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ABSTRACT 

 

AMBER N. THOMAS B.S. 

 

EFFECT OF TART CHERRY POLYPHENOLS ON OSTEOCLAST 

DIFFERENTIATION AND ACTIVITY 

 

MAY 2017 

 

Bone is maintained by an intricate balance between bone formation and bone 

resorption. The presence of inflammation can contribute to an imbalance in bone 

homeostasis by enhancing differentiation and activity of osteoclasts, the cells that 

participate in the breakdown of bone. Polyphenols such as flavonoids found in plant-

derived foods have been shown to have anti-inflammatory effects in various tissues. Tart 

cherries are a rich source of such polyphenolic compounds. Using mouse macrophage 

cells (RAW 264.7), we examined whether tart cherry polyphenols (TCP) could dose-

dependently inhibit the proliferation and activity of RANKL-differentiated osteoclasts 

under inflammatory conditions. Tartrate resistant acid phosphatase (TRAP) activity and 

staining of TRAP positive multinucleated cells, used as indicators of osteoclast 

differentiation and activity, decreased in a dose-dependent manner with TCP treatment. 

Osteoprotegerin (OPG) expression by osteoclasts was decreased in a dose-dependent 

manner as well. A significant increase in nitrite concentration was observed with the 

lower doses of TCP of 50 and 100 μg/mL (p<0.05). However, higher doses of TCP (200 

and 300 μg/mL) reduced nitrite concentrations below that of the control that received no 

TCP treatment (p<0.05). Western blot analyses showed that protein expression of COX-2 
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followed a similar trend, although results were not statistically significant.Conversely, 

TCP treatments dose-dependently increased iNOS protein expression with statistical 

significance noted at doses of 200 and 300 μg/mL. Overall, our findings suggest that the 

polyphenols associated with tart cherries inhibit the negative effects of osteoclasts on 

bone health. 

Keywords: Osteoclastogenesis, Macrophage, Bone, Osteoporosis, Inflammation; 

Flavonoids, Hydroxycinnamic acids 
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CHAPTER I 

 

INTRODUCTION 

Osteoporosis is the most common bone disease in humans (Cosman et al., 2014). 

It is characterized by a loss of bone mass and increased bone fragility, which increases an 

individual’s risk for fracture (Nelms, Sucher, & Lacey, 2016). Worldwide, the disease is 

estimated to afflict more than 200 million individuals and is responsible for over 8.9 

million fractures each year (International Osteoporosis Foundation [IOF], 2015a). These 

numbers are anticipated to rise as the aging population grows as osteoporosis is most 

prevalent in the older population (Kwan, 2015). In fact, nearly 75% of major osteoporotic 

fractures occur among individuals 65 years of age or older (IOF, 2015a). The occurrence 

of fractures places substantial economic and social burden on the individual who 

experiences them (Cosman et al., 2014). In the United States, osteoporotic fractures 

account for nearly $20 billion in healthcare costs annually (Becker, Kilgore, & Morrisey, 

2010). By 2025, these costs are expected to increase to $25.3 billion (Cosman et al., 

2014). Therefore, investigation of preventive measures that could be useful in protecting 

against this debilitating disease is imperative. 

 Inflammation is implicated in the development of several chronic diseases, 

including osteoporosis (Dudaric, Fuzinac-Smojver, Muhvic, & Giacometti, 2015). While 

inflammation can play a beneficial role as part of the immune system, prolonged states of 

inflammation can have detrimental effects.  Chronic inflammation can increase oxidative 
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stress within the body due to overproduction of free radicals and cytokines (Khansari, 

Shakiba, & Mahmoudi, 2009). Free radicals promote bone loss by increasing osteoclast 

activity and enhancing the production of inflammatory cytokines such as tumor necrosis 

factor-α (TNF-α) and interleukin-1 (IL-1). TNF-α and IL-1 have been associated with 

osteoclast differentiation and activity (Bronner, Farach-Carson, & Rubin, 2006). These 

cytokines have been shown to influence osteoclastogenesis directly through signaling 

pathways and indirectly by promoting the production of other inflammatory markers 

(Hukkanen, Polak, & Hughes, 1998; Weitzmann, 2013). Among these inflammatory 

markers are inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) 

(Hukkanen et al., 1998). Thus, chronic inflammation enhances bone loss, which can 

contribute to the development of osteoporosis (Dudaric et al., 2015). 

 There is emerging interest in the effects of compounds found naturally in plant-

based foods known as polyphenols (Bu et al., 2008). Polyphenols possess antioxidative 

properties, which allow them to modulate the inflammatory process and therefore 

contribute to bone health (Dudaric et al., 2015). A number of studies have demonstrated 

that polyphenols may have beneficial effects on bone metabolism (Brito et al., 2016; Bu 

et al., 2008; Dudaric et al., 2015; Oliveira et al., 2015). For instance, flavonoids have 

been shown to depress osteoclast differentiation and activity by decreasing the production 

of inflammatory cytokines, inhibiting the action of iNOS and COX-2, and suppressing a 

variety of signaling pathways involved in osteoclastogenesis (Bu et al., 2008; Dudaric et 
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al., 2015; Oliveira et al., 2015). Other polyphenolic compounds such as chlorogenic acid 

and caffeic acid have been shown to have similar effects (Bu et al., 2008). 

 Tart cherries are a rich source of polyphenols such as flavonoids (cyanidin, 

peonidin, quercetin, kaempferol, catechin, epicatechin, and isorhamnetin) and 

hydroxycinnamic acids (chlorogenic acid and p-coumaric acid) (Kim et al., 2005). There 

is evidence that suggests that tart cherries may be beneficial to health due to the anti-

inflammatory and antioxidant effects of the polyphenols it contains. In human studies, 

consumption of tart cherries has been shown to increase the capacity of older adults to 

resist oxidative damage, lower markers of inflammation after strenuous exercise, and 

provide relief of symptoms in osteoarthritis (Bell, McHugh, Stevenson, & Howatson, 

2014; Traustadóttir et al., 2009). Both animal and cell studies have demonstrated that tart 

cherry polyphenols can protect cells of the nervous system from oxidative damage and 

may inhibit tumor growth in colon cancer by influencing COX enzyme activity (Kang, 

Seeram, Nair, & Bourquin, 2003; Kim et al., 2005; Shukitt-Hale, Kelly, Bielinski, & 

Fisher, 2016). Based on the evidence available, it is therefore plausible that tart cherry 

polyphenols may exert a beneficial effect on bone health.  

Central Hypothesis 

 The central hypothesis of my thesis research was that tart cherry polyphenols will 

dose-dependently inhibit osteoclast differentiation and activity. This study will focus on 

determining the mechanism by which total polyphenols in tart cherries inhibit or slow 

down osteoclastogenesis through its anti-inflammatory action. 
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Specific Aims 

Specific Aim One 

To demonstrate that tart cherry polyphenols will dose-dependently decrease 

tartrate resistant acid phosphatase (TRAP), a hydrolytic enzyme expressed in 

multinucleated cells, which will indicate a decrease in osteoclast differentiation and 

activity. 

Specific Aim Two 

To determine if tart cherry polyphenols will dose-dependently decrease osteoclast 

activity through its anti-inflammatory effects. This will be determined by measuring 

nitric oxide (NO) and osteoprotegerin (OPG) levels. Osteoclast production of NO 

increases during inflammation and NO further stimulates activity of mature osteoclasts. 

OPG inhibits the activity of osteoclasts and expression is decreased in the presence of 

inflammatory cytokines. 

Specific Aim Three 

 To evaluate if tart cherry polyphenols will dose-dependently inhibit protein 

expression of inducible nitric oxide synthase (iNOS) and cycloxygenase-2 (COX-2). 

These enzymes have been associated with the inflammatory process that enhances 

osteoclast activity. 
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CHAPTER II 

 

REVIEW OF LITERATURE 

Osteoporosis 

Significance of Problem 

Osteoporosis is a disease characterized by an imbalance in skeletal homeostasis in 

which bone resorption exceeds bone formation (Kwan, 2015). The resulting loss of bone 

mass and compromised bone strength leads to an increased risk for fractures (Nelms et 

al., 2016). Osteoporosis is most common among the older population in Western 

societies, especially in postmenopausal women (Kwan, 2015). It is estimated that this 

disease currently impacts more than 200 million individuals worldwide and is responsible 

for over 8.9 million fractures each year. Nearly half of all these fractures are reported to 

occur in Europe and the Americas (International Osteoporosis Foundation [IOF], 2015a). 

According to the National Osteoporosis Foundation, greater than 9.9 million Americans 

are afflicted by the disease and an additional 43 million are at an increased risk for 

osteoporosis due to low bone density. These numbers are anticipated to increase as the 

aging population continues to grow (Cosman et al., 2014). By 2040, 21.7% of the United 

States population is projected to be 65 years or older (Administration on Aging, 2016). 

This will likely represent a significant challenge as nearly 75% of major osteoporotic 

fractures occur among this age group (IOF, 2015a). 
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Osteoporosis is often referred to as a “silent disease” because it remains 

asymptomatic until the first fracture occurs (Becker, Kilgore, & Morrisey, 2010). The 

most common sites of osteoporotic fractures are the spine, hip, and wrist. Fractures, 

particularly of the hip and spine, are associated with an increase in mortality and 

morbidity (Cosman et al., 2014). Hip fractures often require hospitalization and can result 

in disability or even death (Escott-Stump, 2012). In fact, the risk of death for hip fracture 

patients within three months of fracture occurrence is four times greater than those who 

remain fracture-free. One in five of those who survive will require long-term nursing 

home care within a year (Nelms et al., 2016). Vertebral fractures can also result in 

disability due to severe back pain, difficulty breathing, and spinal deformities. The 

incidence of fractures places substantial economic and social burden on the individual 

who experiences them (Cosman et al., 2014). Approximately two million fractures 

annually are attributed to osteoporosis in the United States, which represents nearly $20 

billion in medical costs each year (Becker et al., 2010). These costs are expected to rise to 

$25.3 billion by 2025 (Cosman et al., 2014). Therefore, the investigation of the 

preventive measures that could be useful in protecting against this debilitating disease is 

crucial. 

Types of Osteoporosis 

Osteoporosis can be classified as either primary or secondary (Nelms et al., 2016). 

There are two types of primary osteoporosis: estrogen deficient osteoporosis and age-

related osteoporosis. These two are differentiated by gender, the age of fracture 
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occurrence, and the kinds of bones involved (Mahan, Raymond, & Escott-Stump, 2012). 

