); antibodies against JNK 

and ERK was supplied by Signalway Antibody (College Park, MD, USA); and 

antibodies against pJNK and pERK was supplied by Research and Diagnostic 

systems (R & D systems, Minneapolis, MN, USA). Primers for ALP, RUNX, OCN Osx, 

OPG, GAPDH and RANKL were synthesized and purchased from Inqaba Biotec 

(Pretoria, GP, SA). 

 
3.3.2 Preparation of buffers and solutions 

 
Table 1. Preparation and storage of buffers and solutions used in this study. 

Compound Preparation and storage 

Buffers: 

1. Phosphate buffered saline (PBS) 

 

For 10X stock solution: 

80 g NaCl, 2 g KCl, 2 g KH2PO4 and 10,5 g 

Na2HPO4 in 1 L double distilled water (ddH2O). 

pH adjusted to 7.4.  

Working solution: stock solution diluted 10 times 

in ddH2O and autoclaved. 

Aliquots stored at 4˚C in the dark. 

2. Trypsin-EDTA working solution 50 mL Trypsin-EDTA prepared in 450 mL 

autoclaved sterile PBS.  

Aliquots stored at -20˚C in the dark. 

3. Freeze medium  40% FBS, 50% serum free DMEM and 10% 

dimethyl sulfoxide (DMSO). 

4. Trypan blue dye, 0.5% 0.5 g prepared in 100 mL PBS. 

5. Resazurin solution, 0.02% (w/v) 0.02 g diluted in 100 mL ddH2O. 

6. Osteogenic media (OM): 

β-glycerophosphate  

 

 

 

Ascorbic acid 

 

 

 

Dexamethasone 

 

For 10 mM solution:  

0.017 g β-glycerophosphate prepared in 8 mL 

complete DMEM*. 

 

50 mM prepared in ddH2O. 

Aliquots stored at -80˚C in the dark, diluted to 50 

μM in complete DMEM*. 

 

1 mM prepared in 100% ethanol. 

Aliquots stored at -80˚C in the dark, diluted to 1 

μM in complete DMEM*. 
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7. ALP assay buffer 5 mM 4-nitrophenyl phosphate disodium, 0.5 

mM MgCl2, 0.1% Triton X-100 in 50 mM Tris-

HCl with the pH adjusted to 9.5. 

8. Alizarin Red S staining solution, 2% (w/v) 0.2 g Alizarin Red S prepared in 10 mL ddH2O. 

9. Lysis buffer: RIPA buffer 50 mM Tris, 150 mM NaCl, 0.1% sodium 

dodecyl sulfate, 0.5% sodium deoxycholate, 1% 

Triton X-100, 2 mM EDTA and 50 mM NaF with 

the pH adjusted to 7.4. 

10. Loading buffer (6X) 0.5 M Tris [pH 6.8], 10% SDS, 30% glycerol, 

0.03% bromophenol blue and 6%  

β-mercaptoethanol. 

11. Tris-glycine transfer buffer  

 

For 10X stock solution: 

144 g glycine and 30.3 g Tris, filled to 1 L with 

ddH2O. Stored at room temperature. 

For 1X solution: 

100 mL 10X Tris-glycine transfer buffer, 200 mL 

methanol and 700 mL ddH2O. 

12. Oil Red O solution For 0.5% (w/v) stock solution:  

0.25 g Oil Red O diluted in 50 mL isopropanol. 

Stored for up to 3 months at room temperature. 

For a 60% (v/v) working solution: 

4.2 mL Oil Red O stock solution and 2.8 mL 

ddH2O. 

Incubate solution for 10 minutes and then filter 

the solution.  

 

*Complete DMEM - DMEM supplemented with 10% FBS 
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Table 2. Preparation and storage of primers and antibodies used in this study. 

Compound Preparation and storage 

1. Primers: 

GAPDH 

ALP 

RUNX2 

Osx 

OCN 

OPG 

RANKL 

 

All primers were reconstituted to 100 μM in 

nuclease free water. 

For 10 μM working solution:  

10 μL of forward and 10 μL reverse primer 

prepared in 80 μL nuclease free water.  

Aliquots stored at -20˚C in the dark. 

(Primer sequences can be found in Table 3) 

2. Antibodies: 

GAPDH 

ERK 

pERK 

 

1 mg/mL in PBS.  

Aliquots stored at -20˚C in the dark. 

 

 

3.3.3 Cell culturing and maintenance 

 
ASCs were isolated from human abdominal subcutaneous adipose tissue from donors 

undergoing liposuction as previously described, and preserved in liquid nitrogen.213 

These cells were made available (by the Institute of Cellular and Molecular Medicine, 

University of Pretoria) for use in this study. ASCs were maintained in complete ASC 

media (DMEM supplemented with 10% FBS and 1% antibiotic solution containing 0.25 

μg/mL fungizone, 100 μg/mL streptomycin and 100 ug/mL penicillin).6 

 
The MG-63 osteosarcoma cell line (MG63-C) was purchased from Cellonex (South 

Africa). MG-63 cells were maintained in complete DMEM supplemented with 10% 

FBS.214  MG-63 osteosarcoma cells were chosen for this study as these cells have 

previously successfully been used as an in vitro model for osteoblastogensis.215 The 

cell line has a doubling time of 38 hours and can be cultured indefinitely.215, 216  

 
All cells were cultured under sterile conditions at 5% CO2 and 37˚C in a humidified 

incubator. Cells were sub-cultured at 80% confluency in T-75 flasks by removing the 

medium, rinsing the cells twice with sterile PBS (Table 1 #1) and adding 5 mL  

Trypsin-EDTA (Table 1 #2) for 7 minutes at 37˚C in a humidified incubator.6 Fresh 

medium was added, the cells were aspirated and placed into a 15 mL tube, and were 

centrifuged. The supernatant was removed and fresh media was used to re-suspend 
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the cells. The cells were aspirated and 500 000 cells were placed into a new culture 

flask. Medium was replaced 1-2 times per week.9 To freeze cell stock away, cells were 

frozen in cryovials at a density of 1x106 cells per mL in freeze medium (Table 1 #3) 

and placed into long-term storage in liquid nitrogen when not in use, or in -80˚C freezer 

for short-term storage. The cell count, passage and dates were recorded. ASCs were 

only used in experiments up until a passage of 10, while MG-63 cells were only used 

in experiments up until a passage of 30. All cell culture work was performed in a sterile 

laminar flow cabinet to guarantee there was no contamination. 

 
3.3.4 Palmitoleic acid and vehicle preparation (Stock solution preparation and 

storage) 

 
Stock concentrations of 10 mM PLA were prepared in ethanol. Aliquots were stored at 

-80°C in the dark until required. The stock solutions were freshly diluted to the required 

concentrations ranging from 20-100 µM in complete DMEM. The highest concentration 

of ethanol did not exceed 0.1% during the experiments and was used as the vehicle 

control (VC).186 

 
3.3.5 Trypan blue exclusion and cell counting for experiments 

 
Cell counts were obtained using Trypan blue dye exclusion and a haemocytometer. 

Cells were trypsinized, centrifuged and re-suspended in DMEM. Twenty microliters 

cell suspension was added to 80 μL PBS. A 1:1 working solution was prepared using 

20 μL of Trypan blue dye (Table 1 #4) and 20 μL of the cell solution.217 Thereafter,  

20 μL was pipetted onto the haemocytometer under a coverslip. The viable cells were 

counted in four quadrants using an Olympus CKX53 microscope equipped with an 

SC30 camera (Olympus, Tokyo, Japan).217 Non-viable cells stained blue and were not 

counted. The total number of viable cells over the four quadrants was averaged and 

multiplied by 105 to obtain the number of viable cells per mL.217 

 

3.4 Methods for experiments 
 
3.4.1 Resazurin assay for the detection of cell viability 

 
A cell viability assay was used to assess the number of viable cells after the addition 

of a treatment or compound. Resazurin is specifically used to measure the cytotoxicity 
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or proliferation of a compound.218 ASCs and MG-63 osteosarcoma cells were seeded 

at 5 000 cells per cm2 and 10 000 cells per cm2 into a sterile 96-well plate in complete 

ASC media and complete DMEM (VC), respectively, and incubated for 24 hours to 

allow attachment. A control was used which contained 0.1% Triton X-100. Triton X-

100 permeabilized the cell membranes and therefore inhibited the metabolic activity 

of the cells.219 Osteogenic media or varying concentrations of PLA (20, 40, 60, 80 and 

100 μM) were added to the cells and incubated for a further 24 hours. At the end of 

the culture period, a 10% resazurin working solution made up of 0.02% resazurin 

solution (Table 1 #5) and complete DMEM was added to each well in order to assess 

the metabolic activity of the cells. The plates were then incubated for 1-4 hours at 37ºC 

in the dark until the solution turned light purple/violet.219  

 
The active ingredient resazurin is water-soluble and non-toxic. The solution is dark 

blue and is reduced to a fluorescent light purple/violet colour known as resorufin as it 

is an electron acceptor.219 Once the solution turned purple, absorbance was measured 

using an Epoch Micro-plate spectrophotometer (BioTek Instruments Inc., Winooski, 

VT, USA) at a wavelength of 570 nm and a reference wavelength of 600 nm.12, 219 Cell 

viability was calculated according to the Bio-RAD protocol for the alamarBlue 

spectrophotometry. Three independent experiments were conducted and each 

sample was seeded in triplicate. 

 
3.4.2 Osteoblast differentiation 

 
For osteogenic differentiation to occur, complete DMEM supplemented with OM 

containing β-glycerophosphate, ascorbic acid and dexamethasone (Table 1 #6) is 

required for at least 21 days. Dexamethasone prevents apoptosis from occurring and 

also enhances MSC proliferation.220-222 It further enhances osteoblast differentiation 

by modulating RUNX2 phosphorylation.223 β-glycerophosphate serves as a source of 

phosphate needed for hydroxyapatite formation as well as for the phosphorylation of 

ERK1/2, and ascorbic acid enhances osteogenic differentiation through the secretion 

of COL1.223 
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3.4.3 Alkaline phosphatase (ALP) activity assay as an early marker for the 

detection of osteoblast differentiation 

 
Alkaline phosphatase is an early marker for osteoblast differentiation as it is an 

enzyme which is released during bone formation and therefore is a by-product of 

osteoblastogenesis.224 ASCs and MG-63 cells were seeded at 5 000 cells per cm2 and 

10 000 cells per cm2 into a sterile 48-well plate in complete ASC media and complete 

DMEM, respectively, and incubated for 24 hours to allow attachment. Cells were 

differentiated in the presence of OM and PLA (20, 40, 60, 80 and 100 μM) which was 

replaced every 2-3 days. ALP activity assay was used to indicate the presence of 

osteoblast cells after 21 days of differentiation.225 Three independent experiments 

were conducted and each sample was seeded in duplicate. 

