

[image: image1]
Marine Natural Products: New Avenue in Treatment of Osteoporosis









	
	REVIEW
published: 29 November 2017
doi: 10.3389/fmars.2017.00384





[image: image2]

Marine Natural Products: New Avenue in Treatment of Osteoporosis


Sachin R. Chaugule1,2, Madhavi M. Indap1* and Shubhada V. Chiplunkar2,3*


1Central Research Laboratory, D. G. Ruparel College, Mumbai, India

2Advanced Centre for Treatment, Research and Education in Cancer, Tata Memorial Centre, Kharghar, India

3Homi Bhabha National Institute, Mumbai, India

Edited by:
Roland Wohlgemuth, Sigma-Aldrich (Switzerland), Switzerland

Reviewed by:
Vitor Hugo Pomin, Universidade Federal do Rio de Janeiro, Brazil
 Jong-Ki Kim, Catholic University of Daegu, South Korea

* Correspondence: Madhavi M. Indap, madhaviindap@yahoo.com
 Shubhada V. Chiplunkar, schiplunkar@actrec.gov.in

Specialty section: This article was submitted to Marine Biotechnology, a section of the journal Frontiers in Marine Science

Received: 11 May 2017
 Accepted: 14 November 2017
 Published: 29 November 2017

Citation: Chaugule SR, Indap MM and Chiplunkar SV (2017) Marine Natural Products: New Avenue in Treatment of Osteoporosis. Front. Mar. Sci. 4:384. doi: 10.3389/fmars.2017.00384



Bone metabolism is a physiological process that maintains the skeletal integrity and bone functions. Skeletal integrity is always balanced by two key cell types—bone resorbing osteoclasts and bone-forming osteoblasts. Imbalance between generation and function of osteoclasts and osteoblasts often leads to pathological conditions such as osteoporosis, osteopetrosis, Paget's disease. Osteoporosis is one of the most common age-related diseases characterized by decreased bone mineral density and microarchitectural deterioration. Current therapies are indeed effective in preventing bone loss but are also followed by side effects. Since many years, marine organisms have been considered as a good source of bioactive molecules or compounds with potential pharmaceutical properties. Marine Natural Products (MNPs) derived from various marine resources such as marine cyanobacteria, dinoflagellates, algae, sponges, soft corals, molluscs, fishes, and mangroves had shown profound effect on bone metabolism through inhibiting osteoclastogenesis and up-regulating osteoblastogenesis via modulating RANK/RANKL/OPG pathway. Amongst the pre-clinically investigated MNPs for management of osteoporosis, very few are under phase I clinical trials. This review discusses the currently available pharmacological drugs and there major health concern in osteoporosis treatment. It further gives an insight into various marine resources and marine-derived bioactive products, depicting their mechanism of action, functional role, and how these can be exploited for the treatment of osteoporosis.
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INTRODUCTION

Osteoporosis is a silent disease in humans which leads to increased mortality and poor quality of life in aged people, particularly in post-menopausal women due to estrogen deficiency. Microarchitectural deterioration and low bone mass are the salient features of osteoporosis that trigger susceptibility to fractures (Randell et al., 1995; Raisz, 2005; Leboime et al., 2010). The balance between bone resorption and bone formation is a crucial aspect of maintaining bone integrity. Bone consists of organic protein matrix and inorganic hydroxyapatite. Throughout adult life, continuous bone remodeling brings about a removal of old bone followed by its replacement with new bone. Bone biology is significantly defined by two types of cells, osteoblasts, and osteoclasts. Osteoblasts are derived from multipotent mesenchymal stem cells that play a major role in mineralization and matrix deposition by expressing alkaline phosphatase, osteocalcin, and osteopontin. Osteoclasts are large multinucleated cells, derived from myeloid precursors and are capable of demineralizing bone, dentine and calcified cartilage (Cooper et al., 1992; Clarke, 2008). Formation and fusion of multinucleated osteoclasts rely on receptor activator of nuclear factor-κB (RANK) ligand and macrophage colony-stimulating factor (M-CSF). The balance between these two factors is essential to maintain the skeletal integrity and calcium metabolism (Das and Crockett, 2013). Overall, the process of bone formation and resorption are paired such that there is no net change in bone mass. The balance between bone resorption and bone formation is a crucial aspect of maintaining bone integrity. This metabolic bone turnover is also called as “Bone remodeling” measurably regulated by immune cells, pro-inflammatory cytokines, and number of other factors (Lorenzo et al., 2008; Murthy, 2011). Several research studies indicate that chronic heavy alcohol drinking, early menopause, and estrogen deficiency and other lifestyle factors like tobacco use, nutrition, strenuous exercise, low calcium intake, Vitamin D deficiency, increased body weight affects bone development, and genetic predisposition can lead to osteoporosis (Sampson, 2002).

PREVALENCE OF OSTEOPOROSIS

Osteoporosis is regarded as a global health issue in elderly people especially in postmenopausal women. According to estimations, 200 million people worldwide are said to suffer from osteoporosis. Further, one in three women and one in five men aged over 50 will be diagnosed with osteoporotic fractures (Randell et al., 1995). In the United States and Europe, nearly 30% of the postmenopausal women have osteoporosis (Melton et al., 1992; Reginster and Burlet, 2006). Approximately 50 million people are affected by osteoporosis in Europe, Japan, and USA (Guglielmi, 2013). National Health and Nutrition Examination survey conducted in the United States revealed that a number of adults aged over 50 with low bone mass or osteoporosis will rise to approximately 54 million to 64.4 million by 2020 and 71.2 million by 2030 (Wright et al., 2014). Similarly, according to the multinational study conducted in Asian countries, the incidence of hip fractures has increased by 2–3 folds in elderly population due to major health problem like osteoporosis (Lau, 2009). India is the most affected country in the world where every one out of eight males and one out of three females suffer from this condition (Cosman et al., 2014).