Estrogen deficient osteoporosis generally occurs in women within the first 15 to 20 years 

of menopause, with a peak incidence around age 60.  It is for this reason that it may also 

be referred to as postmenopausal osteoporosis (Iqbal, 2000). With this form of primary 

osteoporosis there is an increased loss of trabecular bone following the cessation of 

estrogen production from the ovaries (Mahan et al., 2012). Women may lose as much as 

20% of bone mass in the years following menopause, placing them at a higher risk of 

osteoporotic fracture. Estrogen deficient osteoporosis is characterized by fractures of the 

distal radius (Colles’ fractures) and vertebral crush fractures. Age-related primary 

osteoporosis occurs in both men and women around the age of 70. Both cortical and 

trabecular bone tissue is affected, leading to an increased risk of fracture in the hip, long 

bones, and vertebrae (Iqbal, 2000). Even though this form affects both sexes, women 

remain at a greater risk due to having a lower overall bone mass than men (Mahan et al., 

2012). 

Secondary osteoporosis is accelerated bone loss that results from chronic disease 

conditions or drug therapy (Mahan et al., 2012). This includes medical conditions such as 

hyperthyroidism, hyperparathyroidism, malignancies, gastrointestinal diseases, renal 

failure, and connective tissue diseases. Medications associated with an increased risk for 

osteoporosis include steroids, anticonvulsants, heparin, lithium, proton pump inhibitors, 

thiazolidinediones, and certain chemotherapeutic agents (Nelms et al., 2016). 
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Risk Factors 

 There are a number of factors that can increase an individual’s risk for developing 

osteoporosis. Some of these factors cannot be changed, such as advanced age, female 

gender, ethnicity, and family history (Escott-Stump, 2012). Women are more likely to 

develop osteoporosis than men of the same age. Caucasian and Asian women are at the 

greatest risk for osteoporosis when compared to other ethnicities due to a lower peak 

bone mass. Regardless of gender or ethnicity, the risk of osteoporosis increases with age 

as bones become more fragile and less dense (Iqbal, 2000). 

Risk factors that are modifiable are often related to lifestyle choices. This includes 

excessive alcohol consumption, smoking, use of certain medications, physical inactivity, 

low body weight, and an insufficient intake of calcium and vitamin D (Escott-Stump, 

2012). Guidelines for the prevention of bone disease generally focus on a well balanced 

diet and regular physical activity. Weight-bearing and muscle-strengthening exercises are 

usually recommended to preserve bone health. There are some nutrients that may 

increase the risk of osteoporosis. For instance, an excessive intake of caffeine has been 

associated with a lower bone mass. A high intake of sodium may also contribute to poor 

bone mass and increased risk for osteoporosis due to higher rates of urinary calcium 

excretion (Mahan et al., 2012). 

Medical Diagnosis 

Osteoporosis is diagnosed by measuring bone mineral density (BMD). The gold 

standard for assessment of bone health is dual energy x-ray absorptiometry (DXA). For 
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postmenopausal women and men age 50 years and older, the World Health Organization 

(WHO) recommends the use of T-score as criteria for diagnosis of bone loss and 

osteoporosis. Osteoporosis is defined by WHO as a BMD T-score that is greater than 2.5 

standard deviations below the mean value of a healthy young adult of the same sex and 

race. A BMD value between 1 and 2.5 standard deviations represents a milder decline in 

bone mass known as osteopenia. For premenopausal women, men younger than age 50, 

and children, the International Society for Clinical Densitometry (ISCD) criteria is used 

to assess for low BMD. This criterion uses a Z-score that accounts for ethnicity and age 

(Nelms et al., 2016). DXA of the hip or spine bone density are generally recommended 

for diagnosis as individuals with osteoporosis have a greater likelihood of fracturing these 

bones. However, bone density of the radius bone of the forearm may also be used 

depending on the testing equipment available. Repeated testing using the same equipment 

and same location is best for comparing results over time. Other tests that can measure 

bone density include peripheral dual energy x-ray absorptiometry (pDXA), quantitative 

ultrasound (QUS), and peripheral quantitative computed tomography (pQCT). While 

useful for evaluation purposes when DXA is not available, these instruments cannot 

accurately diagnose osteoporosis (National Osteoporosis Foundation [NOF], n.d.a). 

Measurement of BMD has value in predicting fracture risk because it correlates 

with bone strength. As such, a lower BMD is associated with a greater risk of fracture. 

Nevertheless, a fracture can occur even in those with a normal BMD. Vertebral fractures 

are consistent with a diagnosis of osteoporosis regardless of bone density diagnosis and 
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may warrant pharmacological treatment. Vertebral fractures are strong predictors of 

future fractures independent of other risk factors. These fractures can be detected using x-

ray imaging or lateral vertebral fracture assessment (VFA) on a DXA scan. Fracture risk 

can also be determined using FRAX®, an assessment tool developed by WHO to 

calculate the 10-year probability of a major osteoporotic fracture based on BMD and 

other clinical risk factors (Cosman et al., 2014).  

Laboratory testing can also be valuable in the assessment of risk. Biochemical 

markers such as serum C-telopeptide (CTX), serum bone-specific alkaline phosphatase 

(BSAP) and aminoterminal propeptide of type 1 procollagen (PINP) can be used to 

measure bone turnover (Cosman et al., 2014). A high bone turnover is assumed to be 

associated with bone loss and increased risk of fracture. However, the predictive value of 

bone turnover markers for the diagnosis of osteoporosis has not been established (Biver 

et al., 2012). Testing of other biochemical markers such as parathyroid hormone (PTH), 

thyroid hormones, serum calcium, and serum vitamin D may be used to exclude 

secondary causes of osteoporosis (Cosman et al., 2014). 

Treatment 

While osteoporosis is currently not curable, there are treatments that can slow its 

progression (NOF, n.d.b). The Food and Drug Administration (FDA) has approved 

several drugs for the prevention and treatment of osteoporosis, including estrogen 

therapy, selective estrogen agonist/antagonist, bisphosphonates, parathyroid hormone 

(PTH), calcitonin, and receptor activator of nuclear factor kappa beta ligand (RANKL) 
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inhibitors (Cosman et al., 2014). Estrogen therapy has been shown to decrease bone 

turnover, increase BMD, and significantly reduce fracture risk. However, it is no longer 

recommended as a first-line of therapy due to an increased risk of breast cancer (Nelms et 

al., 2016). The estrogen agonist/antagonist raloxifene is the therapy of choice for 

postmenopausal women when there is an elevated risk of invasive breast cancer. 

Raloxifene is shown to be effective in preventing breast cancer, yet is associated with an 

increased risk of blood clots (Florence et al., 2013).  

Oral bisphosphonates, such as alendronate and risendronate, have become the 

most widely prescribed medication for osteoporosis because these are both effective and 

inexpensive (Penton et al., 2016). This class of medication has strong data demonstrating 

risk reduction of both vertebral and non-vertebral fractures. Anabolic therapy with PTH 

1-34, teriparatide, is indicated for patients who present with a high risk of future 

fractures. It effectively increases bone mass and reduces fracture occurrence, and its 

effects persist even after discontinuance. The RANKL inhibitor denosumab is also 

approved for treatment in postmenopausal women with a high risk of fracture. 

Denosumab has been shown to reduce the cumulative incidence of new vertebral 

fractures by 68% in this population (Florence et al., 2013). Nasal calcitonin is now 

considered a third-line treatment as other therapies have been found to be more effective. 

Yet, still may be a useful short-term therapy for some populations when alternative 

treatments are not suitable (Cosman et al., 2014; Florence et al., 2013).  
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Not every individual will have similar response to these medications. Factors such 

as gender, age, and severity of bone loss should be considered by healthcare provides 

when determining which medication to prescribe (NOF, n.d.b). Supplementation with 

calcium and vitamin D is typically recommended for patients receiving pharmacotherapy 

for osteoporosis.  In addition, physical therapy and regular strengthening exercise are 

often included as part of treatment to improve physical function and lower the risk of 

subsequent falls that could lead to fracture (Cosman et al., 2014). Regardless of the 

treatment plan, adherence is important for treatment efficacy. Poor adherence to 

osteoporosis medications remains a common issue. It has been reported that as many as 

45% to 50% of patients stop taking their medications within the first year of treatment 

(Florence et al., 2013). Thus, proper medication use and corresponding lifestyle changes 

are vital in the treatment of osteoporosis. 

Bone Biology 

Composition and Structure 

 Bone is a tissue with a very complex structure that allows it to provide support, 

protection, and mobility, as well as a storage area for minerals and a place to manufacture 

red blood cells (Rizzo, 2016). It is composed of an organic protein matrix (or osteoid) 

wherein inorganic crystallized mineral salts are deposited. The primary protein found in 

the matrix is collagen, which allows for bone to be resilient and strong. Mineral salts, in 

combination with hydroxyl ions, bind to this protein structure and form the crystalline 

hydroxyapatite that gives bone its hardness. Calcium and phosphorus account for the 
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majority of the mineral found in bone (Ross, Caballero, Cousins, Tucker, & Ziegler, 

2013). Because bone stores about 99% of the calcium in the body, it aids in the 

maintenance of homeostasis by releasing calcium into the blood. Small amounts of 

carbonate, sodium, potassium, magnesium, fluoride, and other ions are also included in 

the crystals of bone (Gropper & Smith, 2016). 

 Bone tissue can be classified into two types: cortical (compact) or trabecular 

(spongy). Approximately 80% of the skeleton is made up of cortical bone. This type of 

bone is dense, compact, and undergoes a slow remodeling process. It is found on the 

outer parts of all skeletal structures and provides both mechanical strength and protection. 

The remaining 20% is composed of trabecular bone, which is less dense and more elastic 

than cortical bone. Trabecular bone resides primarily inside long bones, the inner portions 

of the vertebrae and pelvis, and other large flat bones where it contributes to mechanical 

support. This type of bone has a higher turnover rate, which allows for it to have a greater 

role in metabolic functions such as the release of calcium (Hadjidakis & Androulakis, 

2006). 

 Regardless of the type, bone tissue is in a constant state of change. During 

childhood and adolescence bone develops and grows by a process referred to as bone 

modeling. Throughout this process new bone tissue is formed allowing for bones to 

lengthen and widen, most notably in the long bones. It continues until mature height has 

been reached. Bone modeling is usually completed by the ages 16 to 18 for females and 

ages 18 to 20 for males. From this point onwards, the process of bone remodeling begins 
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(Mahan et al., 2012). In bone remodeling old bone is removed through bone resorption 

and new bone is formed. The two main cells involved are osteoblasts and osteoclasts. 

Osteoblasts are responsible for bone formation, whereas osteoclasts dictate bone 

resorption (Raggett & Partridge, 2010). These two cells are described in further detail in 

the following section. 

Bone Cells 

 Osteoblasts originate from mesenchymal stem cells found along the inner portion 

of the periosteum, endosteum, and bone canals containing blood vessels (Kwan, 2015). 

These progenitor cells have the ability to differentiate into a variety of cells depending on 

the transcription factor directing the process. Differentiation into osteoblasts is regulated 

by runt-related transcription factor 2 (Runx2). Mice lacking Runx2 are deficient in 

osteoblasts. Consequently, these mice are deficient in osteoclasts as well because cells of 

the osteoblast lineage play a role in osteoclast differentiation (Raggett & Partridge, 2010). 