 
At the end of culture, cells were fixed with 4% formaldehyde in PBS for 15 minutes. 

ALP was assayed using a colorimetric assay where p-nitrophenylphosphate is 

converted into p-nitrophenol.  The fixed cells were incubated with ALP assay buffer 

(Table 1 #7) for 60 minutes at 37˚C.177 Subsequently, 100 μL of the ALP assay buffer 

was transferred to a new 96-well plate and absorbance was read at 405 nm 

wavelength using an Epoch Micro-plate Spectrophotometer (Biotek Instruments Inc., 

Winooski, VT, USA).177  

 
3.4.4 Alizarin Red S staining for the detection of calcium in the mineral matrix 

 
Alizarin Red S staining is used to stain calcium secreted by tissues such as osteogenic 

lineage cells.226 ASCs and MG-63 osteosarcoma cells were seeded at 5 000 cells per 

cm2 and 10 000 cells per cm2 into a sterile 48-well plate in complete ASC media and 

complete DMEM, respectively, and incubated for 24 hours to allow attachment. Cells 

were differentiated in OM in the presence of PLA (20, 40, 60, 80 and 100 μM) for 21 

days. Media and all factors were replaced every 2-3 days. 

 
At the end of culture, Alizarin Red S staining was performed whereby the cells were 

fixed with 3.7% formaldehyde for 1 hour. The cells were subsequently washed with 

PBS at a pH of 4.2 for 5 minutes and then stained in a 2% (w/v) solution of Alizarin 

Red S (Merck, Germany) (Table 1 #8) for 10 minutes.6 Thereafter, the stained cells 

were rinsed with ddH2O and visualised by light microscopy. Photomicrographs were 



 

52 
 

taken using an Olympus CKX53 microscope equipped with an SC30 camera 

(Olympus, Tokyo, Japan).6, 225  

 
Thereafter, for quantification, Alizarin Red S was eluted using 200 μL 10% acetic acid 

and neutralized with 200 μL 10% ammonium hydroxide where it was transferred to a 

new 96-well plate. The absorbency was read at 405 nm using an Epoch Micro-plate 

Spectrophotometer (BioTek Instruments Inc., Winooski, VT, USA).226 Three 

independent experiments were conducted and each sample was seeded in duplicate. 

 
3.4.5 Quantitative-Polymerase Chain Reaction for the detection of osteoblast 

specific genes 

 
Quantitative polymerase chain reaction, a method used to analyse mRNA levels was 

used to study the effects of PLA on osteoblast specific markers. ASCs and MG-63 

osteosarcoma cells were seeded at 5 000 cells per cm2 and 10 000 cells per cm2 into 

a sterile 48-well plate in complete ASC media and complete DMEM, respectively, and 

incubated for 24 hours to allow attachment. The cells were then differentiated in the 

presence of OM and PLA (100 μM) which was replaced every 2-3 days.  

 
Osteoblasts were analysed for early bone specific gene expression markers for up to 

14 days of differentiation. The data was analysed using the 2-∆∆CT method after results 

were normalized using GAPDH, as PLA did not affect GAPDH expression.12 Genes 

for early bone biomarkers were analysed after 7 and 14 days of differentiation. These 

markers include ALP, RUNX2, Osx, OCN, OPG and RANKL. Genes for late bone 

biomarkers such as ALP, OCN, BSP and PPAR-γ could not be analysed at 21 days of 

differentiation as planned due to the difficulty in extracting mRNA from the mineralised 

matrix. 

 
Messenger ribonucleic acid was extracted using 300 μL TRI reagent (Thermo-Fischer 

Scientific, USA).227 The samples were left at room temperature for 5 minutes to allow 

dissociation of the nucleoproteins, thereafter, 60 μL chloroform was added and the 

samples were vortexed and incubated at room temperature for 2-3 minutes.227 The 

samples were centrifuged at 12 000 xg for 15 minutes at 2-8˚C where the mixture 

separated into a red phenolchloroform layer, an interphase layer and an aqueous 

layer. The RNA was present in the aqueous layer which was transferred and 
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precipitated by adding 0.5 mL of isopropyl alcohol per 1 mL trizol reagent. The RNA 

was subsequently incubated for 10 minutes at 15-30˚C and centrifuged at 12 000 xg 

for 10 minutes at 4˚C where a gel pellet formed. Thereafter, the supernatant was 

removed completely and the pellet was washed twice using 300 μL of 75% ethanol. 

The ethanol was removed and the pellet was then air-dried and dissolved in 10 μL 

DNAse and RNAse free polymerase chain reaction (PCR)-grade water. RNA was 

quantified using a NanoDrop 1000 Spectrophotometer (ThermoFischer Scientific, MA, 

USA), where a 260/280 ratio of 2 was accepted as pure RNA. 

 
Complementary DNA (cDNA) was reverse transcribed from RNA using M-MuLV 

reverse transcriptase and incubated in the oven at 42˚C for 1 hour.227 Thereafter, the 

enzyme was inactivated at 90˚C and the DNA was stored at -20˚C until needed. The 

primers used in this study (Table 2 #1) are osteoblast-specific genes and were 

synthesized by Inqaba Biotec (Pretoria, South Africa) using the sequences given in 

Table 3. The cDNA was added to forward and reverse primers for the  

osteoblast-specific genes.225  

 
Luna Universal qPCR Master Mix (New England Biolabs, Ipswich, MA, USA) along 

with GAPDH and gene primers, were used for qPCR.12, 228 The samples were 

centrifuged, placed in a Lightcycler nano (Roche, Switzerland) and run on a 3-step 

cycling using the cycles given in Table 4. Three independent experiments were 

conducted and each sample was seeded in duplicate. 

 
 Table 3: Primers which were used for the qPCR. 

 Forward primer sequence (5’ – 3’) Reverse primer sequence (5’ – 3’) 

GAPDH GAAAGCCTGCCGGTGACTAA GCCCAATACGACCAAATCAGAG 

Alkaline 

phosphatase 
CTATCCTGGCTCCGTGCTCC GTTAACTGATGTTCCAATCCTGCG 

RUNX2 TGCTTCATTCGCCTCACAAA GCCTTAAATGACTCTGTTGGTC 

Osterix GAGTGGAACAGGAGTGGAGC GATGGAGAGAGCTGGGGGAA 

Osteocalcin CCTCTCCGGGATGGTCTGTG CCCGTGCAAAATGCCCATC 

OPG TGGAATAGATGTTACCCTGTGTGA TGCGTTTACTTTGGTGCCAG 

RANKL ATGTTCGTGGCCCTCCTG GGATCCATCTGCGCTCTGAAA 
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Table 4: The cycles and their duration used in the Lightcycler nano for qPCR. 

 
3.4.6 Western blotting for the detection of mitogen-activated protein kinase 

(MAPK) protein expression 

 
Western blotting is a method used to examine specific proteins such as those involved 

in the MAPK pathway through gel electrophoresis.12 MG-63 osteosarcoma cells were 

trypsinized and seeded at 104 000 cells per cm2 into a sterile 6-well plate in complete 

DMEM and incubated for 24 hours to allow attachment. Cells were treated for 3, 6 and 

24 hours in OM and in the presence of PLA (100 μM). Cells were then scraped in ice 

cold Tris-buffered saline (TBS) and the samples were placed on ice. The cells were 

lysed in ice-cold lysis buffer (Table 1 #9) supplemented with protease, phosphatase 

inhibitors and phenylmethane sulfonyl fluoride (PMSF) for 30 minutes on ice.229 The 

samples were subsequently vortexed every 10 minutes. Thereafter, the lysed cells 

were centrifuged at 15 000 xg for 10 minutes at 4˚C to extract total cellular proteins. 

The supernatant was stored at -80˚C in the dark until needed.229  

 
The extracted proteins were quantified using a BCA protein assay kit.12 Thereafter, 

loading buffer (Table 1 #10) was added and the samples were denatured at  

60-90˚C for 10 minutes. Equal amounts of proteins were then fixed on a 12% 

polyacrylamide gel. Proteins were electrotransferred onto nitrocellulose membranes 

using a Tris-glycine transfer buffer (Table 1 #11). TBS, pH 7.4 with 0.05% Tween-20 

(TBS-T) solution containing 5% bovine serum albumin (BSA) was used to block the 

membranes for one hour.229 The membranes were probed with specific primary 

antibodies and GAPDH (housekeeping antibody) (Table 2 #2) at 4˚C overnight. The 

membranes were washed 3 times at 10 minute intervals using 5 mL TBS-T and then 

incubated with goat anti-rabbit IgG antibody HRP conjugate (1:20 000) for one hour. 

The blots were washed again as described previously and thereafter, developed using 

the Bio-RAD Clarity Western ECL substrate and a Chemidoc MP (Bio-RAD, Hercules, 

Cycles  Temperature Duration Step 

1 95˚C 1 minute Polymerase activation 

40-45 
95˚C 15 seconds Denaturing 

60˚C 30 seconds Extension 

1 60-95˚C various Melt curve 
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CA, USA). The images were analysed making use of ImageJ software and 

densitometric data for band intensities was generated.12, 230 Three single independent 

experiments were conducted. 

 
3.4.7 Oil Red O staining for the detection of adipocytes 

 
Oil Red O is a dye used to stain neutral triglycerides such as those found in adipocytes. 

An Oil Red O staining procedure was performed to ensure that cells did differentiate 

into osteoblasts and not adipocytes. A 0.5% Oil Red O stock solution (w/v) was 

prepared in isopropanol followed by a 60% working solution (Table 1 #12).6  

 
ASCs and MG-63 osteosarcoma cells were seeded at 5 000 cells per cm2 and 10 000 

cells per cm2 into a sterile 48-well plate in complete ASC media and complete DMEM, 

respectively, and incubated for 24 hours to allow attachment. Cells were then 

differentiated in the presence of OM and PLA (20, 40, 60, 80 and 100 μM) which was 

replaced every 2-3 days. Differentiated cells were analysed for the presence of mature 

adipocytes after 21 days of differentiation.  

 
At the end of the culture period, cells were fixed in 3.7% formalin prepared in PBS and 

incubated for 30-60 minutes at room temperature. The formalin was discarded and the 

cells were rinsed with ddH2O. One hundred microliters Oil Red O staining solution was 

added to each well and incubated at room temperature for 5 minutes.6 The staining 

solution was rinsed off until clear and thereafter, haematoxylin was added as a 

counterstain for 1 minute at room temperature. Subsequently, the haematoxylin was 

rinsed off and the cells were left to dry completely.231 Cells were then visualised by 

light microscopy and photomicrographs were taken using Olympus CKX53 

microscope equipped with an SC30 camera (Olympus, Tokyo, Japan).  