PRESENT PHARMACOLOGICAL TREATMENT OVER OSTEOPOROSIS

An increased pathophysiological understanding of osteoporosis has led to the development of new treatment approaches targeting Bone Mineral Density (BMD), fractures, and bone turnover. Reports suggest only moderate effect of anti-osteoporotic drugs (e.g., Alendronate) in reducing the risk of vertebral and hip fractures while their effect on non-vertebral fractures remains further inadequate (Ro and Cooper, 2013). The treatment of osteoporosis involves two extensively used agents, anti-resorptive agents, and anabolic agents. Anti-resorptive agents mainly include bisphosphonates, Hormone Replacement Therapy (HRT), estrogen agonists, calcitonin, while parathyroid hormone (PTH), denosumab and strontium ranelate comprise the anabolic agents.

Bone Resorptive Agents

Bisphosphonates

Bisphosphonates are class of pyrophosphates which have a strong affinity with hydroxyapatite crystals. Because of this property, bisphosphonates possess high affinity for bone calcium, thus get localized to bone within a few minutes of administration and can remain there for years. Bisphosphonates induce apoptosis in osteoclast by inhibiting ATP dependent enzymes (1st and 2nd generation bisphosphonates) or by inhibiting cholesterol pathway (3rd generation nitrogen containing bisphosphonates, also known as aminobisphosphontes) (Wynn, 2005; Drake et al., 2008). Oral bisphosphonates are most prescribed first-line therapy for prevention of osteoporotic fractures throughout the world (Green et al., 2010). Bisphosphonates registered for osteoporosis treatment generally include alendronate, risedronate, ibandronate, and zoledronic acid. Bisphosphonates reduce vertebral fractures risk and increase BMD. Non-vertebral hip fractures are also effectively reduced by some of these bisphosphonates (Wynn, 2005; Caplan et al., 2010). Alendronate, being associated with increased BMD and fracture risk reduction, is extensively recommended as a drug for treatment of postmenopausal osteoporosis (Black et al., 2000). There is trepidation on prescription of oral bisphosphonates as it shows adverse effects on long term use which includes osteonecrosis of the jaw, severe musculoskeletal pain, and atrial fibrillation. On the basis of evidence published by world health organization, there is a double risk of developing esophageal cancer, associated with long-term consumption of oral bisphosphonates. Currently, Zoledronate is used as only treatment for metastasis associated increased bone resorption (Black et al., 2007; Abrahamsen et al., 2009; Reid and Cornish, 2011; Wolfe et al., 2013).

Hormone Replacement Therapy (HRT)

Hormone replacement therapy (HRT) is one amongst the effective treatments for postmenopausal osteoporosis and offers good protection for bone. HRT has been considered as a rational approach in postmenopausal women as it preserves and even increases BMD in lumbar spine, femoral neck, and forearm (Gambacciani and Levancini, 2014). HRT showed significant decrease in the number of hip and spine fractures compared with placebo (Cauley et al., 2003; The Women's Health Initiative Steering, 2004). Even in low doses, estrogen alone or along with other steroids (androgenic or estrogenic properties) has been shown to increase bone mass, but long term HRT has always been controversial and debatable issue. However, prolonged utilization of HRT may show side effects like, risks of cardiovascular events and thromboembolism, the development of breast, ovarian, and endometrial cancer. Therefore, HRT is no longer suggested for the prevention or treatment of postmenopausal osteoporosis (Bowring and Francis, 2011).

Estrogen Agonists

Selective estrogen receptor modulators (SERMs) are synthetic steroidal molecules that act as estrogen agonists and bind to estrogen receptors. These SERMs have a favorable effect on bone function (Lewis and Jordan, 2005). Raloxifene and tamoxifen are the representatives of SERMs (Lewis and Jordan, 2005). Daily consumption of raloxifene not only increases BMD in lumbar vertebrae and femur bone but also prevents estrogen receptor-positive breast cancer risk (Agnusdei and Iori, 2000). Major concern rose against the side effects of SERMs. Along with increased risk of fatal stroke and venous thromboembolic disease in postmenopausal women there is also an increase in thrombotic and thromboembolic events. However, SERMs should not be prescribed or used in bedridden patients who are at risk for thromboembolism (Grady et al., 2000; Barrett-Connor et al., 2006).

Calcitonin

Calcitonin, a polypeptide, binds to osteoclasts and prevents bone resorption. It essentially reduces blood calcium and inhibits resorption activity by suppressing osteoclast formation and attachment in bone (Kallio et al., 1972; de Paula and Rosen, 2010). Since 1980's, calcitonin from salmon having similarity with human calcitonin, is used for the treatment of osteoporosis. It is secreted by thyroid like gland of salmon having much higher intrinsic potency than human calcitonin. It has been approved by FDA for treatment of postmenopausal osteoporosis, Paget's disease as well as an adjunctive treatment for hypercalcemia (Sondergaard et al., 2010). Calcitonin is rapidly metabolized by kidney, blood, and peripheral tissues into inactive metabolites and destroyed by gastric acid. Adverse effects associated with calcitonin products are specific to the formulation, wherein injectable formulation may cause systemic hypersensitivity (Overgaard et al., 1995; Karsdal et al., 2007).

Bone Anabolic Agents

PTH is classically considered as an anabolic agent for the treatment of osteoporosis. It increases BMD by restoring trabecular microarchitecture. This anabolic group comprises of Human recombinant parathyroid hormone (hrPTH 1–84) and human recombinant PTH peptide 1–34 (teriparatide) (Blick et al., 2008). Teriparatide has been proven to have beneficial effect through reduction of vertebral and non-vertebral fractures as well as increased lumbar and femoral BMD. PTH basically stimulates pre-osteoblasts into mature bone-forming osteoblasts which eventually initiated collagen secretion and mineralization. Teriparatide treatment significantly increases lumbar spine BMD (6.6%) as compared to the control group (1.06%) (Senn et al., 2014). Previous findings suggest that Teriparatide induces at least 75% increase in bone forming biochemical markers like Type I collagen C-terminal propeptide, osteocalcin, and bone alkaline phosphatase, after treatment (Glover et al., 2009; Pleiner-Duxneuner et al., 2009). It has been observed that around 11% of the patients administered with teriparatide everyday developed hypercalcemia. Teriparatide increased the bone turnover, which might have mobilized stores of skeletal calcium and elevated renal tubular calcium resorption (Cheng and Gupta, 2012). Reports by public citizen's health research group USA, suggests that, 45% of the teriparatide treated rats expressed aggressive form of bone cancer, raising the risk of osteosarcoma in patients. In accordance with the side effect profile, hrPTH treatment leads to considerable incidences of hypercalcemia, hypercalciuria, and nausea (Verhaar and Lems, 2009).