Runx2 also regulates the expression of genes encoding for other proteins that influence 

osteoblast activity and bone formation. This includes osteocalcin, vascular endothelial 

growth factor (VEGF), sclerostin, and dentin matrix protein (DMP1) (Eriksen, 2010). Of 

note is osteocalcin, a Gla protein produce only by mature osteoblasts that inhibits further 

osteoblast activity (Raggett & Partridge, 2010). Osteoblasts produce a number of other 

substances that can also influence differentiation such as insulin-like growth factor (IGF), 

platelet-derived growth factor (PDGF), basic fibroblast growth factor (bFGF), 

transforming growth factor β (TGFβ), and bone morphogenetic proteins (BMP). 
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Differentiation and activity of osteoblasts may additionally be affected by parathyroid 

hormone (PTH), thyroid hormones, insulin, progesterone, estrogen, prolactin, androgen, 

and vitamin D3. Once differentiated, these cells participate in the building of the protein 

matrix, bone mineralization, and the regulation of osteoclasts (Hadjidakis & Androulakis, 

2006). 

 Osteoclasts are derived from mononuclear hematopoietic cells of the bone 

marrow. Differentiation occurs when these precursor cells are exposed to two molecules 

secreted by osteoblasts: macrophage colony-stimulating factor (M-CSF) and receptor 

activator of nuclear factor kappa-beta ligand (RANKL). These cytokines function by 

activating a variety of transcription factors. Among these is nuclear factor of activated T-

cell cytoplasmic 1 (NFATc1), the key transcription factor of osteoclastogenesis (Bu et al., 

2008). In vivo studies have demonstrated that a lack of either M-CSF or RANKL causes 

osteopetrosis, a condition of dense bones, in mice due to the absence of osteoclasts. 

However, with in vitro studies, the sole use of RANKL is sufficient for the differentiation 

of osteoclasts. The effects of RANKL can be blocked by another osteoblast-derived 

protein known as osteoprotegerin (OPG). Therefore, OPG can inhibit osteoclast 

formation and activity (Asagin & Takayanagi, 2007). PTH and vitamin D can enhance 

osteoclast differentiation through increasing the production of RANKL. Osteoclast 

differentiation can also be enhanced by inflammatory markers such as tumor necrosis 

factor-α (TNF-α), inducible nitric oxide synthase (iNOS), and cyclooxygenase-2 (COX-

2) during chronic inflammation. In addition to the factors listed above, the function of 
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osteoclasts may be influenced by systemic hormones like calcitonin, androgen, thyroid 

hormones, IGF-1, and PDGF (Hadjidakis & Androulakis, 2006). Because osteoclasts are 

the main cells involved in the breakdown of bone, they are often central to the study of 

osteoporosis. Thus, an understanding of osteoclast differentiation and activity could 

provide greater insight on the progression of the disease and potential methods of both 

prevention and treatment. 

Bone Remodeling 

Bone remodeling is a multistep process that begins with bone resorption. 

Osteoclasts attach to bone by folding their plasma membrane around the area facing the 

bone matrix, forming what is known as the “ruffled border” (Hadjidakis & Androulakis, 

2006). This attachment is facilitated by the binding of integrins expressed in the cell 

membrane to proteins in the bone matrix that exhibit a specific amino acid sequence 

(arginine-glycine-asparagine), such as osteopontin and bone sialoprotein (Ross et al., 

2013). The binding of integrins, particularly αvβ3 integrins, activates reorganization of the 

cytoskeleton to form the sealing zone. This zone is composed of a densely packed ring of 

actin-rich structures called podosomes that anchor the cell to the matrix and effectively 

seals off the area beneath the cell where degradation occurs. The area is commonly 

referred to as the resorption lacunae (Itzstein, Coxon, & Roger, 2011). 

The first process in the degradation of bone is the dissolution of the mineralized 

matrix through acidification. This is mediated by a vacuolar ATPase proton pump that 

transports hydrogen ions across the cell membrane. Working alongside the H+-ATPase is 
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a Cl- channel that preserves the electroneutrality between the intra- and extracellular 

environment. The ultimate result of this ion transport is the secretion of hydrochloric acid 

into the sealed zone. Mobilization of the crystalline hydroxyapatite occurs at a pH of ~4.5 

(Teitelbaum, 2000). Following demineralization, the remaining protein matrix is 

degraded by a collection of lysosomal enzymes released by the osteoclast, including 

cathepsin K, matrix metalloproteinases, and hydrolases (Gropper & Smith, 2016). 

Cathepsin K is the primary protease that breaks apart the collagen fibers of the matrix. 

The residues of the resorption process are endocytosed by the osteoclast and transported 

the basolateral domain of the membrane where it is released into the extracellular fluid 

(Hadjidakis & Androulakis, 2006). These breakdown products are then carried away by 

circulating blood (Ross et al., 2013). 

After resorption is completed, osteoblasts migrate to the area to begin laying 

down new bone. In the first phase of bone formation osteoblasts secrete collagen to form 

the osteoid matrix (Hadjidakis & Androulakis, 2006). Collagen polymerizes into mature 

triple-stranded fibers and binds to other secreted matrix proteins. This is followed by 

mineralization of the matrix. Mineral salts precipitate on the collagen fibers and 

crystallize, allowing for bone to harden (Mahan et al., 2012). At the end of this process, 

osteoblasts can either become osteocytes incorporated into the mineralized matrix or the 

lining cells that cover the surface of bone (Raggett & Partridge, 2010).  

The process of bone deposition is much slower compared to the rate of bone 

resorption. Resorption can be completed in a matter of a few days, whereas deposition 
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can take months or even up to a year in older adults. In healthy young adults these two 

phases are tightly coupled so that bone mass is maintained. However, the phases may 

become uncoupled with age, allowing for bone resorption to be greater than bone 

deposition. This results in a net loss of bone and is key in the development of 

osteoporosis (Mahan et al., 2012). 

Regulation of Osteoclast Differentiation and Activity  

Receptor Activator of Nuclear Factor Kappa Beta Ligand  

RANKL is a homotrimeric protein that is part of the tumor necrosis factor (TNF) 

superfamily. Upon binding to its receptor, RANK, on the surface of osteoclast progenitor 

cells, induces recruitment and activation of TNF receptor-associated factors (TRAFs). 

This leads to the activation of multiple signaling cascades that mediate osteoclast 

differentiation, activation, and survival (Boyce & Xing, 2008). Of the most importance is 

TRAF6, which triggers the signaling pathways for nuclear factor kappa beta (NF-β) and 

c-Fos. These pathways are essential for gene expression of NFATc1, the master regulator 

of osteoclastogenesis (Kim & Kim, 2014). NFATc1 also regulates the expression of 

osteoclast-specific genes such as tartrate-resistant acid phosphatase (TRAP), cathepsin K, 

calcitonin receptors, and αvβ3 integrins (Weitzmann, 2013). RANKL also stimulates an 

increase in intercellular Ca2+ levels through the activation of phospholipase Cγ (PLCγ). 

The subsequent rise in Ca2+ contributes to NFATc1 expression through the activation of 

calcineurin (Kim & Kim, 2014). 
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RANKL is expressed by a variety of cells throughout the body. It is the RANKL 

present on the surface of osteoblastic cells that regulates bone resorption. However, 

RANKL derived from other cell types, such as activated T cells, may contribute to bone 

loss as part of the inflammatory response. Additionally, T cells secrete cytokines such as 

TNF-α. TNF-α has been shown to increase osteoclastogenesis by promoting RANKL 

expression in osteoblasts and upregulating the presence of RANK in osteoclasts 

(Weitzmann, 2013). RANKL production is also enhanced by PTH, 1,25 

dihydroxyvitamin D3, prostaglandin E2 (PGE2), and variety of other inflammatory 

cytokines. Conversely, RANKL may be attenuated by estrogen, TGF-β, and the presence 

of osteoprotegerin (OPG) (Wada, Nakashima, Hiroshi, & Penninger, 2006). 

Osteoprotegerin  

Osteoprotegerin (OPG) is an abnormal member of the TNF receptor family. 

Rather than being expressed on the cell membrane, it is secreted by cells into the 

surrounding environment. OPG functions as a decoy receptor for RANKL. It prevents the 

binding of RANKL to RANK and subsequently suppresses osteoclast formation, 

activation, and survival. It has also been shown to inhibit osteoclast attachment to bone. 

Therefore, OPG participates in the regulation of bone remodeling through its effect on 

bone resorption. Production of OPG by osteoblasts are purported to have the greatest 

influence due to the physical proximity to osteoclasts. However, OPG produced from 

other cells may also contribute to the inhibition of bone resorption (Kearns, Kholsa, & 

Kostenuik, 2008). In fact, a recent study has shown that mature osteoclasts express OPG 
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as well, which suggests that these cells may autoregulate their own activity in the late 

stages of osteoclastogenesis (Kang et al., 2014). The ratio of RANKL to OPG is a key to 

the modulation of bone resorption. As such, these two molecules are reciprocally 

regulated by many of the same factors (Kearns et al., 2008). Estrogen and TGF-β 

stimulates OPG expression, whereas PTH, PGE2, and inflammatory cytokines have the 

opposite effect (Wada et al., 2006).  

Tartrate Resistant Acid Phosphatase 

TRAP, a member of the purple acid phosphatase family, is an iron-containing 

enzyme that can be found in bone and the immune system (Hayman, 2008; Janckila & 

Yam, 2009). It is expressed by cells of monocytic origin, which includes osteoclasts. 

TRAP is secreted by osteoclasts during the bone resorption process and participates in the 

hydrolysis of bone (Hayman, 2008). The exact mechanism by which TRAP functions in 

bone degradation still remains unclear. However, there is evidence that suggests that it 

may play a regulatory role through its phosphatase activity. When phosphorylated, bone 

matrix proteins osteopontin and bone sialoprotein promote the attachment of osteoclasts 

to bone. TRAP secreted from osteoclasts is purported to dephosphorylate these proteins, 

allowing for osteoclast detatchment and migration across bone for further resorption 

activity. Furthermore, it is hypothesized that TRAP participates in matrix degradation by 

generating reactive oxygen species (ROS). TRAP has been shown to colocalize with 

cathepsin K in transcytotic vesicles carrying products of matrix degradation. It is here 

that matrix proteins are further degraded by the oxidative action of ROS generated by 
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TRAP and hydrogen peroxide. While its exact mechanism of action is unknown, 

osteoclast expression of TRAP correlates with bone resorption. It is for this reason that 

TRAP is commonly measured as a marker of osteoclast activity (Janckila & Yam, 2009). 

Hormones 

Hormones participate in the regulation of bone remodeling by influencing the 

action of bone cells. As mentioned above, both PTH and vitamin D3 both promote 

osteoclastogenesis by influencing the production of RANKL and OPG by osteoblasts 

(Duque & Kiel, 2016). PTH is considered the most important hormone in regards to 

calcium homeostasis. When blood calcium levels are low, it functions by stimulating 

bone resorption, renal reabsorption of calcium, and renal activation of calcitriol. The net 

effect is an increase of calcium in the blood (Hadjidakis & Androulakis, 2006). PTH 

regulates calcium in conjunction with the hormone calcitonin, which acts to lower blood 

calcium levels. Calcitonin decreases bone resorption by inhibiting osteoclast action and 

promoting apoptosis. Activated vitamin D3 enhances the action of PTH (Duque & Kiel, 

2016). 