 
For quantification, the Oil Red O stained lipid droplets within adipocytes were eluted 

by adding 500 μL of 100% isopropanol to each well for 10 minutes at room 

temperature.232 One hundred microliters was then transferred from each well into a 

new 96-well plate and absorbance was read at 500 nm using an Epoch Micro-plate 

Spectrophotometer (BioTek Instruments Inc., Winooski, VT, USA).6, 231 Three 

independent experiments were conducted and each sample was seeded in duplicate. 
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3.5 Sample size and data analysis 
 
Three independent experiments were conducted in triplicate unless otherwise stated, 

and exposed cells were compared to the VC+OM. Results were displayed as the mean 

± the standard deviations. Statistical analysis was done using appropriate one or two-

way analysis of variance (ANOVA), followed by Bonferroni’s post test to determine the 

effects of PLA on cell viability, alkaline phosphatase activity, calcium mineralisation, 

adipogenesis, gene and protein expression, in MG-63 osteosarcoma cells and ASCs. 

Linear contrasts have been evaluated between different concentrations.  

P-values<0.05 were considered significant. Data analysis methods were established 

in a consultation with Prof PJ Becker from the Biostatistics Unit in the Faculty of Health 

Sciences Research Office, University of Pretoria. GraphPad Prism version 5.00 

software, (GraphPad Software Inc., California, USA) was used to obtain the statistical 

analysis of the data.  
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Chapter 4  

Results 

4.1 Cell viability: Resazurin assay 
 

The effects of PLA on cell viability in undifferentiated human ASCs and MG-63 

osteosarcoma cells was investigated using a resazurin assay. Cells were treated using 

various concentrations of PLA determined in previous studies for 24 hours and 

thereafter, cell viability was determined.12 A resazurin assay contains resazurin, a blue 

dye which becomes reduced to a purple state. The intensity of the reduced state is 

proportional to the amount of living cells and thus can be used as an indicator of cell 

viability.219 

 
4.1.1 The effects of palmitoleic acid on cell viability in undifferentiated adipose-

derived stromal cells  

 
ASCs exposed to OM (containing differentiation factors) and 20-100 μM PLA for 24 

hours showed no significant effect on cell viability when compared to cells grown in 

media in the absence of differentiation factors (VC) as seen in Figure 4.1.  

Triton X-100 was included to observe the effects when cells are not metabolically 

active as this permeabilizes the cell membrane and harms the cell resulting in a 

decreased cell viability. Triton X-100 significantly reduced (p<0.001) the cell viability 

of the ASCs compared to the VC. 

Figure 4.1. The effects of PLA on cell viability in ASCs after 24 hours of exposure. 

ASCs were seeded at 5 000 cells per cm2 in a 96-well plate and were allowed to attach. Cells were 

exposed to a range of PLA concentrations (20, 40, 60, 80, 100 μM) and OM for 24 hours. Cell viability 

was expressed relative to the vehicle control (VC). Data are representative of three independent 

biological repeats which were performed in triplicate. ***p<0.001 vs VC. 

Triton X-100 OM VC 20 40 60 80 100
0

50

100

150

***

PLA concentration (M)

%
 C

e
ll
 v

ia
b

il
it

y
 r

e
la

ti
v
e
 t

o
 V

C



 

58 
 

 
4.1.2 The effects of palmitoleic acid on cell viability in undifferentiated MG-63 

osteosarcoma cells 

 
MG-63 cells exposed to OM and 20-100 μM PLA for 24 hours showed no significant 

decreases in cell viability when compared to cells grown in the absence of 

differentiation factors (VC) as shown in Figure 4.2. Triton X-100 was included to 

observe the effects when cells are not metabolically active as this permeabilizes the 

cell membrane and harms the cell resulting in a decreased cell viability. Triton X-100 

significantly reduced (p<0.001) cell viability of the MG-63 cells compared to the VC.  

Figure 4.2. The effects of PLA on cell viability in MG-63 cells after 24 hours of exposure. 

MG-63 osteosarcoma cells were seeded at 10 000 cells per cm2 in a 96-well plate and were allowed to 

attach. Cells were exposed to a range of PLA concentrations (20, 40, 60, 80, 100 μM) and OM for 24 

hours. Cell viability was expressed relative to the VC. Data are representative of three independent 

biological repeats which were performed in triplicate. ***p<0.001 vs VC. 

 

4.2 Alkaline phosphatase activity assay 
 
The effects of PLA on ALP activity was assessed in ASCs and MG-63 osteosarcoma 

cells using ALP activity assay. Cells were differentiated and treated with various 

concentrations of PLA for up to 21 days. Thereafter, ALP activity was measured and 

represented graphically. ALP is an enzyme which increases when osteoblasts are 

active.  
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4.2.1 The effects of palmitoleic acid on alkaline phosphatase activity in 

differentiated adipose-derived stromal cells  

 
ASCs were exposed to 20-100 μM PLA for up to 21 days in the presence of OM. 

Overall, a higher ALP activity was detected at 7 days compared to 14 and 21 days 

(Figure 4.3). ALP activity peaked at 60 μM PLA, this was however not significant 

compared to the VC in the presence of osteogenic factors (VC+OM). The ALP activity 

remained constant over all PLA concentrations for the 14 and 21 days of exposure.  

 Figure 4.3. The effects of PLA on ALP activity in ASCs at 7, 14 and 21 days of differentiation. 

ASCs were seeded at 5 000 cells per cm2 in a 48-well plate and allowed to attach overnight. Cells were 

exposed to a range of PLA concentrations (20, 40, 60, 80, 100 μM) in OM. Absorbance was measured 

at 405 nm. Data are representative of three independent biological repeats which were performed in 

duplicate.  

 

4.2.2 The effects of palmitoleic acid on alkaline phosphatase activity in 

differentiated MG-63 osteosarcoma cells 

 
MG-63 osteosarcoma cells were exposed to 20-100 μM PLA for up to 21 days in the 

presence of OM. Results revealed no significant changes in ALP activity at 7, 14, and 

21 days in cells grown the presence of PLA when compared to the relevant VC+OM  

(Figure 4.4). ALP activity increased at 21 days compared to 7 and 14 days. This 

however was not statistically significant.  
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Figure 4.4. The effects of PLA on ALP activity in MG-63 cells at 7, 14 and 21 days of 

differentiation. 

MG-63 were seeded at 10 000 cells per cm2 in a 48-well plate and allowed to attach overnight. Cells 

were exposed to a range of PLA concentrations (20, 40, 60, 80, 100 μM) in OM. Absorbance was 

measured at 405 nm. Data are representative of three independent biological repeats which were 

performed in duplicate. 

 

4.3 Mineralisation: Alizarin Red S staining 
 
During bone formation, bone becomes mineralised in the late stages of differentiation. 

The effects of PLA on calcium mineralisation was assessed in ASCs and MG-63 

osteosarcoma cells using an Alizarin Red S staining. Cells were differentiated and 

treated with various concentrations of PLA for 14 and 21 days. Thereafter, the staining 

was eluted and represented graphically. 

 
4.3.1 The effects of palmitoleic acid on Alizarin Red S staining in differentiated 

adipose-derived stromal cells  

 
ASCs were exposed to 20-100 μM PLA for 14 and 21 days in the presence of OM. No 

stained calcium nodules were observed at 14 days of differentiation (Figure 4.5). 

Darker red stained areas were seen in the VC, VC+OM, 80 μM and 100 μM PLA at 14 

days. Morphological changes were seen at 14 days where cells in the VC were thinner 

and more spindle shaped. Cells exposed to OM and PLA were larger and less spindle 

shaped. 

 
At 21 days of differentiation (Figure 4.6), again Alizarin Red S stained calcium nodules 

were not present. Darker red stained areas were present at 40-100 μM PLA. 
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Morphological changes were seen at 21 days of differentiation. In the VC, cells were 

smaller and more spindle shaped whereas in VC+OM and PLA treated cells, the cells 

were more round and larger in size.  

 
The staining was eluted, measured by spectrophotometry and represented graphically 

(Figure 4.7). Results at 14 days showed the absorbance was not significantly 

increased between the VC+OM and PLA treated cells, however, there was an increase 

in the absorbance of the eluted dye at 20 μM, 60 μM and 80 μM PLA. This correlates 

with results seen in Figure 4.5 at 80 μM PLA. 

 
At 21 days, the absorbance was increased at 20- 100 μM PLA, which was statistically 

significant (p<0.05) at 80 μM PLA compared to the VC+OM. This corresponds with 

darker stained areas which were observed in Figure 4.6. A trend was observed where 

there was an increase in the absorbance at 21 days compared to 14 days for 80 μM 

and 100 μM PLA.  



 

62 
 

 

Figure 4.5. The effects of PLA on mineralisation in ASCs at 14 days of differentiation. 

ASCs were seeded at 5 000 cells per cm2 in a 48-well plate and allowed to attach overnight. Cells were 

exposed to a range of PLA concentrations (20, 40, 60, 80, 100 μM) in OM. Alizarin Red S staining was 

performed. Data are representative of three independent biological repeats which were performed in 

duplicate. Scale bar = 0.5 mm 
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Figure 4.6. The effects of PLA on mineralisation in ASCs at 21 days of differentiation. 

ASCs were seeded at 5 000 cells per cm2 in a 48-well plate and allowed to attach overnight. Cells were 

exposed to a range of PLA concentrations (20, 40, 60, 80, 100 μM) in OM. Alizarin Red S staining was 

performed. Data are representative of three independent biological repeats which were performed in 

duplicate. Scale bar = 500 μm. 
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Figure 4.7. Quantification of Alizarin Red S staining elution in ASCs at 14 and 21 days of 

differentiation in the presence of PLA. 

ASCs were seeded at 5 000 cells per cm2 in a 48-well plate and allowed to attach overnight. Cells were 

exposed to a range of PLA concentrations (20, 40, 60, 80, 100 μM) in OM. Alizarin Red S staining was 

performed and the dye was eluted. Data are representative of three independent biological repeats 

which were performed in duplicate. *p<0.05 vs VC+OM. 

 
4.3.2 The effects of palmitoleic acid on Alizarin Red S staining in differentiated 

MG-63 osteosarcoma cells 

 
MG-63 osteosarcoma cells were exposed to 20-100 μM PLA for 14 and 21 days in the 

presence of OM. At 14 days, no calcium nodules were noticed (Figure 4.8). Darker 

stained areas were observed in the VC, 80 μM and 100 μM PLA compared to the 

VC+OM at 14 days. There were however morphological differences between the VC 

and cells treated with OM. In the VC, cells were irregular in shape and the border 

between each cell was still distinguishable. The cells treated with OM appeared more 

round and larger in size and cells were indistinguishable from one another as the 

borders between each cell was not visible. 

