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Introduction

As the number of elderly people increases, osteoporosis will become more prevalent.

Patients with osteoporosis are at risk of bone fractures, which invariably reduce their quality of life. Furthermore, the cost of osteoporotic fractures has become a major health concern for health care system. In France, the number of admissions for fractures of any type increased by 9% between 2011 and 2013, and the direct annual costs totaled about 770 million Euros (27) . The current therapy for osteoporosis involves the use of antiresorptive agents (bisphosphonates, raloxifene, denosumab); anabolic agents (teriparatide, romosozumab); and nutritional factors, such as protein, calcium, and vitamin D (28) . However, previous studies have indicated that the recent therapies effectively enhance several side effects including osteonecrosis of the jaw, low-trauma atypical femur fractures with long-term use of bisphosphonates (28) . Up today, there is still a large effort to develop novel treatments for this chronic disease.

According to the French recommendations, the drug therapy is not indicated for all postmenopausal women. In other words, women, who have T-score >-1 and did not suffer a fracture, do not meet criteria for osteoporotic treatment (27) . In fact, more than 50% of women and 70% of men have fractures, but they do not have osteoporosis (i.e., their bone density is normal). Only about 20% of fractures are due to osteoporosis (29) . Indeed, we have aimed to the prevention of fractures due to osteoporosis and/or falls through ameliorating the bone quality by using nutritional alimentation.

Over the past decades, the products of natural origin have been of interest because of their safety and potential properties against bone loss in the long term through the positive activities on bone formation and/or bone resorption. Nacre (mother-of-pearl) has been studied for this reason.

Numerous publications have indicated the biological activities of nacre powder or extract through in vitro experiments, whilst a few preclinical studies have been performed in animal models by either digestion way (gavage) (13) or vein injection of protein encoded virus (21) , or hypodermic injection of protein solution (30) . In the context of this thesis, the Pinctada maxima's nacre powder has been integrated in daily foods for animals to mimic a type of nutritional supplement in human.

As indicated above, the osteoporotic prevalence is higher in the elderly population, and the causes of bone loss are numerous. It is well known that the decline of menstrual cycles in women induced an imbalance in bone remodeling over time and then osteoporosis is established. However, in recent years, aging-related senescent factors have been discussed to explicate a broad spectrum of skeletal pathologies, of which osteoporosis in both women and men.

In this thesis, I will present briefly the bone physiology, and definition of osteoporosis.

In particular, I write firstly the techniques applied in osteoporotic diagnosis and therapy, and also the current axis of bone research in prevention and treatment of this disease.

As these present studies concerned nacre, biological activities and applications of nacre on bone will be presented. Previously, the use of nacre supplement in the bone loss prevention has been emerged in several published works. From state-of-art, we identified the following scientific question:

Is a nutritional supplementation with nacre efficient to prevent bone loss in rodent models?

For this reason, we investigated two different rodent models: (i) ovariectomized rat model, that has been indicated as an appropriate model for postmenopausal bone loss.

Because it allows to established the loss of bone related to estrogen depletion, particularly the trabeculae at the long bones, and this process is simulated to that in menopausal women. Given by the accelerated stage bone remodeling favoring to bone resorption, and then steady stage; (ii) old female mice model that has been largely used in studies related to the aged skeleton. This model helps to study the changes at cortical bone. The aim of our studies is to compare with the previous publications and contribute with our findings to knowledge about the effect of nacre-based supplementation against bone loss.

A general discussion will be focused on the strengths, limits of our project, hypothesis about action mechanism, and novel direction in research on osteoporosis prevention. The thesis will be closed by a short conclusion and the perspectives for the next studies and ambitions.

Bone physiology and Osteoporosis

Bone physiology

Bone structure

Bone, which is a type of connective tissue constituting the skeleton of vertebrates, plays a metabolic, hematopoietic, and mechanical role. These different roles are ensured throughout life thanks to the ability of own remodeling according to the organism and environmental requirements.

Bone structure is concerned with the connection between the tissues and cells in bone.