Sex hormones, especially estrogen, are of particular interest in regards to the 

development of bone diseases such as osteoporosis. Estrogen has been shown to have a 

protective effect on bone. In fact, the loss of bone mass and increased risk of osteoporosis 

in postmenopausal women is linked to estrogen deficiency (Wada et al., 2006). Estrogen 

acts by promoting osteoblast differentiation and activity. It stimulates osteoblasts to 

increase the production of OPG and TGF-β and decrease the production of RANKL and 
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M-CSF, thus suppressing osteoclast formation (Kwan, 2015). Estrogen also has a direct 

influence on osteoclasts. It reduces the responsiveness of osteoclast progenitor cells to 

RANKL and stimulates osteoclast apoptosis (Hadjidakis & Androulakis, 2006). Estrogen 

is also thought to decrease the production of proresorptive cytokines such as TNF-α, IL-

1β, IL-6, and PGE2 (Kwan, 2015). Therefore, the increased risk of osteoporosis related to 

estrogen deficiency results from a loss of these bone-sparing effects. 

Inflammation and Bone Loss 

Inflammation is a natural part of the immune response to pathogens and injury. 

While this can be beneficial to health, prolonged states of inflammation can be 

detrimental to the body. Chronic inflammation can increase oxidative stress within the 

body due to the overproduction of free radicals and proinflammatory cytokines (Khansari 

et al., 2009). It is in this manner that inflammation promotes the development of chronic 

diseases such as cancer, diabetes, heart disease, and even osteoporosis (Dudaric et al., 

2015; Lobo, Patil, Phatak, & Chandra, 2010). 

 Oxidative stress results when the accumulation of free radicals overwhelms 

cellular antioxidant defenses, thus allowing for tissue damage to occur (Lobo et al., 

2010). The most common source of free radicals in the human body is oxygen. These 

reactive oxygen species (ROS), particularly hydrogen peroxide (H2O2) and superoxide, 

have been shown to promote bone loss in a variety of ways (Khansari et al., 2009). 

Among these are the effects of ROS on bone cells. ROS can lead to cell apoptosis by 

initiating lipid peroxidation of the osteoblast cell membrane, which simultaneously leads 
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to the production of more free radicals. ROS also act to promote osteoclast differentiation 

and activity through stimulating intracellular signaling cascades and subsequent gene 

expression. This action may be due to the direct influence of ROS on osteoclast 

progenitor cells or indirectly through the production of inflammatory cytokines, as 

illustrated in Figure 1 (Nadia et al., 2012). 

 

Figure 1.1: Mechanisms by which inflammation leads to increased osteoclast 

differentiation and activity 

 There are a number of cytokines that mediate bone resorption under inflammatory 

conditions. Most notable are IL-1β and TNF-α. Both have been shown to influence 

signaling pathways that activate NF-β and the mitogen-activated protein kinase 
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(MAPK) system. Activation of NF-β leads to an increased expression of RANKL and 

its receptor RANK (Bronner, Farach-Carson, & Rubin, 2006). These cytokines further 

promote osteoclast differentiation by increasing the production of M-CSF and 

suppressing OPG expression. It was once theorized that TNF-α was capable of directing 

RANKL-independent osteoclastogenesis. However, recent evidence does not support 

this. Rather, it is likely that TNF-α has the ability to amplify the actions of RANKL by 

integrating with RANKL-induced signaling pathways. This notion is based on the fact 

that RANKL is a member of the TNF superfamily (Weitzmann, 2013). 

Cytokines further promote the inflammatory process through the induction of the 

enzymes inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) 

(Hukkanen et al., 1998). iNOS activation is considered to be a crucial factor in the 

development of osteoporosis due to systemic inflammation. This is because it is involved 

in the production of nitric oxide (NO), the key signaling molecule in dictating the 

imbalance between the formation and breakdown of bone (Oktem et al., 2006). 

Accumulation of NO in the bone microenvironment promotes bone resorption by 

enhancing M-CSF and RANKL-induced osteoclast differentiation. NO further promotes 

the inflammatory process by increasing the production of cytokines, such as IL-1β, and 

other inflammatory molecules (Herrera et al., 2011). It has also been proposed that NO 

may suppress bone formation due to increased osteoblast apoptosis (Oktem et al., 2006).  

 COX-2 is often expressed under the same conditions as iNOS. Not only are these 

two induced by the same cytokines, but NO generated by iNOS activates COX-2. COX-2 
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is responsible for the production of prostaglandins, particularly prostaglandin E2 (PGE2), 

from arachidonic acid (Hukkanen et al., 1998). PGE2 has been noted to have a bimodal 

effect on bone metabolism. Studies have indicated a role for PGE2 in stimulating bone 

formation in response to mechanical stress and that it may be important in bone fracture 

healing (IOF, 2015b). PGE2 also acts as a potent stimulator of bone resorption, most 

notably as part of the inflammatory response. PGE2 functions to increase osteoclast 

formation by enhancing the expression of RANKL. RANKL stimulation of osteoclast 

precursor results in the production of more PGE2 due to activation of COX-2 in the cell. 

It is through this mechanism that PGE2 has the ability to amplify its own production, thus 

contributing to acceleration in osteoclast differentiation. Inhibitors of the COX-2 enzyme 

have been shown to block the production of PGE2 and suppress osteoclast formation 

(Han et al., 2005). 

 It is well established that inflammation is associated with bone loss and therefore 

can contribute to the development of osteoporosis (Dudaric et al., 2015). This is 

particularly evident in states of estrogen deficiency. As noted previously, estrogen 

confers a protective effect on bone by decreasing the production of proinflammatory 

cytokines and has also been shown to block the synthesis of COX-2. Thus, inflammation 

plays a role in postmenopausal osteoporosis (Oktem et al., 2006). Free radical 

accumulation as a result of chronic inflammation has been implicated as an important 

factor in the aging process, including age-associated osteoporosis (Khansari et al., 2009). 
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Therefore, finding substances that impede the inflammatory process may be beneficial to 

bone health. 

Nutrition and Bone Health  

Micronutrients 

 Insufficient intakes of calcium and vitamin D are considered secondary risk 

factors for osteoporosis. It is for this reason that ensuring adequate intake of both 

nutrients is included in prevention guidelines (Cosman et al., 2014) For the adult 

population, the Institute of Medicine (IOM) recommends a calcium intake of 1,000-1,200 

mg/day to promote bone health (Mahan et al., 2012). Dietary sources of calcium are 

preferred because other essential nutrients for health are also consumed (Cosman et al., 

2014). The primary source of calcium in the American diet is dairy products such as 

milk, cheese, and yogurt. However, calcium can also be obtained from dark leafy green 

vegetables, fish canned with bones (sardines, salmon), and calcium fortified foods 

(cereals, tofu, orange juice). When calcium intake from the diet is inadequate, 

supplements may be recommended. The two main forms of supplements are calcium 

carbonate and calcium citrate. While both are absorbed equally well, calcium citrate may 

be more appropriate for individuals experiencing achlorhydria because it does not require 

an acidic environment for absorption (Office of Dietary Supplements, 2016). Regardless 

of the form, most trials regarding calcium supplementation have shown positive effects 

on BMD and decreased risk of fracture (Angelo & Weaver, 2015). 
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 Many calcium supplements include vitamin D because it plays a major role in 

calcium absorption and bone health. The recommended intake of vitamin D for adults is 

600-800 International Units (IU)/day (Cosman et al., 2014). There are few natural dietary 

sources of vitamin D: egg yolks, fatty fish (salmon, mackerel, sardines), cod liver oil, and 

some mushrooms. Fortified sources include milk, yogurt, cereals, juices, and margarines 

(Mahan et al., 2012). Vitamin D can also be supplemented either in combination with 

other nutrients or alone. Supplementation is available as vitamin D2 (ergocalciferol) and 

vitamin D3 (cholecalciferol) (Cosman et al., 2014). Vitamin D3 is the preferred form of 

supplementation because it is more effective at increasing serum 25-hydroxyvitamin D 

level (Holick & Nieves, 2015). 

 In addition to calcium and vitamin D, a number of other micronutrients have been 

shown to play a role in bone health. Vitamin K plays a role in the modification of bone 

matrix proteins, such as osteocalcin, which is important in the mineralization of bone. 

While its exact effect on bone strength and integrity is unclear, studies have drawn an 

association between poor vitamin K status and increased fracture risk. Vitamin C is 

essential to the formation of collagen. Recent studies have implicated a role for copper in 

the cross-linking of collagen fiber, which is important to the structural stability of bones 

(Ross et al., 2013). Vitamin A has been shown to promote bone health. Yet, excessive 

intakes of this vitamin are associated with bone loss and increased risk of hip fracture 

(National Institute of Arthritis and Musculoskeletal and Skin Diseases, 2015). The 

minerals phosphorus and magnesium contribute to the structure of bone by being 
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incorporated into the hydroxyapatite. Inadequate intakes of both these minerals can 

impair proper bone formation and mineralization (Angelo & Weaver, 2015; Nieves, 

2005).  The trace mineral fluoride is required for skeletal development. It acts to 

stimulate bone formation by osteoblasts and can be incorporated into the hydroxyapatite. 

However, the response to fluoride may produce structurally abnormal bone leading to 

increased fragility rather than strength when consumed in high doses. Low doses, on the 

other hand, may increase bone strength and decrease fracture risk (Holick & Nieves, 

2015). Other micronutrients that may contribute to bone health include iron, zinc, 

manganese, boron, silicon, and vitamin B12. The exact effects of these nutrients are still 

not well established (Mahan et al., 2012; Nieves, 2005). 

Dietary Polyphenols 

 A number of epidemiological studies have implicated that consumption of a diet 

rich in fruits and vegetables may be beneficial to skeletal health. Plant-based foods are 

known to be good sources of bioactive polyphenolic compounds (Bu et al., 2008). Recent 

in vitro studies have investigated the potential mechanisms by which these compounds 

may positively affect bone metabolism. Evidence suggests that polyphenols can inhibit 

osteoclast differentiation and activity through their action as antioxidants. Antioxidants 

scavenge for free radicals and can subsequently downregulate the production of 

inflammatory molecules. Thus, polyphenols may contribute to bone health by 

counteracting the inflammatory process (Dudaric et al., 2015).  
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 Dried plum polyphenols have been shown to exhibit these properties when 

applied to osteoclasts and their precursors under inflammatory conditions. These 

polyphenols are noted to suppress osteoclastogenesis by downregulating the expression 

of NFATc1 and inflammatory mediators such as NO and TNF-α. Furthermore, plum 

polyphenols may regulate bone resorption by decreasing RANKL expression by 

osteoblasts. Polyphenols from dried plums have also been shown to positively affect bone 

formation. Recent in vitro studies have demonstrated that these polyphenols increase 

osteoblast alkaline phosphatase activity, calcified nodule formation, and cross-linking of 

type I collagen. In animal models, dietary supplementation with dried plum was shown to 

reverse the detrimental effects of gonadal hormone deficiency on BMD and contributes to 

bone strength. This was attributed to an increase in bone formation and lowered bone 

resorption (Bu et al., 2008). 