 
At 21 days of differentiation, again no calcium nodules were observed (Figure 4.9). 

Darker stained areas were observed in the VC+OM, 20 μM, 40 μM and 100 μM PLA. 

There were morphological differences seen between the VC in the absence of OM 

and cells treated with OM. In the VC, cells were irregular in shape and the border 

between each cell was still distinguishable. There were also more spaces visible 

between the cells. The cells treated with OM appeared larger and more round and 
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cells were indistinguishable from one another as the borders between each cell was 

not visible, thus cells were closer to one another. 

 
The dye was eluted, measured spectrophotometrically and represented graphically in 

Figure 4.10. At 14 days, no significant changes were seen after PLA exposure 

compared to the VC+OM. At 21 days, the absorbance was increased at 20-80 μM PLA 

but not significantly, compared to VC+OM. A trend was observed where there was an 

increase in the absorbance at 21 days compared to 14 days for VC+OM, 20 μM, 40 

μM, 60 μM, 80 μM and 100 μM PLA. 
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Figure 4.8. The effects of PLA on mineralisation in MG-63 cells at 14 days of differentiation. 

MG-63 cells were seeded at 10 000 cells per cm2 in a 48-well plate and allowed to attach overnight. 

Cells were exposed to a range of PLA concentrations (20, 40, 60, 80, 100 μM) in OM. Alizarin Red S 

staining was performed. Data are representative of three independent biological repeats which were 

performed in duplicate. Scale bar = 200 μm. 
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Figure 4.9. The effects of PLA on mineralisation in MG-63 cells at 21 days of differentiation. 

MG-63 cells were seeded at 10 000 cells per cm2 in a 48-well plate and allowed to attach overnight. 

Cells were exposed to a range of PLA concentrations (20, 40, 60, 80, 100 μM) in OM. Alizarin Red S 

staining was performed. Data are representative of three independent biological repeats which were 

performed in duplicate. Scale bar = 200 μm. 
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Figure 4.10. The effects of PLA on Alizarin Red S staining elution in MG-63 cells at 14 and 21 

days of differentiation. 

MG-63 cells were seeded at 10 000 cells per cm2 in a 48-well plate and allowed to attach overnight. 

Cells were exposed to a range of PLA concentrations (20, 40, 60, 80 and 100 μM) in OM. Alizarin Red 

S staining was performed and the dye was eluted. Data are representative of three independent 

biological repeats which were performed in duplicate. 

 

4.4 Gene expression: quantitative polymerase chain reaction  

 
The effects of PLA on the gene expression of early osteogenic markers was 

determined in ASCs and MG-63 osteosarcoma cells using qPCR. Analysis of the 

mRNA expression for the following genes in differentiating osteoblasts were 

performed: ALP, RUNX2, Osx, OCN, OPG and RANKL. Cells were differentiated and 

treated with 100 μM PLA for 7 and 14 days to assess early osteoblast-specific gene 

expression. Late osteogenic markers such as ALP, OCN and BSP, and adipogenesis 

marker PPAR-γ, were not included as it was difficult to extract mRNA from the secreted 

matrix at 21 days of differentiation. For this study, the effect of PLA on gene expression 

was determined at 100 μM PLA only due to time and cost limitations. 

 
4.4.1 The effects of palmitoleic acid on gene expression in early differentiating 

adipose-derived stromal cells  

 
Comparisons were drawn between the cells grown in the absence of OM (VC) and the 

VC in the presence of OM (VC+OM) at 7 days of differentiation. ALP was significantly 

decreased (p<0.05) in the VC+OM compared to the VC (Figure 4.11A). RUNX2 

expression showed an increase in the VC+OM compared to the VC (Figure 4.11B). 

Osx, RANKL and the OPG/RANKL ratio was decreased in the VC+OM compared to 
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the VC but none of these were statistically significant (Figure 4.11C, F and G). OPG 

showed a significant decrease (p<0.01) in the VC+OM compared to the VC (Figure 

4.11E). 

 
ASCs were exposed to 100 μM PLA for 7 and 14 days in the presence of OM. At 7 

days of differentiation, ALP was significantly increased (p<0.01) after 100 μM PLA 

compared to the cells treated with VC+OM (Figure 4.11A). RUNX2 expression was 

increased after 100 μM PLA treatment compared to the VC+OM (Figure 4.11B). This 

change was not statistically significant. Osx and OCN expression showed a minor 

increase after 100 μM PLA exposure compared to the VC+OM but it was also not 

significant (Figure 4.11C and D). OPG showed a small decrease in the gene 

expression after 100 μM PLA exposure compared to the VC+OM, however, no 

statistical significance was observed (Figure 4.11E). RANKL gene expression was 

significantly decreased (p<0.05) after 100 μM PLA exposure compared to the VC+OM 

(Figure 4.11F) while the OPG/RANKL ratio showed an increase after 100 μM PLA 

treatment compared to the VC+OM. The trends were however not statistically 

significant. 

 
At 14 days, comparisons drawn between the VC+OM and the VC revealed increases 

in the gene expression of ALP, RUNX2, Osx and OPG/RANKL ratio but these changes 

were not significant (Figure 4.12A, B, C and G). Gene expression of OCN, OPG and 

RANKL, on the other hand, decreased in the VC+OM compared to the VC (Figure 

4.12D, E and F), although these trends were also not statistically significant. 

 
At 14 days of differentiation, ALP gene expression was significantly increased (p<0.05) 

after 100 μM PLA exposure compared to the VC+OM (Figure 4.12A). RUNX2, Osx, 

OCN, OPG, RANKL and the OPG/RANKL ratio showed increases in gene expression 

after 100 μM PLA exposure compared to the VC+OM (Figure 4.12B, C, D, E, F and 

G), again none of these changes were statistically significant.  
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Figure 4.11. The effects of PLA on gene expression in ASCs at 7 days of differentiation. 

ASCs were seeded at 5 000 cells per cm2 in a 48-well plate and allowed to attach overnight. Cells were 

exposed to a PLA concentration of 100 μM in OM for 14 days. Gene expression for ALP, RUNX2, Osx, 

OCN, OPG and RANKL was determined using qPCR. Data was analysed using the 2-∆∆CT method with 

GAPDH used as the housekeeping gene.  Data are representative of three independent biological 

repeats which were performed in duplicate. *p<0.05 vs VC+OM and **p<0.01 vs VC+OM. 
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Figure 4.12. The effects of PLA on gene expression in ASCs at 14 days of differentiation. 

ASCs were seeded at 5 000 cells per cm2 in a 48-well plate and allowed to attach overnight. Cells were 

exposed to a PLA concentration of 100 μM in OM for 14 days. Gene expression for ALP, RUNX2, Osx, 

OCN OPG, and RANKL was determined using qPCR. Data was analysed using the 2-∆∆CT method with 

GAPDH used as the housekeeping gene. Data are representative of three independent biological 

repeats which were performed in duplicate. *p<0.05 vs VC+OM. 
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trends were not statistically significant. The OPG/RANKL ratio showed a significant 

decrease (p<0.001) in the VC+OM compared to the VC (Figure 4.13G). 

 
MG-63 osteosarcoma cells were exposed to 100 μM PLA for 7 and 14 days of 

differentiation in the presence of OM. At 7 days of differentiation, ALP, Osx and the 

OPG/RANKL ratio showed increases in gene expression after 100 μM PLA exposure 

compared to the VC+OM (Figure 4.13A, C and G). These changes were however not 

statistically significant. RUNX2 and OCN gene expression was significantly reduced 

(p<0.05) after 100 μM PLA exposure compared to the VC+OM (Figure 4.13B and D). 

OPG and RANKL gene expression showed a decrease after 100 μM PLA exposure 

compared to the VC+OM (Figure 4.13E and F). These trends were not statistically 

significant.  

 
A significant increase (p<0.001) in ALP, RUNX2, Osx and RANKL gene expression 

was also observed after 14 days of differentiation when comparing the VC+OM to the 

VC (Figure 4.14A, B, C and F). OCN gene expression showed an increase when 

comparing the VC+OM to VC (Figure 4.14D) while OPG gene expression showed an 

increase in the VC+OM when compared to the VC (Figure 4.14E), however, these 

were not statistically significant. The OPG/RANKL ratio was significantly decreased 

(p<0.001) in the VC+OM compared to the VC (Figure 4.14G). 

 
At 14 days of differentiation, RUNX2 (p<0.05), ALP, Osx, OCN and RANKL (p<0.001) 

were significantly reduced after 100 μM PLA exposure compared to VC+OM (Figure 

4.14A, B, C, D and F). OPG expression was decreased after 100 μM PLA exposure 

compared to the VC+OM but this was not significant (Figure 4.14E). The OPG/RANKL 

ratio indicated an increase in gene expression after 100 μM PLA exposure compared 

to the VC+OM (Figure 4.14G) but this was not statistically significant. 
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Figure 4.13. The effects of PLA on gene expression in MG-63 cells at 7 days of differentiation. 

MG-63 osteosarcoma cells were seeded at 10 000 cells per cm2 in a 48-well plate and allowed to attach 

overnight. Cells were exposed to a PLA concentration of 100 μM in OM for 7 days. Gene expression 

for ALP, RUNX2, Osx, OCN, OPG and RANKL was determined using qPCR. Data was analysed using 

the 2-∆∆CT method after being made relative to GAPDH. Data are representative of three independent 

biological repeats which were performed in duplicate. *p<0.05 vs VC+OM, **p<0.01 vs VC+OM, 

***p<0.001 vs VC+OM. 
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Figure 4.14. The effects of PLA on gene expression in MG-63 cells at 14 days of differentiation. 

MG-63 osteosarcoma cells were seeded at 10 000 cells per cm2 in a 48-well plate and allowed to attach 

overnight. Cells were exposed to a PLA concentration of 100 μM in OM for 14 days. Gene expression 

for ALP, RUNX2, Osx, OCN, OPG and RANKL, was determined using qPCR. Data was analysed using 

the 2-∆∆CT method after being made relative to GAPDH. Data are representative of three independent 

biological repeats which were performed in duplicate. *p<0.05 vs VC+OM, **p<0.01 vs VC+OM, 

***p<0.001 vs VC+OM. 
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4.5 Protein expression: Western blotting 

 
The effects of PLA on the protein expression was determined in MG-63 osteosarcoma 

cells using western blotting. The expression of the following MAPK markers were 

determined in differentiating osteoblasts: ERK and pERK. Western blotting on the 

ASCs were not performed as these cells are large and slow growing thus due to time 

constraints, not enough cells could be grown to perform a western blot on them. 