Denosumab

Denosumab, a Food and Drug Administration (FDA) approved human Ig2 monoclonal antibody, is used to treat osteoporosis in postmenopausal women who are at the risk of fractures it functions similar to osteopterigin (OPG). Denosumab's mechanism of action is similar to that of osteopterigin (OPG). Both prevent the interaction of RANK ligand (RANKL) with its receptor present on surface of osteoclasts by binding with high affinity to RANKL. Therefore, Denosumab inhibits osteoclast differentiation and activity, resulting in rapid decrease in bone resorption (Cummings et al., 2009; Gehret, 2010). Kostenuik et al. have stated that administration of high doses of Denosumab in adult ovariectomized cynomolgus monkeys (up to 16 months) significantly improved the structural bone strength and bone mass (Kostenuik et al., 2011). In a randomized placebo-controlled and FREEDOM trial, Denosumab treatment to postmenopausal women with osteoporosis, caused significant reduction in risk of non-vertebral, vertebral, and hip fractures by 20, 68, and 40% (P < 0.001), respectively, however it increased the risk of cellulitis (Cummings et al., 2009; Bell and Bell, 2011; Törring, 2015). According to the literature, Denosumab worked better than risedronate, raloxifene, and alendronate, at diminishing the occurrence of vertebral fractures (Freemantle et al., 2013). Besides this, Teriparatide in combination with Denosumab enhanced BMD to a greater extent than either drug alone (Tsai et al., 2013). Research proves that postmenopausal women having low bone mass can be treated more effectively with Denosumab than with oral bisphosphonates (Miller et al., 2016; McClung, 2017).

Strontium Ranelate

Strontium ranelate is an antiresorptive and bone anabolic agent which has been approved for postmenopausal osteoporosis treatment in Europe (Cianferotti et al., 2013). Preliminary studies showed that strontium ranelate decreases osteoclast differentiation and function simultaneously promoting osteoblastogenesis and osteoblast activity. Strontium ranelate directly targets osteoblasts by inducing preosteoblast proliferation and augmenting osteoblast activity. This in turn increases bone matrix mineralization by expressing of several osteoblastic markers like type I collagen, alkaline phosphatase, bone sialoprotein and osteocalcin (Marie et al., 2011). It has recently been reported that strontium enhances osteogenesis both in multipotent C3H10T1/2 cells and in bone marrow stromal cells while inhibiting adipogenesis (Fournier et al., 2012; Li et al., 2012). Studies by Reginster et al. showed that postmenopausal women treated by strontium ranelate, exhibited higher OPG levels in serum, within a period of 3 months to 3 years after treatment initiation (Reginster et al., 2012) Collectively, strontium ranelate increases bone mass, mineral content, cortical thickness, and also improves trabecular and cortical micro-architecture, thereby increasing bone quality and strength in rats, ovariectomized rodents, and immobility-induced osteoporotic animal models (Ammann et al., 2004).

MARINE ENVIRONMENT AS A SOURCE OF MARINE NATURAL PRODUCTS

Ocean covers 70% of earth's surface and contains extraordinary diversified marine life. Because of the extreme conditions and complex habitats of marine organisms, wide varieties of biologically active secondary metabolites can be produced which are unique in structure and functions. Several compounds with promising biological and pharmacological activities derived from Marine Natural Products (MNPs) have been investigated in the past two decades. The ocean contains rich resources of novel compounds with enormous prospective pharmaceuticals, nutraceuticals, cosmetics, agrochemicals, and enzymes (Faulkner, 2002). Marine plants, algae, microorganisms and invertebrates such as sponges, tunicates, bryozoans, molluscs, and fishes are possible sources of bioactive compounds. MNP's such as steroids, terpenoids, isoprenoids, nonisoprenoids, quinones, brominated compounds, nitrogen heterocyclics, and nitrogen sulfur heterocyclics have potential to be bioactive compounds. These compounds are being used for treating several diseases like cancer, tuberculosis, malaria, osteoporosis, Alzheimer's disease, neurological disorders, inflammatory diseases, and HIV (Datta et al., 2015). Over the past decade, beyond 13,000 molecules have already been described out of which 5,000 exhibited good bioactive properties.

Marine Resources, Derived Marine Natural Products, and Bone Metabolism

Nowadays, finding the suitable treatment for bone-related diseases is a matter of great concern. Current therapies are indeed effective in preventing bone loss but with adverse side effects. Since natural products show fewer side effects and are more suitable for long-term use, they are rapidly replacing synthetic drugs. It has been found that several marine extracts or marine-derived bioactive compounds have a profound effect on regulation of bone metabolism through decreasing trabecular separation and enhancing bone mass, trabecular bone volume, number, and thickness (Senthilkumar et al., 2014). In this context, MNPs could be beneficial for the treatment of bone-related diseases and regulate bone metabolism.