Consumption of berries has been proposed as a possible approach to combat the 

effects of age-related bone loss because they are rich in polyphenols such as 

anthocyanins. Most research regarding berry polyphenols tend to support this assertion 

(Dudaric et al., 2015). For instance, blueberry polyphenols have been shown to prevent 

the loss of BMD in ovariectomized (OVX) rats and decreased biomarkers of bone 

turnover, including TRAP and osteocalcin (Devareddy et al., 2008). Results from study 

using OVX rats also demonstrated favorable effects on bone health associated with the 

incorporation of rabbiteye blueberries into the diet for a period of 12 weeks. Specifically, 

rats fed a diet containing blueberries were shown to have significantly higher BMD 
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measurements and increased markers of osteogenic activity (alkaline phosphatase (ALP), 

type 1 collagen, integrin β1, and focal adhesion kinase (FAK)). Blueberry consumption 

was also associated with increased levels of OPG and decreased osteoclast activity (Li, 

Wu, Xu, & Yang, 2014). In another study, blueberries were shown to prevent the loss of 

collagen from the bone matrix in OVX rats. Rats fed the blueberry diet were found to 

have lower expression of collegenases and biomarkers of osteoblast senescence as well as 

increased expression of type 1 collagen. Osteoblastic cells cultured in the serum of the 

blueberry fed rats were shown to have greater cell survival than those cultured with 

serum from OVX rats not fed blueberries (Zhang et al., 2013). In a similar in vitro study, 

murine stromal cells treated with serum from blueberry fed rats demonstrated greater 

potential to differentiation into osteoblasts and increased expression of ALP, osteocalcin, 

and OPG (Chen et al., 2010). Other in vitro studies have shown that treatment with 

blueberry extract increased proliferation of osteoblast precursor cells and decreased the 

number of RANKL-dependent osteoclasts (Bickford et al., 2006). 

 While the majority of research regarding berries and bone health has concentrated 

on blueberries, there have been positive results with other berries as well. Treatment of 

human osteoclastic cells with a cranberry extract of A-type proanthocyanidins was shown 

to decrease the rate of bone degradation by inhibition of RANKL-induced 

osteoclastogensis and a decrease in matrix metalloproteinases (MMPs), enzymes 

involved in bone resorption (Tanabe, Santos, La, Howell, & Grenier, 2011). A recent 

study has shown that polyphenols from acai berry extract inhibits osteoclast differenation 
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and activity by modulating the production of cytokines by osteoclast precursor cells, 

including IL-1, IL-6, and TNF-α (Brito et al., 2016). 

Flavonoids are the most abundant polyphenols found in food and have been 

shown to promote bone health (Brito et al., 2016). For instance, the flavonoids 

kaempferol and quercetin have been shown to decrease osteoclastogenesis by inhibiting 

COX-2 and iNOS (Bu et al., 2008; Dudaric et al., 2015). Quercetin has also been shown 

to reduce the production of the cytokines IL-1β and IL-6 (Oliveira et al., 2015). 

Flavonoids may also inhibit a variety of signaling pathways involved in osteoclast 

differentation such as NF-β, MAPK, and JNK (Dudaric et al., 2015). Other 

polyphenolic compounds such as chlorogenic acid and caffeic acid have been shown to 

inhibit osteoclast differentiation by suppressing the action of NFATc1 and expression of 

RANKL (Bu et al., 2008). Tart cherries are hypothesized to produce similar outcomes 

because they contain similar polyphenolic constituents as mentioned above. 

Health Benefits of Tart Cherry Polyphenols  

 Tart cherries are a rich source of polyphenolic compounds. The most abundant 

polyphenols found in cherries are a group of flavonoids called anthocyanins (cyanidin 

and peonidin). They also contain many other flavonoids (quercetin, kaempferol, catechin, 

epicatechin, and isorhamnetin) and hydroxycinnamic acids (chlorogenic acid and p-

coumaric acid) (Kim et al., 2005). As mentioned previously, flavonoids have been shown 

to inhibit the production of inflammatory mediators and possess strong antioxidant 

activity (Dudaric et al., 2015). Hydroxycinnamic acids are reported to have similar 
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effects within the body (Razzaghi-Asi, Garrido, Khazraei, Borges, & Firuzi, 2013). There 

is evidence that suggests that consumption of tart cherries may be beneficial to health due 

to the anti-inflammatory and antioxidant effects of the polyphenols it contains (Bell, 

McHugh et al., 2014; Kang et al., 2003; Kent et al., 2016; Seymour et al., 2008; Seymour 

et al., 2009; Shukitt-Hale et al., 2016; Traustadóttir et al., 2009) 

 Oxidative stress is often considered a contributing factor in the aging process and 

the development of many chronic diseases. The ability to resist the effects of oxidative 

damage declines with age, which increases the susceptibility of these individuals to 

disease. One study has shown that consumption of tart cherry juice increased the capacity 

of healthy older adults to resist oxidative damage. This was demonstrated by a decrease 

in F2-isoprostane levels, a marker of acute oxidative damage that is also elevated in many 

chronic diseases. A reduction in the urinary excretion of oxidized nucleic acids was also 

observed. These results suggest that tart cherry polyphenols may combat the effects of 

oxidative stress by increasing the antioxidant defenses in the body (Traustadóttir et al., 

2009). 

Oxidative stress and inflammation are thought to play a role in the cognitive 

decline commonly seen in the aging population and other neurodegenerative diseases 

such as multiple sclerosis (Shukitt-Hale et al., 2016). A number of studies have 

demonstrated that tart cherry polyphenols may exert a beneficial effect on the nervous 

system. One in vitro study showed that cherry polyphenols dose-dependently protect 

neuronal cells from oxidative damage (Kim et al., 2005). Another study using HAPI rat 
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microglial cells showed that tart cherry polyphenols decreased the production of NO, 

TNF-α, and COX-2 under inflammatory conditions. Therefore, tart cherry polyphenols 

may help to increase survival and cell function of cells by suppressing oxidative damage 

and modulating the inflammatory process (Shukitt-Hale et al., 2016). Positive effects of 

cherry polyphenolics have been noted in humans as well. Consumption of a cherry juice 

supplement, containing both sweet and tart cherries, for 12 weeks was shown to improve 

memory and cognition in older adults with mild to moderate dementia. However, levels 

of inflammatory markers (CRP and IL-6) were not significantly altered, suggesting that 

cherry polyphenols may influence neuro-cognitive health by another mechanism (Kent et 

al., 2015). 

Although limited, some research suggests that tart cherry polyphenols may be 

beneficial for cancer. For instance, consumption of tart cherries and their polyphenols 

have been shown to inhibit tumorigenesis in ApcMin mice. Mice fed either the cherry diet 

or the diet containing anthocyanins presented with significantly fewer and smaller cecal 

ademonas than the control group. Furthermore, the researchers also showed that tart 

cherry anthocyanins decreased growth of human colon cancer cells in vitro. These 

polyphenols are purported to inhibit tumor growth by influencing COX enzyme activity 

(Kang et al., 2003). 

 Tart cherry polyphenols have shown promising results in regards to the 

development of metabolic syndrome, a cluster of characteristics associated with the risk 

for Type 2 diabetes and heart disease (Seymour et al., 2009). For instance, one study 
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showed that intake of a diet enriched with tart cherries for 90 days reduced 

hyperlipidemia, fat mass, and expression of inflammatory markers (IL-6 and TNF-α) in 

obese rats at risk for metabolic syndrome. This effect was attributed to an alteration in 

activity of peroxisome proliferator activated receptors (PPARs), a transcription factor that 

regulates genes related to metabolism and inflammation (Seymour et al., 2009). Another 

study found similar results in Dahl Salt Sensitive rats with insulin resistance and 

hyperlipidemia also fed a tart cherry-enriched diet for 90 days. This tart cherry diet was 

associated with a decrease in hepatic lipid accumulation, blood lipids, fasting blood 

glucose, and fasting insulin levels. Additionally, this diet was shown to enhance plasma 

antioxidant capacity and increased expression of both hepatic PPAR-γ and fat oxidizing 

enzyme (Seymour et al., 2008). Systemic inflammation, obesity, hyperlipidemia, and 

elevated blood glucose are all components of metabolic syndrome (Seymour et al., 2008; 

Seymour et al., 2009). Thus, the results of these two studies suggest that consumption of 

tart cherries may reduce the factors contributing to metabolic syndrome. Because the 

characteristics of metabolic syndrome increase the risk for type 2 diabetes and 

cardiovascular disease, it is plausible that tart cherry polyphenols may also be beneficial 

for these diseases as well (Seymour et al., 2009). 

 There are numerous studies that have demonstrated that consumption of tart 

cherries may reduce the inflammatory response to exercise. In a study of marathon 

runners, consumption of tart cherry juice supplement was shown to attenuate the 

production of inflammatory markers IL-6 and C-reactive protein (CRP) in the post-race 
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period (Bell, McHugh et al., 2014). Similar results were seen in study involving high-

intensity stochastic cyclists. Tart cherry juice consumption was associated with 

significantly lower lipid hydroperoxide levels, IL-6, and high sensitivity CRP (Bell, 

Walshe, Davison, Stevenson, & Howatson, 2014). Tart cherry supplementation has also 

been associated with a reduction in pain and muscle damage due to exercise-induced 

oxidative stress. Furthermore, tart cherry juice has been shown to provide relief of 

symptoms in patients with osteoarthritis (Bell, McHugh et al., 2014). 

In conclusion, tart cherry polyphenols may contribute to health by reducing 

oxidative stress and inflammation within the body. Since oxidative stress and 

inflammation have been implicated in the development of osteoporosis, it is plausible that 

tart cherry polyphenols may benefit bone health (Dudaric et al., 2015). As described 

previously, the specific polyphenols found in tart cherries (flavonoids and 

hydroxycinnamic acids) have been shown to influence osteoclast differentiation and 

activity (Bu et al., 2008; Dudaric et al., 2015). Therefore, the purpose of this study is to 

assess the effect of tart cherry polyphenols on osteoclast with future implications of 

reducing the risk for osteoporosis. 
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CHAPTER III 

 

METHODOLOGY 

 

Cell Culture Techniques 

 RAW 264.7 murine macrophage cells were purchased from American Type 

Culture Collection (ATCC TIB-71; Rockville, MD). Cells were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM). 10% Fetal Bovine Serum (FBS), and 1% Penicillin 

streptomysin. Macrophages were incubated at 37˚C and 5% CO2. Frozen cells were 

stored in growing media and 10% dimethyl sulfoxide (DMSO) in liquid nitrogen.  