 
4.5.1 The effects of palmitoleic acid on ERK activation in early differentiating 

MG-63 osteosarcoma cells 

 
MG-63 osteosarcoma cells were exposed to 100 μM PLA for 3 hours, 6 hours and 24 

hours in the presence of OM. Results revealed thicker bands in pERK expression at 6 

hours compared to 3 and 24 hours (Figure 4.15). ERK band intensities were lower for 

ERK at 3 hours compared to 6 and 24 hours. The band intensities were quantified with 

ImageJ software and relative pERK/ERK expression was determined.  

 
The pERK/ERK expression at 3 hours of differentiation showed a minor increase after 

exposure to 100 μM PLA compared to the VC+OM (Figure 4.16A) while the VC+OM 

pERK/ERK expression was decreased compared to VC, however, these trends were 

not statistically significant. At 6 hours, there was an increase after exposure to 100 μM 

PLA compared to the VC+OM while the VC+OM was decreased compared to the VC 

although these changes were again not statistically significant (Figure 4.16B). At 24 

hours, pERK/ERK expression was decreased after exposure to 100 μM PLA 

compared to the VC+OM while the VC+OM was reduced compared to the VC (Figure 

4.16C). These trends were not statistically significant. 
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Figure 4.15. The effects of PLA on relative pERK/ERK protein expression in MG-63 cells at 3, 6 

and 24 hours. 

MG-63 were seeded at 10 000 cells per cm2 in a 6-well plate and allowed to attach overnight. Cells were 

exposed to 100 μM PLA and OM. Western blotting was performed. The thickness of the bands resemble 

the relative protein expression. Data are representative of three independent biological repeats. 

 

  

Figure 4.16. The effects of PLA on relative pERK/ERK protein expression in MG-63 cells at 3, 6 

and 24 hours. 

MG-63 were seeded at 10 000 cells per cm2 in a 6-well plate and allowed to attach overnight. Cells were 

exposed to 100 μM PLA and OM. Western blotting was performed and blots were analysed using 

ImageJ software to determine relative densities. Data are representative of three independent biological 

repeats. 
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4.6 Oil Red O staining 

 
The effects of PLA on lipid accumulation was assessed on ASCs and MG-63 

osteosarcoma cells using an Oil Red O staining. Cells were differentiated into 

osteoblasts and treated with various concentrations of PLA for up to 21 days. 

Thereafter, Oil Red O staining was used to stain for lipids to ensure the cells were not 

differentiating into adipocytes. This staining was then eluted and represented 

graphically. 

 
4.6.1 The effects of palmitoleic acid on Oil Red O staining in differentiated 

adipose-derived stromal cells 

 
ASCs were exposed to 20, 40, 60, 80 and 100 μM PLA for up to 21 days in the 

presence of OM. Results revealed no significant increases in the presence of lipid 

droplets at 21 days when compared to the VC+OM (Figure 4.17). Morphological 

differences were seen between the VC and cells exposed to OM. In the VC, cells were 

triangular shaped with long thin fibres branching out to neighbouring cells. In the 

VC+OM, cells were more round in shape with almost no fibres protruding from the 

cells. As the concentration of PLA increased, cells became larger with more fibres 

branching out to neighbouring cells. The cells created a monolayer at 100 μM PLA. In 

the positive control, lipid accumulation can be seen in the red-stained intracellular lipid 

droplets which indicates that the cells could be adipocytes.  

 
The dye was eluted using 100% isopropyl alcohol and represented graphically. 

Results showed no significant increases in the absorbance of the dye although there 

was an increase in the absorbance in cells treated with 20-100 μM PLA (Figure 4.18) 

but this was not statistically significant. 
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Figure 4.17. The effects of PLA on adipogenesis in ASCs at 21 days of differentiation. 

ASCs were seeded at 5 000 cells per cm2 in a 48-well plate and allowed to attach overnight. Cells were 

exposed to a range of PLA concentrations (20, 40, 60, 80, 100 μM) in OM. Oil Red O staining was 

performed. Data are representative of three independent biological repeats which were performed in 

duplicate. Scale bar = 0.2 mm. Copyright for positive control image obtained from Copyright Clearance 

Centre RightsLink (See appendix C). Image taken from Martella et al.233 
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Figure 4.18. The effects of PLA on Oil Red O staining elution in ASCs at 21 days of differentiation. 

ASCs were seeded at 5 000 cells per cm2 in a 48-well plate and allowed to attach overnight. Cells were 

exposed to a range of PLA concentrations (20, 40, 60, 80, 100 μM) in OM. Oil Red O staining was 

performed and the dye was eluted. Data are representative of three independent biological repeats 

which were performed in duplicate. 

 

4.6.2 The effects of palmitoleic acid on Oil Red O staining in differentiated  

MG-63 osteosarcoma cells 

 
MG-63 osteosarcoma cells exposed to 20-100 μM PLA for 21 days in the presence of 

OM showed no intracellular lipid droplets (Figure 4.19). Morphological changes were 

seen in the VC compared to the VC+OM and cells exposed to PLA. In the VC, cells 

are irregular shaped with some dark stained areas. In the VC+OM and PLA treated 

cells, the cell border was more visible with some round cells present in between 

elongated irregular shaped cells. Darker stained areas can be seen at 60 μM and 100 

μM PLA. At 80 μM and 100 μM PLA, the red dye can be seen which indicates there 

may be lipid droplets present at these high concentrations. 

 
The dye was eluted using 100% isopropyl alcohol and represented graphically. The 

absorbance increased at 20-100 μM PLA. At 20-80 μM PLA, the increase was not 

statistically significant (Figure 4.20), however, at 100 μM PLA the increase was 

significant (p<0.05). 
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Figure 4.19. The effects of PLA on Oil Red O staining in MG-63 cells at 21 days of differentiation. 

MG-63 cells were seeded at 10 000 cells per cm2 in a 48-well plate and allowed to attach overnight. 

Cells were exposed to a range of PLA concentrations (20, 40, 60, 80, 100 μM) in OM. Oil Red O staining 

was performed. Data are representative of three independent biological repeats which were performed 

in duplicate. Scale bar = 200 μm. 
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Figure 4.20. The effects of PLA on adipogenesis in MG-63 cells at 21 days of differentiation. 

MG-63 cells were seeded at 10 000 cells per cm2 respectively in a 48-well plate and allowed to attach 

overnight. Cells were exposed to a range of PLA concentrations (20, 40, 60, 80, 100 μM) in OM. Oil 

Red O staining was performed and the dye was eluted. Data are representative of three independent 

biological repeats which were performed in duplicate. *p<0.05 vs VC+OM. 
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Chapter 5  

Discussion 

Osteoporosis and other bone fragility disorders can have a major impact on the quality 

of life in the elderly. UFA has been demonstrated to have a beneficial effect on bone.9 

PLA has previously been proven to reduce osteoclast activity thereby exerting a 

protective effect on bone.12 The role of PLA on osteoblast differentiation has not yet 

been determined.  

 
In this in vitro study, ASCs and MG-63 osteosarcoma cells were differentiated into 

osteoblast-like cells using OM and exposed to PLA, an omega-7 MUFA, at various 

concentrations. The effects were evaluated on osteoblast specific parameters such as 

ALP activity, calcium mineralisation, gene expression and activation of the ERK 

pathway. Thereafter, the cells were analysed for the presence of lipid deposits present 

in adipocytes. The purpose of this study was to determine the role of PLA in 

osteoblasts and its effect on the ERK pathway involved in early osteoblast 

differentiation. The results will be discussed and compared to previous in vitro studies. 

 

5.1 Overview of research findings 
 
Resazurin assay for cell viability 

Cell viability assay is a crucial method used to assess whether a compound affects 

the mitochondrial function and thus metabolic activity of the cells under investigation. 

The cell viability of undifferentiated ASCs and MG-63 osteosarcoma cells were 

assessed after exposure to PLA at various concentrations, using a resazurin assay. 

Cells were treated for 24 hours and showed no significant changes in cell viability at 

20-100 μM PLA exposure for undifferentiated ASCs (Figure 4.1) and MG-63 

osteosarcoma cells (Figure 4.2).  

 
In 2017, van Heerden et al., in our laboratory, reported that PLA had no cytotoxic 

effects on RAW264.7 murine macrophages after 24 hours of exposure at 

concentrations of 20-100 μM.12 In a rat pancreatic β-cell line, PLA was also 

demonstrated to have non-toxic effects at 250 μM after 18-72 hours of exposure.234  
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Our current study supports results obtained in these studies as PLA had no effect on 

the metabolic activity of the ASCs and MG-63 osteosarcoma cells at the tested 

concentrations. 

 
Alkaline phosphatase activity 

ALP is a biochemical marker of osteoblasts. At an alkaline pH, this enzyme catalyses 

the hydrolysis of phosphate esters.235 There are three isoenzymes of ALP in humans: 

tissue non-specific, placental and intestinal ALP. ALP released by osteoblasts is 

regarded as tissue non-specific ALP.235 In this current study, an ALP activity assay 

was used to colorimetrically measure the amount of ALP enzyme released from the 

cells after exposure to PLA in osteoblasts at 14 and 21 days of differentiation. This is 

achieved by measuring the hydrolysis of p-nitrophenylphosphate into  

p-nitrophenol.236 As this only measures the amount of ALP released by the cells, 

intracellular gene expression of ALP was also measured using qPCR.  

 
In the ASCs, ALP activity levels measured the highest at 7 days and reached a peak 

at 60 μM PLA (Figure 4.3). At 14 and 21 days, ALP activity remained constant when 

compared to that of the VC+OM.  

 
In a study by Weinzierl et al., the potential of human ASCs differentiating into 

osteoblasts was determined to be up until the 3rd passage. In their study, ASCs were 

differentiated for up to 6 weeks and ALP activity was assessed. Results showed that 

ALP was increased after the 3rd and 5th week of differentiation, however, the increase 

was less distinct. The age of the donors had no effect on the osteogenic potential of 

the ASCs.237 The lack of ALP activity in the present study could possibly be attributed 

to the differentiation time and the passage of the cells, as in our study, ASCs were 

differentiated for up to 3 weeks and were used up until a passage of 5. 