Marine Cyanobacteria

Biselyngbyaside (Figure 1A) is a glycosylated 18 membered macrolide compound conjugated with 1,3 diene, two olefins and a side chain at C 17 derived from marine cyanobacteria Lyngbya spp. It has been reported that Biselyngbyaside is a potent inhibitor of Ca2+ pump with unique binding capacity (Teruya et al., 2009; Morita et al., 2015). It has an inhibitory effect on primary bone marrow macrophages as well as RANKL induced osteoclastogenesis in murine RAW 264.7 cells at low concentrations and also suppresses osteoblast-mediated osteoclast differentiation in cocultures. Biselyngbyaside induces apoptosis by caspase 3 activation and nuclear condensation and also inhibits expression of c-fos and NFATc1 (Yonezawa et al., 2012). A cyclic depsipeptide, largazole (Figure 1B) isolated by Luesch and co-workers from a marine cyanobacterium Symploca spp. exhibits in vitro and in vivo osteogenic activity by its histone deacetylases (HDACs) inhibition. Largazole is a 16 membered macrocycle possessing unusual structural features, includes a substituted 4-methylthiazoline linearly fused to a thiazole and a 3-hydroxy-7-mercaptohept-4-enoic acid unit (Bowers et al., 2008). Biological evaluation suggests that largazole and its key analogs are class I HDAC inhibitor. Due to the inhibitory effect of largazole on HDAC's the increased Runx2 activation triggers osteoblast differentiation which in turn increases bone formation, repair and regeneration (Lee et al., 2011). Due to its dual action of stimulating bone formation and inhibiting bone resorption, largazole has shown significant bone forming efficacy in in-vivo mouse calvarial bone formation assay and rabbit calvarial bone fracture healing model (Lee et al., 2011).
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FIGURE 1. Chemical Structure of marine natural compounds isolated from marine resources. (A) Biselyngbyaside; (B) Largazole; (C) Symbioimine; (D) Amphirionin-4; (E) Mycoepoxydiene; (F) Alginate (homopolymeric blocks of (1–4)-linked β-D-mannuronate); (G) Fucoidan (sulphated fucan); (H) Phorbaketal A.



Marine Dinoflagellates

An amphoteric metabolite, Symbioimine (Figure 1C) having characteristic 6,6,6-tricyclic iminium ring structure and an aryl sulfate moiety was isolated from symbiotic marine dinoflagellate Symbiodinium spp. It inhibited the differentiation of RAW 264.7 cells into osteoclasts thus considered as potent anti-resorptive drug for the treatment and prevention of post-menopausal osteoporosis (Kita et al., 2004). The escalation in proliferation rate was observed in murine osteoblastic MC3T3-E1 cells and murine bone-marrow derived stromal ST-2 cells due to a novel linear polyketide Amphirionin-4 (Figure 1D) derived from a cultured marine dinoflagellate Amphidinium species (Akakabe et al., 2014). Amphirionin-4 (Figure 1D) consists of a linear C22 carbon chain with four C1 branches (Minamida et al., 2014).

Marine Fungi

Various marine fungal strains are known to produce polyketides which show various biological activities. A polyketide Mycoepoxydiene (MED) (Figure 1E) has been isolated from the mangrove associated fungal strain Diaporthe spp. HLY-1. Mycoepoxydiene (MED), is composed of a α, β-unsaturated δ-lactone moiety and polyketide backbone with an oxygen-bridged cyclooctadiene core (Wang et al., 2010). MED has shown anti-microbial, anti-cancer and anti-inflammatory activities (Takao et al., 2002; Lin et al., 2005). MED also helps in reducing bone loss by suppressing receptor activator of nuclear factor kappa-B ligand (RANKL)-induced osteoclast differentiation and NF-κB activation in mice. It is also observed that MED shows its effect at early stage of osteoclast differentiation (Asagiri and Takayanagi, 2007; Zhu et al., 2013).

Marine Algae

Padina pavonica extract (EPP) is the key ingredient of dictyol, which is used as a dietary supplement against osteoporosis. EPP increases the uptake and fixation of calcium by osteoblasts in vitro, simultaneously acting as a potent phytoestrogen increasing bone collagen status and bone density (Galea et al., 2000). An anabolic agent from Sargassum horneri has shown osteoblastic bone formation properties and inhibitory effects on bone resorption. The anabolic agents from the extract are basically a peptide and a polysaccharide having bone formation and anti-resorption properties respectively thus, making it an ideal extract for drug development (Uchiyama and Yamaguchi, 2002; Yamaguchi, 2013). S. horneri extract has a preventive effect on bone loss in ovariectomized animal models and in the healthy human. It also prevents bone loss associated with aging and pathologic condition (Yamaguchi, 2013). Chitin, chitosan, agar, alginate, carrageenan, and fucoidan are some of the medically significant marine algal derived polysaccharides. Alginate (Figure 1F) and fucoidan (Figure 1G) has an important role in bone tissue engineering. Alginate is a family of linear copolymers containing blocks of (1,4)-linked β-D-mannuronate (M) and α-L-guluronate (G) residues and potential biomaterial in the field of tissue engineering, drug delivery, wound healing, and cell culture (Lee and Mooney, 2012). Alginate gels are preferred over other materials for cartilage and bone regeneration since, it can be introduced into the body in a minimally invasive manner and its ease of chemical modification with adhesion ligands and controlled release of tissue induction factors such as bone morphogenetic protein (BMP), Tra TGF-β (transforming growth factor beta) (Lee and Mooney, 2012). In recent years, stem cell therapy has been considered as one of the approaches to solve bone repair or bone defect. Alginate scaffolds with stem cells were wildly checked for bone tissue regeneration (Lee and Mooney, 2012; Sun and Tan, 2013; Kim and Lee, 2016). Brown algae like mozuku, kombu, limumoui, bladderwrack, and wakame mainly show presence of a sulfated polysaccharide called Fucoidan (Figure 1G) (Senthilkumar et al., 2013). Low molecular weight, fucoidan induces proliferation of bone cells and influences alkaline phosphatase activity (ALP), collagen type 1 expression and mineral deposition (Jin and Kim, 2011; Hwang et al., 2016). Fucoidan derived from Undaria pinnatifida significantly induced factors involved in osteoblastic differentiation such as ALP, osteocalcin, and BMP-2 for bone formation without any cytotoxic effects on osteoblast cells (Cho et al., 2009).