Extraction and Quantification of Total Polyphenols from Tart Cherries 

 Freeze dried tart cherry powder was generously provided by Van Drunen Farms 

(Momence, IL). Polyphenols were lyophilized through the use of a Freeze Dry System 

(Labconco Inc.; Kansas City, MO). Polyphenols were extracted by diluting the freeze-

dried polyphenol powder (10 gm) in 80% ethanol (100 mL) and then sonicated for 20 

minutes under pulsated nitrogen gas. The solution was then filtered using a vacuum 

system with a Buchner funnel and Whatman No. 2 filter paper. The filter was rinsed 

several times with 100% ethanol. The residue was extracted by repeating the same 

process above. The total filtrate was placed in an evaporating flask with an additional 

80% ethanol (50 mL). The solvent was removed by using roto-evaporation at 62˚C and 

the extract was freeze-dried. This lyophilized tart cherry polyphenol extract was 

reconstituted in deionized water and analyzed for polyphenol content by the Folin-
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Calteau assay using gallic acid standards. The plate was read using Biotek Synergy H1 

series microplate reader at an absorbance of 750 nm. 

Cell Viability 

 Cell proliferation was analyzed using the CellTiter 96® colorimetric assay 

(Promega; Madison, WI) to determine the number of viable cells and dose response curve 

of tart cherry polyphenol to be used in all subsequent experiments. Cells were 

subcultured in a 96 well plate (Corning Inc.; Corning, NY). 100 μL of DMEM and 20 μL 

of Aqueous One Solution Reagent were added to each well. The plate was then incubated 

at 37˚C for 1 hour. The plate was read by the Biotek Synergy H1 series microplate reader 

at an absorbance of 490 nm. 

Staining of Multinucleated Osteoclasts and Determination of TRAP Activity 

A TRACP staining kit (Takara Bio; Japan) was used to visually evaluate the 

presence of TRAP positive multinucleated cells and to quantify TRAP activity. RAW 

cells were cultured in 24 well plates (60,000 cells/well) and treated with RANKL (30 

ng/mL) 24 hours later. After 72 hours, cells were treated with tart cherry polyphenols (50, 

100, 200, and 300 μg/mL) along with RANKL (30 ng/mL). LPS stimulation (1 μg/mL) 

occurred 24 hours later. Treatment media was removed 24 hours later and cells were 

washed with HBSS. 250 μL of Fixation solution (Formalin) was then added to each well 

and plates were incubated for 5 minutes at room temperature. Cells were then washed 

twice with sterile distilled water, incubated with Substrate solution (200 μL) for 15-45 



38 

 

minutes at 37˚C, and followed by three more washes with sterile distilled water. Stained 

cells were examined by microscopy and digital photographs were taken. 

For determination of TRAP activity, cells were cultured in 96 well plates (30,000 

cells/well). 24 hours later RANKL (30 ng/mL) was added in order to invoke 

differentiation of osteoclasts. Treatment with tart cherry polyphenols (50, 100, 200, and 

300 μg/mL) along with RANKL (30 ng/mL) occurred 72 hours later. After 24 hours all 

groups were stimulated with lipopolysaccharide (LPS) (1 μg/mL). Treatment media was 

removed 24 hours later and followed by washing with Hank’s Balanced Salt Solution 

(HBSS). Extraction solution (5-50 μL) was added followed by Substrate Solution (50 

μL). The plate was then incubated at 37˚C for 15-60 minutes followed by Stop Solution 

(50 μL). The plate was read using the Biotek Synergy H1 series microplate reader at 

405nm. 

Nitric Oxide Quantification 

Nitric oxide concentration was quantified using the Measure-iTTM High-

Sensitivity Nitrite assay kit (Molecular Probes; Eugene, OR). RAW cells were cultured in 

96 well plates (30,000 cells/well) and RANKL (30 ng/mL) was added 24 hours later. 

Treatment with tart cherry polyphenols (50, 100, 200, and 300 μg/mL) along with 

RANKL (30 ng/mL) occurred 72 hours later. After 24 hours all group were stimulated 

with LPS (1 μg/mL). Treatment media was collected 24 hours later. Then, in a 96 well 

plate, 10 μL of each sample was incubated with 100 μL of working solution at room 

temperature for 10 minutes. 5 μL nitrite quantitation developer was added to each well. 
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The plate was read using the Biotek Synergy H1 series microplate reader at 

excitation/emission maxima of 365/450 nm. Nitrite concentrations of each sample were 

calculated from a standard curve generated with sodium nitrite (0-55 μM). 

Cell Lysate and Total Protein Determination 

 Cells were plated in petri dishes at 1.5 million cells per dish. RANKL (30 ng/mL) 

was added to each plate 24 hours later and continued to incubate for 72 hours at 37˚C. 

Cells were then treated with tart cherry polyphenols at various doses (50, 100, 200, and 

300 μg/mL) along with RANKL (30 ng/mL). Cells were stimulated with LPS (1 μg/mL) 

24 hour post treatment with tart cherry polyphenols. After the 24 hours, media was 

removed and cells were washed with HBSS. Cells were then lysed using SolObuffer 

(FabGennix Inc.; Frisco, TX), mechanically stimulated for removal, placed on ice for 15 

minutes. Samples were then sonicated for 15 seconds, 3 times. The lysate was centrifuged 

for 3 minutes at 12000xg and supernatant was collected for analysis. Protein levels were 

determined using the Thermo Scientific BCA Protein Assay Kit following incubation at 

37˚C for 30 minutes. Plates were read on the microplate reader at 562nm. 

Osteoprotegerin Quantification 

 OPG concentrations was determined using an ELISA kit (Affymetrix; Santa 

Clara, CA). Briefly 50 μL of cell lysate from each sample and standards were added to 

100 μL of distilled water in microwells coated with polyclonal antibody. The plate was 

then incubated at room temperature for 3 hours. Wells were then washed four times with 

100μL Wash Buffer and incubated with 100 μL TMB Substrate Solution for 10 minutes 
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at room temperature. 100 μL of Stop Solution was then added to stop the reaction. The 

plate was read by the Biotek Synergy H1 microplate reader at an absorbance of 450 nm. 

Western Blot Analysis 

 Cell lysate was reduced with β-mercaptoethanol (2.5%) and bromophenol blue 

was added as a coloring agent. The lysate was heated for 5 minutes at 70˚C and stored at 

-80˚C to preserve protein stability. Protein samples were loaded and separated on a 10% 

SDS-polyacrylamide gel and electroblotted to a nitrocellulose membrane. Transfer was 

confirmed using FabGennix Ponceau S staining. Membranes were washed in 5% milk 

Phosphate Buffered Saline (PBS). Membranes were then incubated overnight with a 

1:500 dilution of either COX-2 or iNOS antibodies (Cell Signaling) and a 1:1000 dilution 

of β-actin antibody (Cell Signaling). Membranes were then washed three times with PBS 

with Tween (PBST) for 10 minutes. Incubation with IRDye secondary antibodies (Licor; 

Lincoln, NE) diluted to 1:15,000 occurred for 1 hour. This was followed by three washes 

with PBST and one wash with PBS for 10 minutes each. Proteins were detected through 

fluorescence imaging using the Licor Odyssey® CLx imaging system. Band intensities 

were quantified by Image StudioTM software and normalized versus β-actin as an internal 

control for total protein loading. Relative protein expression levels were expressed as the 

ratio of band intensities to β-actin. 

Statistical Analysis 

 All experiments were repeated at least three times. Statistical analysis was 

performed using SPSS 19.0. Descriptive statistics include means, medians, and standard 
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deviations. Cell titer assays, TRAP analysis, and Western blot analyses have one-way 

analysis of variance (ANOVA) with Bonferroni’s procedure to verify differences 

between treatments. P<0.05 is statistically significant and values are expressed as mean + 

standard error (SE). 
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EFFECT OF TART CHERRY POLYPHENOLS ON OSTEOCLAST 
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ABSTRACT 

Bone is maintained by an intricate balance between bone formation and bone 

resorption. The presence of inflammation can contribute to an imbalance in bone 

homeostasis by enhancing differentiation and activity of osteoclasts, the cells that 

participate in the breakdown of bone. Polyphenols such as flavonoids found in plant-

derived foods have been shown to have anti-inflammatory effects in various tissues. Tart 

cherries are a rich source of such polyphenolic compounds. Using mouse macrophage 

cells (RAW 264.7), we examined whether tart cherry polyphenols (TCP) could dose-

dependently inhibit the proliferation and activity of RANKL-differentiated osteoclasts 

under inflammatory conditions. Tartrate resistant acid phosphatase (TRAP) activity and 

staining of TRAP positive multinucleated cells, used as indicators of osteoclast 

differentiation and activity, decreased in a dose-dependent manner with TCP treatment. 

Osteoprotegerin (OPG) expression by osteoclasts was decreased in a dose-dependent 

manner as well. A significant increase in nitrite concentration was observed with the 
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lower doses of TCP of 50 and 100 μg/mL (p<0.05). However, higher doses of TCP (200 

and 300 μg/mL) reduced nitrite concentrations below that of the control that received no 

TCP treatment (p<0.05). Western blot analyses showed that protein expression of COX-2 

followed a similar trend, although results were not statistically significant. Conversely, 

TCP treatments dose-dependently increased iNOS protein expression with statistical 

significance noted at doses of 200 and 300 μg/mL. Overall, our findings suggest that the 

polyphenols associated with tart cherries inhibit the negative effects of osteoclasts on 

bone health. 