 
James et al., describes a method to stain ALP in murine mesenchymal cells which 

was normalised to total protein content. The stain used is a diazonium salt solution 

comprised of fast violet blue salt and a 4% napthol AS-MX phosphate alkaline solution, 

where alkaline phosphatase positive cells were stained purple.236 It may therefore be 

more useful to compare ALP activity to total protein expressed by the cells. 
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In the MG-63 osteosarcoma cells, no changes in ALP activity was observed at 7 and 

14 days when compared to the corresponding VC+OM (Figure 4.4). ALP activity 

increased at 21 days compared to 7 and 14 days, which was however not statistically 

significant. A study by Czekanska et al., reported that ALP levels reached a peak after 

28 days of differentiation in MG-63 osteosarcoma cells238, which may explain why no 

significant increases were seen at 7-21 days of differentiation in our study. 214 

 
Calcium mineralisation 

There are multiple methods which can be used to determine mineralisation. This can 

be achieved for instance through fluorescence staining239, incorporation of Alizarin 

Red S staining240 or Von Kossa staining241. Alizarin Red S is considered a suitable 

method as the staining can be eluted and assayed thereafter.226 Gregory et al., found 

10% acetic acid was more sensitive than cetylpyridinium chloride to elute the 

staining.226 Furthermore, it produces more reliable results especially in weakly stained 

monolayers.226 

 
In our current study on the ASCs, no mineralised nodules were observed at 14 days 

of differentiation (Figure 4.5). Darker red stained areas were found in the VC, VC+OM, 

80 μM and 100 μM PLA at 14 days. Morphological differences were observed at 14 

days where in the VC, cells were thinner and spindle shaped. The VC+OM and PLA 

exposed cells were larger and less spindle shaped. At 21 days of differentiation, no 

mineralised nodules were observed, however, darker stained areas were visible at  

40-100 μM PLA (Figure 4.6). Morphological differences were seen at 21 days of 

differentiation between the VC and OM treated cells. Cells were smaller and more 

spindle shaped in the VC whereas in OM and PLA exposed cells, the cells appeared 

more round and larger in size.  

 
A study by Li et al., compared the bone forming ability of osteogenic differentiated 

ASCs and compared it to undifferentiated ASCs.242 They found that after osteogenic 

differentiation, ASCs showed morphological changes after 14 days, with the presence 

of mineralised nodules.242 ASCs became cubic shaped, aggregated and secreted 

mineralised materials to form nodules.242 In our current study, morphological changes 

were visible at 14 and 21 days and the dark areas could possibly be ECM secreted by 

osteoblasts before nodule formation takes place but no nodules were formed yet.   

 



 

85 
 

The dye was eluted and measured spectrophotometrically. Results at 14 days showed 

the absorbance was not significantly increased in PLA exposed cells compared to the 

VC+OM (Figure 4.7), however, a slight increase in the absorbance was observed at 

80 μM PLA compared to the VC+OM. At 21 days, the absorbance was significantly 

increased at 80 μM PLA compared to the VC+OM where darker stained areas were 

observed (Figure 4.7).  

 
A study by Weinzierl et al., showed that calcium deposition increased from the 3rd 

week up to the 5th week of differentiation in human ASCs where the increase in 

mineralisation was accompanied by an increase in OCN expression.237 Di Battista et 

al., investigated the behaviour of human ASCs in vitro and their capacity to 

differentiate into osteoblast lineages.243 Their study found that the ability of ASCs to 

differentiate into osteoblasts were reduced as the passage number increased.243 

ASCs begin to lose their potential to differentiate into osteoblasts at passage 2 and 

completely lose the ability altogether at passage 4.243 Studies conducted on ASCs 

have shown inconsistent results as some reports state that the age of the donor is 

important as it can influence the doubling time and gene and protein expression. 

These factors could have influenced the results obtained in our study.244   

 
In the current study on the MG-63 osteosarcoma cells, results indicated that Alizarin 

Red S staining was not significantly increased at 14 days (Figure 4.8) and 21 days 

(Figure 4.9) of differentiation after PLA exposure compared to the VC+OM. There were 

morphological differences evident. In the VC at both 14 and 21 days, cells were 

irregular in shape and the border between each cell was still distinguishable. The cells 

treated with OM at 14 and 21 days appeared more round as well as larger and cells 

were indistinguishable from one another as the borders between each cell was not 

visible. The cells were closer to one another thus forming a monolayer. The dye was 

eluted and results at 14 days showed no significant increases in the absorbance 

compared to the VC+OM. At 21 days, a trend at 20-80 μM PLA showed an increase 

in absorbance compared to the VC+OM. There was an increase in the absorbance at 

21 days compared to 14 days but these increases were not significant (Figure 4.10).  

 
Studies on MG-63 osteosarcoma cells have shown that these cells may be blocked in 

a pre-osteoblast state. Reports regarding calcium mineralisation have also been 

inconsistent.244 Czekanska et al., reported that MG-63 cells form a cell layer after 14 
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days of differentiation with no calcium deposition in the ECM.238 Thus it was concluded 

that this cell line is unable to mineralise which corresponds with our present study, as 

no mineralised nodules were observed, and the cells formed a monolayer from 14 

days of differentiation.238 Wang et al., assessed the calcium mineralisation in MG-63 

cells at 5 and 7 days and found that calcium content was the highest at 7 days245, 

however the study does not mention whether calcium nodules were formed. 

 
Gene expression 

Gene expression for early osteoblast-specific markers were analysed. These markers 

include ALP, RUNX2, Osx, OCN, OPG and RANKL. The gene expression was 

evaluated relative to GAPDH which was used as the housekeeping gene. In this study, 

we only used a concentration of 100 μM PLA for gene expression analyses as using 

a range of concentrations would be costly and more time consuming. As previously 

mentioned, ALP is a biochemical marker for osteoblast activity thus gene expression 

of this enzyme was determined.235 RUNX2 is an important transcription factor in 

osteoblast differentiation as it is known to be involved in multiple signalling pathways 

which are activated during osteoblastogenesis.91 Osx is a transcription factor found 

downstream of the Wnt signalling pathway. It is known to be an important factor in 

MSC commitment and osteoblastogenesis.69 OCN is an ECM protein and a marker of 

mature osteoblasts.101 OPG, secreted by osteoblasts, is a decoy receptor for RANKL 

which blocks RANK-RANKL interaction.9 A high OPG/RANKL ratio is known to have 

bone protective effects thus the gene expression of OPG and RANKL was determined 

in order to examine the OPG/RANKL ratio.13 Genes expressed by pre-osteoblasts and 

osteoblasts are shown in Figure 5.1.246  
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Figure 5.1. Osteogenic markers present during osteoblastogenesis. 

Osteoblast-specific markers are expressed at different stages of osteoblast differentiation from MSCs. 

Early osteogenic markers include ALP, RUNX2, OSX and COL1 while late osteogenic markers include 

ALP, OCN, COL1, BSP and OPN. Image created from information by Miron et al.246 

 
Comparisons drawn between the VC and the VC+OM in the ASCs at 7 days of 

differentiation showed that ALP expression was significantly decreased in the VC+OM 

compared to the VC which suggests the presence of OM may inhibit ALP expression 

in this experiment (Figure 4.11A). RUNX2 expression showed an increase in the 

VC+OM compared to the VC but this was not significant (Figure 4.11B). For Osx, 

RANKL and the OPG/RANKL ratio gene expression was decreased in the VC+OM 

compared to the VC (Figure 4.11C, F and G). OCN gene expression showed a minor 

increase in the VC+OM compared to the VC (Figure 4.11D). These trends were not 

statistically significant. OPG showed a significant decrease in the VC+OM compared 

to the VC thus the presence of OM may have inhibited the production of OPG (Figure 

4.11E) in this experiment. 

 
In the ASCs at 7 days of differentiation, ALP expression was significantly increased 

after PLA exposure compared to the VC+OM (Figure 4.11A). RUNX2 expression 

showed an increase after PLA exposure while Osx and OCN expression showed a 

minor increase after PLA exposure compared to the VC+OM but this was not 

significant (Figure 4.11B, C and D). OPG showed a minor decrease in the gene 

expression after PLA exposure which was not statistically significant, however, RANKL 

gene expression was significantly decreased after PLA exposure compared to the 

VC+OM (Figure 4.11E and F). The OPG/RANKL ratio showed a trend that increased 

after PLA exposure compared to the VC+OM but this was also not significant (Figure 

4.11G). This may indicate that osteoblast differentiation was possibly stimulated by 
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PLA in the ASCs as a high OPG/RANKL ratio indicates bone protective effects were 

exerted by PLA. 

 
In the ASCs, comparisons were drawn between the VC and the VC+OM at 14 days of 

differentiation. Increases in the gene expression of ALP, RUNX2, Osx and 

OPG/RANKL ratio were observed in the VC+OM compared to VC (Figure 4.12A, B, C 

and G). These changes were not statistically significant. OCN, OPG and RANKL, on 

the other hand, showed trends where gene expression decreased in the VC+OM 

compared to the VC (Figure 4.12D, E and F). The changes were not statistically 

significant. Pre-osteoblasts may not have been present in the VC where cells were 

grown in the absence of OM thus we would have expected a lower osteoblast-specific 

gene expression and a low OPG/RANKL ratio in these cells. 

 
At 14 days of differentiation in the ASCs, ALP gene expression was significantly 

increased after PLA exposure compared to the VC+OM. Trends in RUNX2, Osx, OCN, 

OPG, RANKL and the OPG/RANKL ratio showed increases in gene expression after 

PLA exposure compared to the VC+OM, however, these increases were not 

statistically significant. These results show that osteoblast differentiation may have 

been stimulated by PLA along with the activation of osteoblast signalling pathways, 

however, more work is required to confirm this. 

 
In a study by Liu et al., cryopreserved and non-cryopreserved human ASCs expressed 

ALP, COL1 and OPN in osteoblast induced ASCs (ASCs exposed to OM) and  

non-induced ASCs (ASCs grown in the absence of OM) after 14 days of plating as 

determined by PCR.247 In non-induced ASCs, OCN was not expressed.247 This could 

explain the detectable levels of ALP expressed in the VC at 7 days and 14 days in our 

study. In the study by Liu et al., gene expression was only determined at 14 days of 

differentiation.  

 
Egusa, et al., investigated the expression of ECM-related genes in ASCs and bone 

marrow MSCs.248 Undifferentiated ASCs and bone marrow MSCs highly expressed 

osteoblast-specific genes that represent several phenotypes.248 Osteogenic 

differentiated ASCs demonstrated almost no significant upregulation in osteogenic 

markers and rather a downregulation in ECM-related genes were observed.248 The 

study concluded that small changes in mRNA expression may cause major phenotypic 
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effects and osteogenic differentiation of ASCs and bone marrow MSCs may supress 

ECM gene expression.248 This may explain the lack of upregulated osteoblast-specific 

genes observed in our study in the ASCs at 7 and 14 days after exposure to PLA and 

the upregulated genes in the undifferentiated ASCs (VC) compared to the VC+OM. 