Marine Sponges

Sponges are considered to be a prospective source of pharmacologically active compounds among the marine invertebrates. In past decades, marine sponges have been positioned at the top with regard to their wide diversity of chemical and structural metabolites with unique activities. Numerous experimental studies suggest that bioactive compounds derived from sponges have therapeutic properties such as antimicrobial, immune modulatory, antioxidant, antihypertensive, anti-coagulant, anticancer, anti-inflammatory (Narsinh and Müller, 2004; Perdicaris et al., 2013). Research conducted by Wang and his colleagues reveal that biopolymers viz. biogenic silica (bio-silica) and biogenic polyphosphate (bio-polyP) produced by deep sea sponge's aid biomineralization and also prevent osteoclastogenesis (Wang et al., 2013). Marine sponges display fibrillar, non-fibrillar, and filamentous collagen type, soft in structure mimicking the cancellous architecture of bone tissue. Sponges contain a complex canal system that builds a porous environment ideal for cellular integration when coalesce with cells for tissue engineering. Marine sponge skeletons are increasingly being used as a source of Scaffold's development for tissue engineering and regeneration because of their potential as cell conductive and inductive framework (Lin et al., 2011; Nandi et al., 2015). Nandi and colleagues investigated that the impregnation of converted sponge scaffold by IGF-1 and BMP-2, promoted excellent osseous tissue formation. This implies that, the marine sponge alone and in combination with these growth factors, forms a promising biomaterial for bone repair and augmentation (Nandi et al., 2015). Likewise, Zen et al. has shown that marine sponges are potential bioscaffolds for osteogenesis. Processed marine sponge Cally spongiidae skeleton consisted of a collagenous fibrous network having porous structure and interconnecting channels. This collagenous fibrous network provides a good framework that supports cellular aggregation, adhesion and expansion of osteoblast cells with expression of osteoblast markers (Lin et al., 2011; Clarke et al., 2016). Folmer et al. concludes that marine algae, bacteria, and invertebrates including marine sponges are a source of NF-κB inhibitors which inhibit TNF-α induced Nuclear factor kappa-light chain enhancer of activated B cells (NF-κB) activation (Folmer et al., 2009). Phorbaketal A (Figure 1H) is a tricyclic skeleton sesterterpenoid having a spiroketal of the hydrobenzopyran moiety; isolated from the Korean marine sponge Phorbas spp. (Joung et al., 2017). Phorbaketal A showed significant increase in calcium deposition activity and also stimulated osteoblast differentiation. It not only escalated the expression of transcriptional regulator, TAZ (Transcriptional co-activator with PDZ-binding motif) which resulted in osteoblast differentiation, but also intensified its interaction with Runx2 leading to ERK signal mediated osteogenic stimulation (Byun et al., 2012). Recently, Seo et al. studied the effect on phorbaketal A on inflammatory mediators such as nitric oxide (NO) and prostaglandin (PGE) in LPS stimulated RAW 264.7 cells. Their study demonstrated that phorbaketal A inhibits NO production but not PGE in these cells. It also causes downregulation of NF-κB pathway and up-regulation of heme oxygenase-1 (HO-1) pathway (Seo et al., 2015). Salicylihalamides A (Figure 2A) is a salicylic acid moiety incorporated into a 12-membered macrolide ring, which in turn had a 7-carbon unsaturated fatty acid attached through an enamide linkage isolated from marine sponge Haliclona spp. (Newman and Cragg, 2004). Salicylihalamides A is a first marine Vacuolar-ATPase (V-ATPase) inhibitor which has been proposed in drug designing to target cell components. V-ATPase presents on osteoclasts plasma membrane which acidifies the bone surface and activates osteoclast-secreted acid hydrolases. Therefore, Inhibitory activity of Salicylihalamides A for V-ATPase is useful in treatment of osteoporosis (Beutler and McKee, 2003).
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FIGURE 2. Chemical Structure of marine natural compounds isolated from marine resources. (A) Salicylihalamide A, (B) Norzoanthamine, (C) Arachidonic acid (ARA), (D) Eicosapentaenoic acid (EPA), and (E) Docosahexaenoic acid (DHA).



Marine Soft Corals

Marine soft corals are a rich source of structurally and biologically active intriguing compounds. It has been reported that compounds isolated from soft corals possess potent anticancer as well as chemopreventive activity (Hegazy et al., 2012; Suarez-Jimenez et al., 2012). Diterpenoids are a group of biologically active compounds derived from marine soft corals that have shown an anti-inflammatory, antioxidant antiosteoporotic activity (Takaki et al., 2003; Kim et al., 2008; Wanzola et al., 2010). Recently, Nguyen Phuong Thao et al. reported that diterpenoids (Figures 3A–D) derived from Vietnamese soft corals Sinularia maxima and Lobophytum crassum exhibited anti-osteoclastogenic, radical scavenging and reducing capacity. Considering the structure–activity relationship (SAR) of these diterpenes indicates that the presence of an epoxy group at C-7/C-8 and/or C-5/C-8 is necessary for antiosteoclastogenic activity. Diterpenes remarkably stimulate the differentiation of pre-osteoblastic MC3T3-E1 cells into mature osteoblasts that increase collagen synthesis and mineralization. It has also shown inhibitory effect on the differentiation of pre-osteoclastic RAW 264.7 cells while exhibiting intracellular antioxidant activity (Thao et al., 2015).
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FIGURE 3. Chemical Structure of representative diterpenoids isolated from Vietnamese soft corals S. maxima and L. Crassum. (A). Sinumaximol D, (B) Sinumaximol F, (C) Scabrolide A, and (D) 5-epinorcembrene.