KEY WORDS: Osteoclastogenesis; Macrophage; Bone; Osteoporosis; Inflammation; 

Flavonoids; Hydroxycinnamic acids 

INTRODUCTION 

Osteoporosis is a skeletal disease characterized by a loss of bone mass, 

compromised bone strength, and increased risk of fracture.1,2 It is most prevalent among 

the older population in Western societies, especially in postmenopausal women.3 In the 

United States, it is estimated that more than 9.9 million individuals are afflicted by the 

disease and these numbers are anticipated to increase as the aging population continues to 

grow.1,4 Osteoporosis often remains asymptomatic until the first fracture occurs. The 

incidence of fractures places a substantial economic and social burden on the individual 

who experiences them.1 Therefore, it is of interest to investigate potential preventive 

measure that could be useful in protecting against the development of this disease. 
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Inflammation has been implicated in the development of osteoporosis and chronic 

inflammation can increase oxidative stress within the body due to the overproduction of 

free radicals and cytokines.5,6 Free radicals promote bone loss by increasing the activity 

of osteoclast, the cells responsible for bone breakdown, and enhancing the production of 

pro-inflammatory cytokines such as tumor necrosis factor-α (TNF-α) and interleukin-1 

(IL-1). TNF-α and IL-1 have been associated with increased osteoclast differentiation and 

activity.7 These cytokines also promote the production of the inflammatory markers 

inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2), which further 

enhance osteoclast activity.8,9 

Recently, there has been an emerging interest in the effects of compounds found 

naturally in plant-based foods known as polyphenols.10 Polyphenols possess antioxidative 

properties, which allow for them to modulate the inflammatory process and therefore 

may contribute to bone health.5 Numerous studies have demonstrated that polyphenols 

may have beneficial effects on bone metabolism.5,10-12 For instance, flavonoids have been 

shown to depress osteoclast differentiation and activity by decreasing the production of 

inflammatory cytokines, inhibiting the actions of iNOS and COX-2, and suppressing a 

variety of signaling pathways involved in osteoclastogenesis.5,10,12 Other polyphenolic 

compounds such as hydroxycinnamic acids, chlorogenic and caffeic acid, have been 

shown to have similar effects.10 

Tart cherries are a rich source of polyphenols, including those mentioned above.13 

There is evidence that suggests that tart cherries may be beneficial to health due to the 
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anti-inflammatory and antioxidant effects of the polyphenols it contains. In human 

studies, consumption of tart cherries has been shown to increase the capacity of older 

adults to resist oxidative damage, lower markers of inflammation after strenuous 

exercise, and provide relief of symptoms associated with osteoarthritis.14,15 Both animal 

and cell studies have demonstrated that tart cherry polyphenols can protect cells of the 

nervous system from oxidative damage and may inhibit tumor growth in colon cancer by 

influencing COX enzyme activity.13,16,17 Based on the evidence available, it is plausible 

that tart cherry polyphenols may exert a beneficial effect on bone health. Therefore, we 

investigated the in vitro effects of tart cherry polyphenols on osteoclasts under 

inflammatory conditions. 

MATERIALS AND METHODS 

Cell Culture Techniques 

 RAW 264.7 murine macrophage cells were purchased from American Type 

Culture Collection (ATCC TIB-71; Rockville, MD). Cells were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM). 10% Fetal Bovine Serum (FBS), and 1% Penicillin 

streptomysin. Macrophages were incubated at 37˚C and 5% CO2. For experiments, RAW 

cells were cultured in the presence RANKL (30 ng/ml) for 3 days to invoke 

differentiation into osteoclasts.  

Extraction and Quantification of Total Polyphenols from Tart Cherries 

Polyphenols were extracted by diluting tart cherry powder (10 g) in 80% ethanol 

(100 mL) and sonicating for 20 minutes under pulsated nitrogen gas. The solution was 
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then filtered through a Whatman No. 2 filter paper using a vacuum system. The residue 

was then washed with 50 mL of 80% ethanol, and the extraction procedure was repeated. 

The solvent was removed using roto-evaporation at 62˚C and the extract was freeze-

dried. Total extracted polyphenols were quantified based on the Folin-Calteau assay. 

Cell Viability 

 Cell proliferation was analyzed using the CellTiter 96® colorimetric assay 

(Promega; Madison, WI) to determine the number of viable cells and dose response curve 

of tart cherry polyphenol to be used in all subsequent experiments. Cells were 

subcultured in a 96 well plate. DMEM (100 μL ) and Aqueous One Solution Reagent (20 

μL) were added to each well. After 1 hour incubation at 37˚C, the plate was read by a 

microplate reader at an absorbance of 490 nm. 

Staining of Multinucleated Osteoclasts and Determination of TRAP Activity 

The presence of TRAP positive multinucleated cells and TRAP activity were 

evaluated using a TRACP staining kit (Takara Bio; Japan). For TRAP staining, RAW 

cells were cultured in 24 well plates (60,000 cells/well) and treated with RANKL (30 

ng/mL) 24 hours later in order to invoke differentiation of osteoclasts. After 72 hours, 

cells were treated with tart cherry polyphenols (50-300 μg/mL) along with RANKL (30 

ng/mL). LPS stimulation (1 μg/mL) occurred 24 hours later. Treatment media was 

removed 24 hours later. Cell staining was performed using an acid phosphatase solution 

containing sodium tartrate according to the manufacturer’s protocol following cell 

fixation. Stained cells were examined by microscopy and digital photographs were taken. 
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For TRAP activity, cells were cultured in 96 well plates (30,000 cells/well) and treated 

with RANKL, tart cherry polyphenols, and LPS as previously described. Cells were lysed 

using an Extraction Solution (Takara Bio). Lysates were incubated at 37˚C for 15-60 

minutes in Substrate Solution containing p-nitrophenyl phosphate followed by Stop 

Solution. The plate was read using a microplate reader at 405 nm. 

Nitric Oxide Quantification 

Nitric oxide was quantified using the Measure-iTTM High-Sensitivity Nitrite assay 

kit (Molecular Probes; Eugene, OR). Briefly, RAW cells were cultured in 96 well plates 

as described above. Treatment media was collected 24 hours after LPS stimulation. Ten 

microliters of each sample was incubated with 100 μL of working solution at room 

temperature for 10 minutes, then 5 μL nitrite quantitation developer was added to each 

well. Absorbance was measured at excitation/emission maxima of 365/450 nm using a 

microplate reader. Nitrite concentrations were calculated from a standard curve generated 

with sodium nitrite. 

Cell Lysate and Total Protein Determination 

Cells were plated at 1.5 million cells per petri dish and treated with RANKL, tart 

cherry polyphenols, and LPS as described above. Following the removal of treatment 

media, cells were washed with Hank’s Buffered Saline Solution (HBSS). Cells were then 

lysed using SolObuffer (FabGennix Inc.; Frisco, TX) and lysate was collected. Samples 

were then sonicated for 15 seconds, 3 times, and centrifuged for 3 minutes at 12000xg. 
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Supernatant was collected for analysis. Protein levels were determined using the Thermo 

Scientific BCA Protein Assay Kit.  

Osteoprotegerin Quantification 

 OPG concentrations were determined using an ELISA kit (Affymetrix; Santa 

Clara, CA). Briefly, 50 μL of cell lysate from each sample were added to 100 μL of 

distilled water in microwells coated with polyclonal antibody. The plate was then 

incubated at room temperature for 3 hours. Wells were then washed four times and 

incubated with 100 μL TMB Substrate Solution for 10 minutes at room temperature. 100 

μL of Stop Solution was then added to stop the reaction. The plate was read by a 

microplate reader at an absorbance of 450 nm. 

Western Blot Analysis 

 Cell lysate was reduced with β-mercaptoethanol (2.5%) and bromophenol blue. 

The lysate was heated for 5 minutes at 70˚C and stored at -80˚C to preserve protein 

stability. Protein samples were loaded and separated on a 10% SDS-polyacrylamide gel 

and electroblotted to a nitrocellulose membrane. Transfer was confirmed using Ponceau S 

staining. Membranes were blocked in 5% milk Phosphate Buffered Saline (PBS), 

followed by incubation overnight with either COX-2 or iNOS antibodies (1:500) and β-

actin antibody (1:1000; Cell Signaling). The antigens were detected through 

fluoresecence imaging using the Licor Odyssey® CLx imaging system following 1 hour 

incubation with IRDye secondary antibodies (1:15,000; Licor; Lincoln, NE). Band 
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intensities were quantified by Image StudioTM software and normalized versus β-actin as 

an internal control for total protein loading. 

Statistical Analysis 

Results are presented as mean + SE. Data were analyzed using one-way ANOVA 

with Bonferroni’s procedure to verify differences between treatments. P < 0.05 was 

considered statistically significant. 

RESULTS 

Cell Viability 

Figure 1A shows the effect of tart cherry polyphenols on cell proliferation. Tart 

cherry polyphenols decreased cell proliferation in a dose-dependent manner. At the 

highest dose (300 μg/mL), the decrease in cell proliferation was significantly different 

than cells treated only with RANKL (p<0.05). Percentage decrease in cell proliferation is 

also shown (Figure 1B). 

Osteoclast Differentiation and Activity 

 The effect of tart cherry polyphenols on osteoclast activity under inflammatory 

conditions was determined by evaluating TRAP. RANKL induced differentiation of 

macrophage cells into mature osteoclasts. LPS stimulation enhanced osteoclast activity as 

evaluated by TRAP expression (Figure 2A). Treatment with tart cherry polyphenols 

decreased the number of TRAP positive multinucleated cells in a dose-dependent manner 

(Figures 2B and 2C). This observed decrease was confirmed by the presence of TRAP in 

cell media. TRAP activity was reduced by 16%, 34%, and 60%, respectively by tart 



50 

 

cherry polyphenols concentrations 50 μg/mL, 200 μg/mL dose, and 300 μg/mL(Figure 

2D). These results indicate that under inflammatory conditions tart cherry polyphenols 

can dose-dependently decrease osteoclast activity by reducing TRAP. 

 Nitric Oxide Production 

 The effect of tart cherry polyphenols on the production of NO by RANKL-

differentiated murine macrophages under inflammatory stimulation with LPS was 

evaluated by measuring the accumulation of nitrite in cell media. The results reveal an 

unexpected trend between nitrite concentrations and tart cherry polyphenol dosages 

(Figure 3A). Nitrite concentrations increased significantly with the 50 μg/mL (32%) and 

100 μg/mL (58%) does of tart cherry polyphenols. However, significant decreases in 

nitrite concentrations were seen at the higher doses of 200 μg/mL (81%) and 300 μg/mL 

(85%) (Figure 3B). Thus, these results indicate that tart cherry polyphenols may attenuate 

NO production during inflammation, but only at higher dosages.  

Osteoprotegerin Expression 

 Under inflammatory stimulation by LPS, treatment with tart cherry polyphenols 

dose-dependently decreased OPG expression by osteoclasts (Figure 4A). Tart cherry 

doses of 200 and 300 μg/mL were statistically significant from the control group. OPG 

expression decreased by 65% and 74%, respectively (Figure 4B). The effect of tart cherry 

treatment on OPG expression was the exact opposite of what was anticipated. These 

result indicate that tart cherry polyphenols decrease OPG expression by osteoclasts under 

inflammatory conditions. 
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Western Blot Analysis 

 We conducted Western blot analysis of cell lysates for iNOS expression following 

treatment with tart cherry polyphenols. A representative immunoblot is shown in Figure 

5A. Tart cherry polyphenols at 200 and 300 μg/mL increased iNOS expression (Figure 

5B). After correcting for loading the increases were 744% and 464%, respectively, 

compared to the control treated only with RANKL (Figure 5C; p<0.05). These results 

indicate that under inflammatory conditions, tart cherry polyphenols increase iNOS 

expression in osteoclasts. However, the decrease between 200 μg/mL and the higher dose 

of 300 μg/mL may suggest that iNOS expression may be reduced with higher 

concentrations of tart cherry polyphenols.  