 

In the MG-6 cells at 7 and 14 days, the gene expression of ALP, RUNX2 and OCN 

was significantly increased in the VC+OM compared to the VC (Figure 4.13A, B and 

D and Figure 4.14A, B and D). Osx was increased at 7 days, but not significantly, in 

the VC+OM compared to the VC (Figure 4.13C) while at 14 days, Osx was significantly 

reduced in the VC+OM compared to the VC (Figure 4.14C). Osx is an early marker 

found downstream of the Wnt signalling pathway90 thus osteoblastogenesis may have 

been stimulated through RUNX2 activation independent of the Wnt signalling pathway. 

OPG was reduced, but not significantly at 7 and 14 days in the VC+OM compared to 

the VC (Figure 4.13E and Figure 4.14E). RANKL expression was significantly 

increased at 7 and 14 days in the VC+OM compared to the VC (Figure 4.13F and 

Figure 4.14F). The OPG/RANKL ratio was significantly reduced in the VC+OM 

compared to the VC at 7 and 14 days (Figure 4.13G and Figure 4.14G) which indicates 

that the presence of OM may exert bone protective effects through osteoblasto-

genesis.  

 

ALP expression was increased, but not significantly, at 7 days after PLA exposure 

compared to the VC+OM (Figure 4.13A), however, was significantly reduced at 14 

days after PLA exposure compared to the VC+OM (Figure 4.14A). RUNX2 and OCN 

were significantly reduced at both 7 and 14 days after exposure to PLA compared to 

the VC+OM (Figure 4.13B and D and Figure 4.14 B and D). Expression of Osx at 7 

days was increased, but not significantly, after PLA exposure compared to VC+OM 

(Figure 4.13C) while at 14 days, Osx was significantly decreased after exposure to 

PLA compared to VC+OM (Figure 4.14C). The significant reductions in these markers 

may indicate that osteoblast formation was not stimulated after PLA exposure in the 

MG-63 cells. Gene expression of  OPG was reduced, but not significantly (Figure 

4.13E and Figure 4.14E), at 7 and 14 days while RANKL was significantly reduced at 

both 7 and 14 days after exposure to PLA compared to the VC+OM (Figure 4.13F and 

Figure 4.14F). The OPG/RANKL ratio was increased, but not significantly at both 7 

and 14 days after PLA exposure compared to VC+OM (Figure 4.13G and Figure 
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4.14G). The increased OPG/RANKL ratio at both 7 and 14 days may be indicative of 

osteoblastogenesis, however, the increase was not statistically significant thus more 

work is required to confirm this. 

 
Kasonga et al., determined whether free fatty acid receptor 4 had any effects on UFA 

osteoblast-like cells. MC3T3-E1 murine pre-osteoblasts were transfected to silence 

the expression of free fatty acid receptor 4, β-arrestin 2 or Gαq and were exposed to 

OM and 100 μM PLA for 7-14 days.9 Results indicated that 100 μM PLA increased 

OPG gene expression in control and Gαq negative cells.9 PLA did not affect the OPG 

gene expression in free fatty acid receptor 4 and β-arrestin 2 silenced cells.9 RANKL 

gene expression was not affected by PLA in control plasmid or in the free fatty acid 

receptor 4, β-arrestin 2 and Gαq negative cells.9 Our results contradict those of 

Kasonga et al., who showed PLA (100 μM) had no effect on RANKL expression, while 

in our study, RANKL expression was reduced. It is important to note that Kasonga et 

al., made use of MC3T3-E1 murine cells while in our study, we used ASCs and  

MG-63 cells. 

 
ASCs may differentiate into osteoblasts more readily than MG-63 cells. Gene 

expression at 21 days could not be determined in these cells due to technical 

constraints. Gene expression for late osteoblast-specific markers and PPAR-γ for 

adipogenesis could therefore not be evaluated. A summary of osteoblast-specific 

genes expressed at different stages of osteoblast differentiation can be found in Figure 

5.1.247 In our study, several pre-osteoblast genes were upregulated in the ASCs after 

PLA treatment although not significantly, while in the MG-63 cells, osteoblast-specific 

gene expression was mostly reduced indicating that osteoblast formation may have 

been supressed by PLA in MG-63 cells. The addition of OM exerts mostly a stimulatory 

effect on MG-63 cells but this effect is lost after the addition of PLA. MG-63 cells may 

be arrested in a pre-osteoblast state.244  

 
Protein expression 

In this study, western blotting was used to detect and analyse protein expression. The 

relative protein expression of pERK/ERK was determined at 3, 6 and 24 hours after 

100 μM PLA exposure in the presence of OM. In MG-63 cells, results indicated that 

relative pERK/ERK expression was not significantly changed at 3, 6 and 24 hours 

(Figure 4.15) which was confirmed after densitometry analysis using ImageJ software 



 

91 
 

(Figure 4.16A, B and C). These short incubation times measure the activation of the 

ERK pathway as cell signalling is stimulated early on in differentiation. At 3 and 6 

hours, trends showed that pERK/ERK expression was increased after PLA exposure 

compared to the VC+OM, however, these were not significant. At 24 hours pERK/ERK 

expression was reduced after PLA exposure compared to the VC+OM, however, this 

was again not significant. Due to technical constraints, the relative gene expression 

for pJNK/JNK and pp38/p38 could not be determined. This would have given a more 

holistic view on the effects of PLA on the MAPK pathway. MAPK are important in the 

regulation of osteogenic differentiation in MSCs as ERK is activated during 

differentiation. ERK inhibition has been known to reduce bone mineralisation while 

pERK expression regulates RUNX2 and Osx expression.249 The increased pERK/ERK 

expression at 3 and 6 hours may indicate that osteogenesis was stimulated through 

the MAPK pathway, however, it was not significant. The reduction in pERK/ERK 

expression may have caused the reduction in osteoblast gene expression in MG-63 

cells as the ERK MAPK pathway is upstream from osteoblast gene regulation.250 

 
Hu et al., conducted a study on MG-63 cells where cells were treated with cadmium 

for 24 or 48 hours.251 Cytotoxic doses of cadmium were shown to induce apoptosis in 

the MG-63 osteosarcoma cells.251 Protein expression of pp38 MAPK was induced 

while pERK1/2 was inhibited which led to apoptosis. The study proposed that 

decreased pp38 inhibited apoptosis caused by cadmium.251 In the current study, 

pERK1/2 was upregulated at 6 hours but not significantly, indicating PLA may have a 

stimulating effect on MAPK pathways during osteoblast formation. More work is 

however required to confirm this.  

 
Adipogenesis 

Oil Red O staining is a histochemical staining used to detect lipid vacuoles within 

adipocytes by staining triglycerides present in the cytoplasm.177 In the current study, 

results revealed no significant increases in the presence of lipid droplets at 21 days 

when compared to the VC+OM in the ASCs (Figure 4.17). Morphological changes 

were seen between the VC and cells exposed to OM (VC+OM). In the VC, cells were 

triangular shaped with long thing fibres branching out to neighbouring cells. In the 

VC+OM, ASCs were more round than triangular with almost no fibres protruding from 

the cells. As the concentration of PLA increased, ASCs became larger with more fibres 
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branching out to neighbouring cells. The ASCs also formed a monolayer as the PLA 

concentration increased to 100 μM. In the positive control, lipid accumulation can be 

seen in the lipid droplets stained red which indicates the cells may have been 

adipocytes with lipid droplets stored in the vacuoles. In the ASCs, after elution of the 

dye, a slight increase in absorbance was seen in cells treated with 20-100 μM PLA 

compared to the VC+OM, however, this was not statistically significant (Figure 4.18). 

Osteoblastic cells have been shown to undergo transdifferentiation into adipocytes 

when treated with LCPUFA which could explain the increases seen after PLA 

exposure.140 

 
Results revealed no significant increases in the presence of lipid droplets after PLA 

exposure when compared to the VC+OM in MG-63 cells (Figure 4.19). Morphological 

changes were seen in the VC compared to the VC+OM and cells exposed to PLA. In 

the VC, MG-63 cells were irregular shaped with some dark stained areas. In the 

VC+OM and PLA treated cells, the cell border was more visible with some round cells 

present in between elongated irregular shaped cells. Darker stained areas could be 

seen at 60 μM and 100 μM PLA compared to the VC+OM. At 80 μM and 100 μM PLA, 

the red dye could be seen within several cells which indicates lipid droplets may have 

been present within cells at these high concentrations. The graph showed that the 

absorbance was increased from 20-100 μM PLA which was significant at 100 μM PLA 

(Figure 4.20). MG-63 cells highly express PPAR-γ140 which can be activated by 

LCPUFA252 and possibly PLA thus causing lipid accumulation to occur at a high PLA 

concentration. 

 
Our study is in agreement with results published by Coetzee et al., where MC3T3-E1 

murine pre-osteoblasts were exposed to PUFA, DHA and AA.177 Oil Red O staining 

demonstrated that the PUFA did not induce lipid-filled vacuoles in the cells thus 

adipogenesis may not have been stimulated.177 In the study, OA was used as a 

positive control to induce adipogenesis.177 In our results, Oil Red O stained lipid 

deposits cannot clearly be seen thus, adipocytes may not have formed, however, a 

high concentration of PLA may have caused an increase in lipid accumulation. The 

presence of adipocytes will only be confirmed after analyses of adipogenesis-specific 

markers in a later study. 
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Durandt et al., used flow cytometry to detect adipocyte subpopulations as technical 

difficulties are often encountered during Oil Red O staining.121 The study mentioned 

that a fluorescent lipophilic stain, 9-diethylamino-2-hydroxy-5H-benzo (α) pheno-

xazine-5-one (NR) could be used, or alternatively 4,4-difluoro-1,3,5,7,8-pentamethyl-

4-bora-3a,4a-diaza-s-indacene (BDP) which has been reported to be more sensitive 

than NR in detecting intracellular lipid droplets.121  

 
Aldridge et al., conducted a study on four methods which could be used to assess 

adipocytes. Flow cytometry using NR was shown to be less subjective and more 

quantitative than Oil Red O staining.231 Lansdown et al., showed that flow cytometry 

using NR or qPCR is recommended to evaluate adipogenesis.253 Durandt et al., 

concluded that BDP is more sensitive in detecting intracellular lipids, however, the 

unique fluorescence emission spectrum of NR, allows for the identification of mature 

adipocytes.121 In this study, adipocyte-specific gene expression could be determined 

along with osteoblast-specific gene expression to determine whether adipogenesis 

was induced or not. PPAR-γ is a marker of adipogenesis and was originally included 

in our study of gene expression, however, due to technical constraints, this could not 

be completed. 