Zoanthus spp., another type of marine soft coral has been used to derive Marine alkaloids, Norzoanthamine, and its homologs (Figure 2B). Norzoanthamine and norzoanthamine hydrochloride inhibit or suppress IL6 secretion, a known cytokine for osteoclast differentiation which in turn is effective in the prevention of osteoporosis. Therefore, these marine alkaloids counteract to reduce bone weight and strength in the ovariectomized mouse model (Yamaguchi et al., 1999). According to Kinugawa et al. norzoanthamine suppressed the proteolysis of collagen and elastin, which protect the degradation of extracellular matrix proteins. It also preserves and enhances survival of skeletal proteins from external stress. They further demonstrated that the formation of collagen–hydroxyapatite composite, an essential bone tissue structure was significantly accelerated by norzoanthamine and also improved collagen release from immobilized matrix vesicles. This increased collagen concentration promotes calcification without affecting hydroxyapatite crystallization (Kinugawa et al., 2009).

Marine Molluscs

Molluscs are wildly distributed invertebrate group having various representatives in estuarine and marine ecosystem worldwide. Molluscs are considered to be a major group in context with potential compounds with pharmaceutical applications. Studies on Molluscs derived bioactive compounds manifested antibacterial, antiviral, antitumor, and antileukemic activities (Kamiya et al., 1984; Anand et al., 1997; Rajaganapathi et al., 2000). It is interesting to know that 98% of bioactive compounds are derived either from gastropods or bivalves. Natural product chemists highly prefer soft-bodied molluscs since the chances of finding bioactive chemicals in these are expected to be higher. Molluscan shells contain organic matrix which has the ability to regulate calcium deposition and mineralization. Biomineralization is a highly orchestrated biological process in the mollusc. The organic matrix of the mollusc directs crystallization, mineral deposition (Marin and Luquet, 2004).

Bivalves, gastropods, and cephalopods produce a calcium carbonate structure as an internal shell coating which is known as Nacre. As a result of its mechanical properties, chemical complexity, and optical effects, nacre had evolved as a highly organized structure (Rousseau and Rollion-Bard, 2012). Nacre has been best studied for its calcium carbonate biomineralization. Concurrent treatment of Cicer arietinum seeds extract (CAE) and powder of Coelatura aegyptiaca shell (CES) may be effective in treating osteoporosis, as evident by their amelioration on estrogen sensitive organs (Fahmy et al., 2015). Previous studies have shown the functional nature of nacre as a biomaterial for bone repair after its successful in vivo implantation in sheep femur, where it triggered bone remodeling at the interphase between bone and nacre implant (Atlan et al., 1999). Fragments of nacre from the bivalve Pinctada maxima when implanted into the bone of rats, sheep, dogs, and humans elicited a biological response including local osteogenic activity and incorporation of the nacre, without any inflammatory reaction (Duplat et al., 2007; Benkendorff, 2010). Studies conducted by Fujita et al. suggest that a bioavailable form of calcium carbonate from Oyster shell lysate of Ostrea edulis can be used for the treatment of osteoporosis patients (Fujita et al., 1993). The water-soluble fraction of nacre extract reduced the osteoclastic resorption activity by inhibiting cathepsin K without reducing the osteoclast number, adhesion, and survival (Duplat et al., 2007). N16, derived from the nacreous layer of a pearl oyster Pinctada fucata, is a protein that promotes biomineralization, however; it inhibits RANKL induced osteoclast differentiation. N16 effectively up-regulates alkaline phosphatase activity and mRNA expression of osteopontin and osteocalcin, which in turn increases differentiation of osteoblast and mineralized nodule formation. Ma et al. investigated the anabolic and antiresorptive effects of N16 on bone and concluded that it is a potentially useful for treating osteoporosis (Ma et al., 2016). Our research group has focused on marine gastropods such as Euchelus Asper and Turbo brunneus. Studies demonstrated that methanolic extract of E. asper displayed immunosuppressive as well as antiosteoporotic effect. E. asper methanolic extract (EAME) reduced the rapid bone loss in ovariectomized mice leading to an imbalance in bone metabolism using bilaterally ovariectomized mouse model. Administration of EAME in ovariectomized mice lowered the elevated levels of bone turnover markers such as Serum Acid Phosphatase (ACP), serum calcium, and Serum Alkaline Phosphatase (ALP). On the other hand, restoration of trabecular separation and increase in bone trabeculation by EAME treatment was observed in the histomorphometric analysis. Similarly, in this context, our recent study has proved that Turbo Methanol Extract (TME) derived from T. brunneus has beneficial effects on ovariectomized mice having estrogen deficiency-induced bone resorption. We evaluated the action of TME through lymphocytes-bone interaction and inhibition of bone resorption by regulating the T cell function. Oral administration of crude TME exhibited the potential to regulate osteoclastogenesis by reducing TNFα level. Currently, we are investigating the role of active compounds or molecules from purified fractions of TME/EAME and their functions on osteoclastogenesis and osteoblast differentiation (Ponkshe and Indap, 2002; Akerkar et al., 2009; Balakrishnan et al., 2014a,b).

Marine Fishes

Besides, food consumption or food industry marine fishes have drawn much attention toward their bioactive natural products and their natural abundance. Fish protein hydrolysates and fish oils are basic sources of bioactive compounds which have pharmaceutical applications. Fish bones, skin, fins, trimmed-off muscles, and gills, that are seafood processing wastes, have been considered as potential sources of bioactive peptides, omega fatty acids, etc. Therefore, they are deemed to be a useful resource for pharmaceutical, nutraceutical, and food industries (Koyama et al., 2001). Gelatin or collagen hydrolysate is one of the marine collagen products that are promoted as supplements to improve bone strength and density. Animal studies have proved the positive role of fish collagen hydrolysates on osteoporosis. Mice and rats which were previously fed with calcium or protein deficient diet showed improved bone collagen metabolism and BMD after being fed with hydrolyzed collagen enriched diet. Similarly, increased production of newly synthesized type I collagen and proteoglycan was found in the bone matrix of the ovariectomized rat after the oral administration of collagen hydrolysate from shark skin (Wu et al., 2004; Nomura et al., 2005). Guillerminet et al. administered a fish and bovine-derived collagen hydrolysate enriched diet to ovariectomized mice for 12 weeks and observed that there was an increase in the osteoblast activity along with the reduction in differentiation and maturation of osteoclasts (Guillerminet et al., 2010). Studies have shown that cod bone gelatine may prevent bone loss by decreasing bone resorption in ovariectomized rats (Han et al., 2009). In osteoporosis patients, particularly in postmenopausal women, a collagen protein-rich diet may enhance and prolong the therapeutic effect of calcitonin (Adam et al., 1996; Cuneo et al., 2010). Furthermore, fish collagen peptides initiate the gene expression for osteoblastic cells differentiation and posttranscriptional modification for collagen maturation. Besides promoting hard tissue formation, fish collagen is also used as a natural polymer for scaffolds which provide structural integrity to cells for growth (Yamada et al., 2014).