 The Western blot results for COX-2 expression demonstrated an unexpected 

trend. The lower doses of tart cherry polyphenols (50 and 100 μg/mL) were found to 

increase COX-2 expression, whereas the higher doses (200 and 300 μg/mL) resulted in 

decreased protein expression (Figures 6A, 6B, and 6C). However, these changes were not 

statistically significant (p>0.05). Nevertheless, the results suggest that under 

inflammatory conditions, tart cherry polyphenols can decrease inflammatory markers 

such as COX-2 at higher concentrations. 
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Figure 4.1A: Dose-Dependent Effect of Tart Cherry Polyphenols on Cell Proliferation 

with LPS Stimulation. Mean ± SE. n = 10 per treatment group. Asterisk denotes 

statistical significance (p<0.05) from control. 

 

 

 

 

 

Figure 4.1B: Dose-Dependent Effect of Tart Cherry Polyphenols on Cell Proliferation 

with LPS Stimulation Expressed as Percentage of Control. Mean ± SE. n = 10 per 

treatment group. Asterisk denotes statistical significance (p<0.05) from control. 
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Figure 4.2A: Murine RAW 264.7 Macrophage Cells With and Without Stimulation 

Using RANKL and LPS 
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Figure 4.2B: TRAP Staining of RANKL-Differentiated RAW 264.7 Macrophage Cells 

Stimulated with LPS 
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Figure 4.2C: Dose-Dependent Effect of Tart Cherry Polyphenols on TRAP Activity in 

RANKL-Differentiated Murine Macrophages Stimulated with LPS. Mean ± SE. n = 10 

per treatment group. Asterisk denotes statistical significance (p<0.05) from control. 

 

 

 

 

 

Figure 4.2D: Effect of Tart Cherry Polyphenols on TRAP Activity in RANKL-

Differentiated Murine Macrophages Stimulated with LPS Expressed as Percentage of 

Control. Mean ± SE. n = 10 per treatment group. Asterisk denotes statistical significance 

(p<0.05) from control. 
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Figure 4.3A: Effect of Tart Cherry Polyphenols on Nitrite Concentration. Mean ± SE.  

n = 4 per treatment group. Asterisk denotes statistical significance (p<0.05) from 

control. 

 

 

 

 

 

 

Figure 4.3B: Effect of Tart Cherry Polyphenols on Nitrite Concentration Expressed as 

Percentage of Control. Mean ± SE. n = 4 per treatment group. Asterisk denotes statistical 

significance (p<0.05) from control. 
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Figure 4.4A: Dose-Dependent Effect of Tart Cherry Polyphenols on OPG Expression by 

Osteoclasts Under LPS Stimulation. Mean ± SE. n = 4 per treatment group. Asterisk 

denotes statistical significance (p<0.05) from control. 

 

 

 

 

 

 

 

 

Figure 4.4B: Dose-Dependent Effect of Tart Cherry Polyphenols on OPG Expression by 

Osteoclasts Under LPS Stimulation Expressed as Percentage of Control. Mean ± SE. n = 

4 per treatment group. Asterisk denotes statistical significance (p<0.05) from control. 
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Figure 4.5A: Representative Immunoblot of iNOS and β-Actin 

 

 

 

 

 

 

Figure 4.5B: Dose-Dependent Effect of Tart Cherry Polyphenols on iNOS Expression in 

RANKL-Differentiated Murine Macrophages Stimulated with LPS. Mean ± SE. n = 3 per 

treatment group. Asterisk denotes statistical significance (p<0.05) from control.  
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Figure 4.5C: Percent Density of iNOS with β-Actin Corrected. Mean ± SE. n = 3 per 

treatment group. Asterisk denotes statistical significance (p<0.05) from control.  
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Figure 4.6A: Representative Immunoblot of COX-2 and β-Actin 
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Figure 4.6B: Effect of Tart Cherry Polyphenols on COX-2 Expression in RANKL-

Differentiated Murine Macrophages Stimulated with LPS. Mean ± SE. n = 3 per 

treatment group. 

 

 

 

 

 

Figure 4.6C: Percent Density of COX-2 with β-Actin Corrected. Mean ± SE. n = 3 per 

treatment group. 
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DISCUSSION 

 Inflammation is associated with the development of many chronic diseases, 

including osteoporosis.5 Chronic inflammation leads to an overproduction of free radicals 

and pro-inflammatory cytokines, both of which have been shown to promote bone loss.6 

Numerous epidemiological studies have implicated that consumption of diet rich in fruits 

and vegetables may be beneficial to skeletal health.5,10 Plant-based foods are known to be 

good sources of bioactive polyphenolic compounds.10 Polyphenols have been shown to 

possess anti-inflammatory and antioxidative properties that may protect against bone 

loss.5 In this study, we demonstrate that tart cherry polyphenols exhibit anti-inflammatory 

effects and suppress osteoclast activity in vitro. 

 We studied RANKL-differentiated murine macrophage cells experimented under 

inflammatory conditions. Osteoclast activity was assessed through evaluation of TRAP. 

There was a dose-dependent decrease in TRAP activity with increasing levels of tart 

cherry polyphenols. Using dried plum, which have a comparable polyphenolic content as 

tart cherries, Bu et al.10 reported similar findings in which TRAP decreased. Brito et al.11 

also found that TRAP activity was decreased by acai berry extract, which contains many 

of the same flavonoids found in tart cherries including anthocyanins, epicatechin, and 

catechin. Tang et al.18 demonstrated that an extract containing hydroxycinnamic acids, a 

class of polyphenols found in tart cherries, also decreased TRAP activity. TRAP is an 

iron-containing enzyme that is an early marker of osteoclast formation and activity.11,19 

TRAP expressed by osteoclasts plays a role in the degradation of bone through the 
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catalytic hydrolysis of matrix proteins.20 The enzyme has also been shown to participate 

in bone breakdown through generating ROS.19 Therefore, a decrease in TRAP will not 

only decrease the resorptive action of osteoclasts but may decrease the production of 

reactive oxygen species as well.  

 We also examined NO production by osteoclasts under inflammatory conditions. 

To evaluate the effect of tart cherry polyphenols on NO production, we measured the 

accumulation of nitrite, a stable metabolite of NO.10 Our results showed NO levels 

decreased by 65% and 74% at the two highest doses of tart cherry polyphenols of 200 and 

300 μg/mL, respectively. This is consistent with other studies investigating the anti-

inflammatory effects of polyphenols. For instance, Bu et al.10 demonstrated that plum 

polyphenols dose-dependently decreased NO production by osteoclasts under 

inflammatory stimulation. Anthocyanins from the Rubus fruits blackberries, Korean 

raspberries, and black raspberries have been shown to suppress NO production in RAW 

264.7 macrophages under inflammatory conditions.21 Similar results have been found 

with the flavonoid quercetin and chlorogenic acid in the same in vitro model.22,23 In all of 

these studies, the decrease in NO was associated with a corresponding decrease in iNOS 

protein expression.10,21-23 However, this association was not demonstrated in our study. 

Even though NO levels decreased, we found that iNOS expression increased with higher 

doses of tart cherry polyphenols. The activity of iNOS is primarily regulated at the 

transcriptional level. However, there is a growing body of evidence that suggests that 

synthesis of NO by iNOS may also be controlled at the post-translational level.24 For 
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instance, iNOS requires dimerization in order to become active.25 Inhibition of 

dimerization and the reversal of this process have been shown to lead to an accumulation 

of inactive iNOS monomers, which consequently causes a decrease in NO.25-27 Therefore, 

our findings may suggest that tart cherry polyphenols influence iNOS activity at the post-

translational level. However, more research is needed to confirm this assumption and 

clarify the exact mechanism involved. 

The expression of OPG was also studied under inflammatory conditions. OPG has 

been shown to suppress osteoclast formation and activity by preventing the binding of 

RANKL to its receptor, RANK, on the surface of osteoclasts and their precursors. In bone 

biology, osteoblasts are the primary cells that produce OPG. It is for this reason that most 

research regarding OPG has focused on cells of the osteoblastic lineage.28 However, it 

was recently discovered that mature osteoclasts also produce OPG, which suggests that 

these cells may autoregulate their own activity in the late stages of osteoclastogenesis.16 

To our knowledge, this is the first study to investigate the effects of tart cherry 

polyphenols on osteoclast expression of OPG during inflammation. Li et al.29 showed that 

Rabbiteye blueberries, which contain many of the same polyphenols as tart cherries, 

increased serum OPG level in an in vivo rat model. Treatment of stromal cells, an 

osteoblast precursor, with serum from rats fed a diet containing blueberries was also 

shown to upregulate the mRNA expression of OPG.30 Other polyphenols, such as the 

isoflavones daidezen and genistein, have been shown to increase OPG gene expression 

and secretion by osteoblasts as well.31 In contrast, we found that tart cherry polyphenols 
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dose-dependently decreased expression of OPG. This difference likely reflects the 

difference in the cell types studied as our research focused on osteoclasts, not osteoblasts. 

In the studies mentioned above, polyphenols were associated with increased osteoblast 

differentiation and activity.29-31 The opposite effect has generally been reported in regards 

to osteoclasts treated with polyphenols.5 Considering that only mature osteoclasts have 

been shown to produce OPG, our findings most likely suggest a decrease in 

osteoclastogenesis. Further research is needed to confirm these findings and to expand 

what is currently known about OPG expression by osteoclasts. 

To further evaluate the effect of tart cherry polyphenols on the production of 

inflammatory markers by osteoclasts, we examined protein expression of COX-2.  As 

mentioned previously, COX-2 is a pro-inflammatory enzyme that enhances osteoclast 

activity.9 Anthocyanins and other flavonoids as well as hydroxycinnamic acids have all 

been shown to individually suppress COX-2 expression in osteoclasts.5,10 We found that 

tart cherry polyphenols as a whole decreased COX-2 by 31% and 26% at the higher doses 

of 200 and 300 μg/mL, respectively. However, these results failed to reach statistical 

significance. Our findings may be limited due to the low number of experiments. 

Nevertheless, the decrease in COX-2 suggests that tart cherry polyphenols may reduce 

the production of inflammatory markers at higher concentrations. Further studies with 

increased sample size are needed to confirm these findings. 

Additional studies are also needed to fully explain the mechanisms by which tart 

cherry polyphenols influence osteoclast activity under inflammation. Some of our results 
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were consistent with the existing literature on polyphenols, suggesting that tart cherry 

polyphenols may act by multiple mechanisms. For instance, the discrepancy between NO 

production and iNOS expression may possibly implicate that tart cherry polyphenols 

influence enzyme activity at the post-translational level. In the case of OPG, ours is the 

first study to investigate the effects of polyphenols on osteoclast expression of this 

molecule. The current research regarding OPG expression by osteoclasts is limited as 

there has only been one published study on this subject matter. Therefore, further 

investigation of the molecular mechanisms by which tart cherry polyphenols may act 

would contribute to emerging areas of research. 

In conclusion, chronic inflammation can enhance osteoclast activity. This study 

shows that tart cherry polyphenols dose-dependently decrease osteoclast differentiation 

and resorptive activity under inflammatory conditions. In addition, our evidence suggests 

that tart cherry polyphenols can decrease the production of inflammatory markers at 

higher concentrations. Further research is needed to understand the mechanism of action 

of tart cherry polyphenols in bone health. 
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