 

5.2 Integration with current knowledge 
 
FA can be measured in the plasma, erythrocytes and adipose tissue.254 Lipid profiles 

from adipose tissue, reflects FA intake over several years while lipid profiles from 

erythrocytes reflects FA intake over several months. Plasma lipid profiles reflects FA 

intake over several weeks thus is more suitable to reflect the present dietary 

behaviours.254 In a study by Abdelmagid et al., the average concentrations of several 

FA present in total plasma in ethno-culturally diverse, young Canadian men and 

women between the ages of 20-29 were determined.254 The plasma lipid profiles were 

found to contain OA, which had a minimum concentration of 178.7 μM and a maximum 

concentration of 3 210.5 μM with an average concentration of 1 285.5 μM.254 Cis9 PLA 

was found to have a minimum concentration of 27.7 μM and a maximum concentration 

of 555.9 μM with an average concentration of 133.0 μM.254 Trans9 PLA ranged from 

trace amounts to a maximum concentration of 65.2 μM with an average concentration 

of 17.0 μM.254 The highest concentration used in our study was 100 μM thus the 

concentration used in the gene and protein expression experiments are within the 
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physiological ranges found in the study mentioned above. However, the plasma total 

lipids also includes total cholesterol, triglycerides and free fatty acids found in the 

blood254 thus the amount of FA obtained from the diet may be lower than observed in 

the study. 

 
Current studies have shown that some UFA such as DHA, EPA and PLA exert bone 

protective effects.9, 12, 175, 255 A study conducted on murine osteoclast and osteoblast 

cells in vitro showed that UFA such as DHA, EPA, PLA and OA promote the gene 

expression of MC3T3-E1 murine pre-osteoblasts though free fatty acid receptor 4.9 

Furthermore, DHA, EPA, PLA and OA upregulated OPG gene expression while 

RANKL remained the same thus increasing the OPG/RANKL ratio.9  

 
Casado-Diaz et al., used human MSCs isolated from bone marrow and demonstrated 

that AA inhibited the expression of osteoblast-specific genes in human MSCs derived 

from bone marrow such as RUNX2, Osx and ALP at 20 μM at 7 days of 

differentiation.175 DHA and EPA (40 μM) inhibited the expression of RUNX2 and Osx 

and not ALP.175 At 14 days of differentiation, EPA and AA (20 μM) both inhibited the 

gene expression of RUNX2, however, DHA stimulated the gene expression of ALP at 

20 μM.175 Results from the study indicated that AA induces osteoclastogenesis and 

bone resorption more readily than EPA and DHA.175 

 
Viegas et al., conducted in vitro research on AA, EPA and DHA on VSa14 cells, which 

are skeletal cells derived from the vertebra of gilthead seabream.255 EPA and AA was 

found to inhibit ECM mineralisation while DHA was shown to stimulate 

mineralisation.255 OPN gene expression was significantly reduced by EPA and AA but 

remained unchanged after DHA exposure.255 The study concluded that the effects of 

PUFA are specific to each molecule, process and target gene.255 PLA may exert 

different effects on osteoblasts depending on the target gene and receptor that is 

activated thus some osteoblast genes may be downregulated while other osteoblast 

genes are upregulated. 

 
There are currently no studies published on the effects of PLA, an omega-7 MUFA, on 

osteoblastogenesis in human ASCs and MG-63 osteosarcoma cell lines. Minetti et al., 

conducted a study on human osteoblasts where the effects of brown seaweed, Padina 

pavonica, was investigated.256 Acetonic extract of P. pavonica (EPP) was chemically 
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characterised and found to contain 26.7% MUFA of which 6.29% is PLA.256 EPP 

increased the expression of early and late differentiation markers such as ALP, OCN 

and OPG thus promoting an osteoblastic phenotype.256  

 
PLA has been used in a previous study to determine its effects on RANKL-induced 

osteoclastogenesis. Van Heerden et al., conducted a study on RAW264.7 murine 

macrophages and found that PLA reduced the number and size of tartrate-resistant 

acid phosphatase positive osteoclasts which coincided with a decrease in the 

expression of bone resorption markers.12 PLA also inhibited the activation of ERK and 

JNK.12 The exact mechanism of action of PLA has yet to be determined in human 

osteoblasts as previous studies by Kasonga et al., showed that free fatty acid receptor 

4 is required for PLA to exert an effect on RAW264.7 murine macrophages and murine 

MC3T3-E1 cells through the free fatty acid receptor 4/β-arrestin signalling pathway. 

The study indicated that free fatty acid receptor 4 activation inhibits osteoclastogenesis 

through inhibiting MAPK signalling pathways.  

 
Primary human cells are relevant in clinical studies, however, the cell phenotype may 

be dependent on donor-specific factors with long procedures for isolation and limited 

accessibility.244 SaOS-2 cells secrete a mineralised matrix and have an expression 

profile similar to human osteoblasts but are sensitive to inorganic phosphates and may 

not be representative of all osteoblast phenotypes.244 MG-63 cells respond to 

hormones and express human integrin profiles in a similar manner to human 

osteoblasts, however, they are arrested in a pre-osteoblast state and conflicting 

reports regarding mineralisation have been published.244 In our study, the stage of the 

cells during osteogenic differentiation may influence the gene or protein expression. 

ASCs are human stromal cells which only have a short usage time while MG-63 cells 

seems to be arrested in a pre-osteoblast state thus have different responses to 

osteoblast differentiation. The exposure of PLA could be more beneficial to MSCs than 

cells in a pre-osteoblast state such as MG-63 cells as it may have downregulated 

protein and osteoblast-specific gene expression in pre-osteoblasts and the cells may 

lack the potential for mineralisation.  
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Chapter 6  

Conclusion 

The study investigated for the first time, the effects of PLA, an omega-7 MUFA, on 

human ASCs and MG-63 osteosarcoma cell lines. The study investigated the effects 

of PLA on cell viability, ALP activity, calcium mineralisation, gene expression and 

protein expression. This may expand our knowledge of how PLA can influence the 

bone remodelling cycle and whether it may affect the MAPK signalling mechanisms 

during osteoblast formation in human cells. 

 
In both cells lines, PLA had no effects on cell viability at the tested concentrations. In 

ASCs, the increase of ALP activity at 7 days and the increase in Alizarin Red S staining 

at 21 days indicates that PLA exerts an effect on osteoblast differentiation though the 

results were not significant. ALP gene expression was significantly increased at 7 days 

which coincides with results seen in the ALP activity after PLA exposure. ALP activity 

was still increased at 14 days after PLA exposure and this may indicate that the ASCs 

were differentiating into osteoblast-like cells. The significant reduction in RANKL gene 

expression at 7 days compared to 14 and 21 days after PLA exposure may have been 

due to the cells being early osteoblasts. Adipogenesis could not be confirmed as no 

significant increases in the presence of lipid vacuoles were observed and gene 

expression would need to be determined to confirm whether adipogenesis was 

induced in these cells. 

 
In the MG-63 cells, increases in ALP activity and mineralisation at 21 days indicates 

that PLA exerted an effect on osteoblast differentiation though the results were not 

significant. The significant decreases of osteoblast-specific gene expression after PLA 

exposure contradicts the findings demonstrated by ALP activity assay and Alizarin Red 

S staining but this may be due to the MG-63 cells being arrested in a pre-osteoblastic 

state thus the cells cannot fully differentiate into terminal osteoblasts. Gene expression 

needs to be determined for 21 days of differentiation to confirm this. The increase in 

relative pERK/ERK expression at 3 and 6 hours after PLA exposure might indicate 

that the MAPK pathway was activated in response to PLA, however the increase was 
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not significant. The presence of lipid vacuoles was significantly increased at the 

highest concentration of PLA as it may have activated the PPAR-γ receptors and 

stimulated the intake of the FA into lipid vacuoles but we cannot confirm the presence 

of adipocytes until adipogenesis-specific gene expression has been determined. 

 
To conclude, PLA showed some changes in osteoblast differentiation and the MAPK 

signalling pathway and trends may infer that osteoblast-like cells were formed after 

PLA exposure, particularly in the ASCs, although more experiments need to be 

conducted to confirm this. 

 

6.1 Limitations of the study 
 

During the study, a number of limitations were experienced. The current study may 

provide essential information when designing future studies based on this study. ALP 

activity assay measures the amount of ALP released from cells while qPCR measures 

the gene expression of ALP. Future studies could include an ALP activity staining to 

assess the expression of ALP as it is normalised to total protein content. 

 
Alizarin Red S staining is used to detect calcium mineralisation by osteoblasts. A 

positive control could be used to ensure that the staining effectively stains calcium. It 

would provide a means for accurate comparison.  

 
Expression of the genes mentioned in this study could also be determined at 21 days 

of differentiation or beyond 21 days to determine whether the genes are expressed at 

a later stage of differentiation. Gene expression could also be determined for late 

osteoblast-specific markers and adipogenesis markers such as PPAR-γ as originally 

planned in the study, but could not be carried out. 

 
ASCs derived from lipoaspirates have a short window for use as an osteoblast model. 

Weinzierl et al., determined that ASCs lose their osteoblast potential after the third 

passage, however, Di Battista et al., determined that ASCs already start to lose their 

osteogenic potential after passage two and its potential is completely lost at passage 

five.237, 243 ASCs may not be a suitable model for long-term osteoblastic studies which 

may require culturing cells beyond 21 days. 
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6.2 Recommendations for further studies 
 
A substantial amount of research has been conducted on the benefits of PUFA on 

health, although some aspects still need to be explored. With the aim of understanding 

the link between the health benefits of MUFA and bone, a potential treatment could be 

discovered to alleviate treatments involving costly drug-dependence. 

 
The use of other cells lines such as human foetal osteoblasts (hFOB 1.19), bone 

marrow MSCs or SaOS-2 cells could be used as alternative models for cell culture. 

Evaluating the gene expression of other osteoblast-specific genes such as COL1, BSP 

and OPN can be included. 

 
The present study could form the foundation to continue research on MUFA and 

specifically PLA in bone cells. Future research could include in vivo work using PLA 

on murine models to observe the effects of PLA on osteoblasts and the bone 

remodelling cycle. 

 
Due to contradictory findings between the ASCs and MG-63 cells, the study cannot 

conclude whether PLA has a beneficial effect on bone. In the ASCs, it stimulated 

osteoblast gene expression while in the MG-63 cells it inhibited osteoblast gene 

expression. Van Heerden et al., also demonstrated that PLA exerted inhibitory effects 

on osteoclast formation12 but this may not affect osteoblast formation. 
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