Marine fishes are considered as the main source of n-6 and n-3, long-chain polyunsaturated fatty acids (PUFAs). Linolenic acid belongs to α-linolenic and g-linolenic acid, n-3 and n-6 series respectively while linoleic acid belongs to only n-6 series. Both of these can be converted to other PUFA's like arachidonic acid, eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) (Figures 2C–E) within the body (Blunt et al., 2003; Simopoulos, 2008). PUFAs are responsible for the synthesis of prostaglandin (prostaglandin E2) involved in bone metabolism whereas bone formation is stimulated by arachidonic acid in low concentrations; however, it is inhibited in high concentrations. Pro-inflammatory cytokines (TNF α and IL1) that are considered as mediators of post-menopausal bone loss are inhibited by n-3 PUFAs. n-3 PUFA supplementation in animal models also had an advantageous effect on calcium absorption and balance (James et al., 2000; Mundy, 2007; Poulsen et al., 2007). Thus, diet supplemented with fatty acids from marine fishes may promote bone health, aid in the development of the healthy skeleton and reduce the risk of osteoporosis.

Marine Mangroves

Throughout past decades, it has been observed that halophytes are a source of novel bioactive compounds. Halophytes are known to inhabit harsh environmental conditions which make them produce therapeutic compounds like polyphenols, flavonoids, and saponins. Considering potential health benefits of halophytes such as Salicornia herbacea, Spergularia marina etc. were studied for their novel bioactive substances (Patra and Thatoi, 2011). Fatih et al. have reported that S. herbaceais is a potential source of an anti-osteoporotic agent that promotes osteoblastogenesis while inhibiting adipogenesis. Similarly, extract of S. herbacea in MC3T3-E1 pre-osteoblasts enhances bone formation by elevating the expression of osteoblastogenesis indicators, osteocalcin, BMP-2, and collagen type I (collagen-I) and alkaline phosphatase activity (Karadeniz et al., 2014b). Another halophyte, S. marina extract possesses anti-osteoporotic activity by simultaneously blocking adipogenesis and enhancing osteoblastogenesis thus making it a promising source of bioactive compounds. Marine plant derived saponins and flavonoids were described to have anti-adipogenic and pro-osteoblastogenic properties (Karadeniz et al., 2014a).

MECHANISM OF ACTION OF MARINE NATURAL PRODUCTS ON BONE METABOLISM

Bone is specialized tissue in vertebrate skeleton which not only supports its structure but also provides shape and protection by undergoing continuous remodeling. Under normal conditions; bone remodeling is maintained by a balance between osteoblast and osteoclast cells (Datta et al., 2008). The bone's mechanical properties comprise the size and structure, its geometry and density, collagen matrix, and its turnover rate. Defects in any of these mentioned parameters lead to bone-related disease like osteoporosis, osteopetrosis, osteogenesis imperfecta and Paget's disease (Datta et al., 2008). Local factors, cytokines, chemokines, transcription factors, mechanical forces, and bone turnover hormones bring about the tight regulation of bone homeostasis. The expression of a key osteoblast differentiation transcription factor, Runt-related transcription factor 2 (Runx2) is essential for Mesenchymal stem cells differentiation into the osteoblastic lineage (Liu and Lee, 2013). Runx2 is also called as core-binding factor subunit alpha-1(CBF-alpha-1) protein encoded by the Runx2 gene. The Runx2 expression is triggered by BMPs and Wnt pathway collectively (Wu et al., 2016). Research on human and animal models prove that the complex spatiotemporally regulated molecular interaction between transforming growth factor-b (TGF-b)/ BMP signaling and canonical Wnt pathway along with Runx2 (CBFA1/AML3) play an important role in osteoblast differentiation, skeletal development, and bone formation (Pinson et al., 2000; Brault et al., 2001; Logan and Nusse, 2004; Day et al., 2005). The TGF-β superfamily comprises of around 30 different types of BMPs, which not only regulate differentiation of MSCs into components of cartilage, bone, or adipose tissue but also possess osteoinductive properties (Ducy et al., 1997; Komori et al., 1997; Kundu et al., 2002; Day et al., 2005). The differentiation of pre-osteoblasts into immature osteoblasts is directed by osterix and beta-catenin. Immature osteoblasts express various proteins such as osterix, BMP-2, β-catenin, bone sialoprotein, bone matrix protein, osteopontin and develop into mature osteoblasts (Komori, 2006). Inhibition of collagen matrix degradation along with stimulation of osteoblast activity is brought about by circulating insulin-like growth factor (IGF-I) (Varanasi and Datta, 2005). Osteoclastogenesis is crucially dependent on two cytokines viz. RANKL and M-CSF (Monocyte-Colony Stimulation Factor). RANKL is also called as TRANCE (TNF-related activation-inducing cytokine) which directly regulates the process of differentiation by activation of RANK while MCSF is vital for osteoclast progenitor proliferation. These cytokines also stimulate osteoclast-specific gene expression including Tartrate-Resistant Acid Phosphatase (TRAP), Cathepsin K (CATK), β 3-integrin and Calcitonin (Wiktor-Jedrzejczak et al., 1990; Lacey et al., 1998; Yasuda et al., 1998). In bone remodeling process, TRAP and pro-CATK are secreted by osteoclast, which degrades the bone minerals and collagen matrices. RANK–RANKL interaction, with the help of an alternate pathway involving TRAF-6, c-Fos c-Jun, and p38 activates NFATc1 (Boyce and Xing, 2008; Kim and Kim, 2016). NFATc1 is important for osteoclastogenesis since its up-regulation eliminates the RANKL requirement for osteoclastogenesis and NFATc1 (−/−) monocytes fail to produce osteoclasts. Intracellular Ca2+ oscillations directed by a G-protein are induced by RANK-RANKL signaling leading to calmodulin and calcineurin-dependent NFATc1 activation (Huang et al., 2006; Zhao et al., 2010). The number of cytokines, cell surface receptors, and signaling pathways plays a major role in the interaction between immune system and skeletal system. Activated T cells are able to regulate osteoclast differentiation and activity, owing to their property of upregulating RANKL surface expression (Kong et al., 1999; Kotake et al., 2001). T cells produce many cytokines including RANKL, TNF-α, IL-6, and IL-17 that stimulate and modulate osteoclast activity while IL-4, IL-13, and IL-10 show inhibitory properties (Kotake et al., 1999; Moreno et al., 2003; Grcevic et al., 2006; Gillespie, 2007). TNFα and IL-1 activate NF-κB which augments RANKL-mediated osteoclastogenesis and their survival. On the contrary, cytokines such as IL-4, IL-10, and IL-13 suppress osteoclast formation and activation. Interestingly, recent reports indicate the possible important role of IL-4 in the suppression of osteoclastogenesis with the help of CD4+ CD25+ Foxp3+ T cell regulation (Takayanagi et al., 2002; Kim et al., 2007). In vitro and in vivo studies have shown that IFN-γ (type II IFN) strongly suppresses bone resorption through direct inhibition of RANK-RANKL signaling, which is essential for osteoclast differentiation (Zhao and Ivashkiv, 2011).

The marine-derived compounds exhibit profound effects on bone through downregulation of osteoclastogenesis and up-regulation of osteoblastogenesis as represented in Figure 4. These marine-derived compounds under preclinical and clinical trials are summarized in Table 1. Marine algal derived alginate and fucoidan induce the release of BMP and TGF-beta while influencing the activity of ALP and osteocalcin secretion whereas Mycoepoxydiene suppresses RANKL-induced osteoclastogenesis by down regulating ERK1/2 and NF-κB activity via blocking Transforming growth factor beta-activated kinas 1 (TAK1) activation which is an upstream activator of NF-κB and ERK (Smidsrod and Skjak-Braek, 1990; Asagiri and Takayanagi, 2007; Lee and Mooney, 2012; Zhu et al., 2013). Norzoanthamine and its homologs inhibit IL6 secretion which in turn prevent osteoclastogenesis and also induce the formation of a collagen-hydroxyapatite composite (Yamaguchi et al., 1999; Kinugawa et al., 2009). Recently it was found that sponge derived bioscaffolds are potential constructs for osteogenesis (Clarke et al., 2016). However, sponge derived compounds like phorbaketal A helps in regulating osteoblastic gene expression including ALP, Dlx5, and osteocalcin and also increases the levels of TAZ and Runx2 for osteoblast differentiation (Lin et al., 2011; Byun et al., 2012). Biselyngbyaside inhibits osteoclastogenesis by suppressing RANKL and NFATc1 expression whereas largazole mediates osteogenic activity through the increased expression of Runx2 and BMPs (Taori et al., 2008; Yonezawa et al., 2012). Mollusc derived nacre implants or nacre soluble proteins have shown to promote biomineralization while reducing bone resorptive activity (Ma et al., 2016). Mollusc extracts also possess T cell regulatory activity which in turn regulates osteoclastogenesis in ovariectomized mice model (Balakrishnan et al., 2014a,b; Ma et al., 2016). Similarly, marine fishes derived collagen hydrolysates, peptides, omega unsaturated fatty acids stimulate bone formation, and mineralization, osteoblastic cell differentiation and inhibition of proinflammatory cytokines respectively (James et al., 2000; Mundy, 2007; Poulsen et al., 2007; Guillerminet et al., 2010; Yamada et al., 2014).


[image: image]

FIGURE 4. Effect of marine-derived compounds on bone metabolism via up-regulation of osteoblastogenesis and downregulation of osteoclastogenesis. Marine alginate, fucoidan, phorbaketal A, largazole, and Norzoanthamine and its homologs are directly involved in osteoblastogenesis by increasing the expression of Runx2, BMPs, osteocalcin, and other transcription factors and thereby regulating the levels of osteoblastic markers. Mollusc derived nacre proteins and fish-derived compounds have been shown to promote biomineralization while reducing bone resorptive activity via regulating cytokine production (IL6 and TNF). On the other side, marine-derived compounds like Mycoepoxydiene, Norzoanthamine, and its homologs, Biselyngbyaside, largazole suppresses RANKL-induced osteoclastogenesis via downregulating the expression of osteoclast differentiating factors (RANKL, NFATc1, and TRAP).




Table 1. Status of selected Marine natural products in clinical and preclinical trials.
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FUTURE SCOPE WITH RESPECT TO MARINE NATURAL PRODUCT AND OSTEOPOROSIS

In the last few decades, natural products have proven to be a promising source for various drugs. Marine ecosystem as compared with terrestrial ecosystem provides numerous diversified resources for human nutrition and health. Similarly, MNPs and marine nutraceuticals have particularly gained immense popularity for their significant bioactivities. Marine resources have seldom been investigated for their anti-osteoporotic compounds responsible for prevention and reversal of osteoporosis. Hence, there is a need to identify bioactive molecules from marine resources that possess anti-osteoporotic activity. These bioactive molecules should also be screened for their effectiveness in regulating bone resorption by modulation of immune mediators such as transcription factors, immune receptors and key factors like RANKL/OPG. These novel metabolites or compounds may have important implication in the therapeutic management of skeletal diseases.
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