There are two subtypes: cortical bone and trabecular bone. Cortical bone is characterized by structural units called osteons or Havers systems, which lie beneath the periosteum of all bones and form most of the long bones. Trabecular bone is constituted by lamellae forming an irregular pattern of thin columns called trabeculae, between which is filled bone marrow (Figure 1).

Macro-structure
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Figure 1 (A) Whole skeleton illustration in human (Source: https://www.gettyimages.ch). (B) Macrostructure of cortical and cancellous (trabecular) bone in the human femur (9) . (C) Cross-section of bone showing a cortical bone and spongy/cancellous bone. Please note the osteon contains a central canal with blood vessels and nerves surrounded by concentric lamellae with osteocytes and lacunae (17) .

Bone density

Bone tissue is made up of several substances, in which calcium, phosphate, and collagen are essential. It is known that 99% calcium in our body is reserved in the skeleton and teeth, but calcium phosphate is only presented in 60-65% bone weight.

The rest is the organic phase, which is composed of 95% type I collagen, 5%

proteoglycans, and many non-collagen molecules (i.e., phospholipids, proteoglycans, cytokines, and growth factors (IGFs, TGFs, TNF) (31) ). The inorganic or mineral phase is essentially composed of crystallized calcium phosphate in the form of hydroxyapatite crystals. The bone density means the mineral quantity calculated on one bone area or volume.

The bone structure reflects the quality, and bone density shows the quantity. Both quality and quantity decide the strength or fragility of our skeleton.

Bone cells

It is now well established that the bone marrow is the main source of osteoprogenitor cells (Figure 2). Two groups of osteoprogenitor cells have been defined as the mesenchymal progenitors differentiated to osteoblasts, chondroblasts, adipocytes or myocytes depending on the expression of certain transcription factors; and the hematopoietic progenitors giving the various cells of the blood and the immune system, particularly the myeloid cells (dendritic cells, macrophages) from which derived osteoclasts (31) . Osteoblasts synthesize the bone organic matrix included type 1 collagen and noncollagenous proteins (i.e., osteocalcin) thanks to certain enzymes: bone alkaline phosphatase (ALP) and local factors, among them Insulin Growth Factor (IGF), that is stimulator of bone formation. A transcription factor, Cbfa1/Runx2, is responsible for the differentiation of osteoblasts (31) . Other factors are responsible for the regulation and differentiation of osteoblasts, such as parathyroid hormone (PTH), estrogens, progesterone, androgens, 1,25-dihydro-cholecalciferol (active vitamin D) and growth hormone (GH). During the lifespan of osteoblasts (about 3 months), they complete the active phase of osteoid synthesis, and then can transform in different fates i) osteocytes immured in bone matrix (discussed below); ii) bordering cells which provide communication between the bone surface, the cellular environment and the osteocytes (32) .

The hematopoietic stem cells are stimulated by M-CSF (Macrophage Stimulating Growth Factor), and generate a mononuclear cell, that become a pre-osteoclasts in the bone marrow, and then are introduced into the bloodstream (33) . Finally, the preosteoclasts fuse with each other to form a multinucleated immature osteoclast, under the influence of M-CSF and RANKL (Receptor Activator of Nuclear factor κb Ligand), ODF (Osteoclast Differentiation Factor) or OPG (Osteoprotegerin) (34) . The mature osteoclast is a giant cell (about 100 μm in diameter), whose resorption activity and survival are dependent on the presence of RANKL (35) . They are responsible for the resorption of the bone matrix through the secretion of various proteases (MMP9, Cathepsin K) and ensure the release into the blood of collagen fragments and elements of the bone mineral, including calcium. However, their lifespan is the shortest in bone cells (about 2 weeks).

Bone remodeling (bone turnover)

Bone remodeling is a physiological renewable process, which continuously occurs throughout our life to adapt to the environmental conditions or new stress that the body encounters, and so maintains the integrity of skeleton.

The remodeling will take place in chronological order (36) (Figure 3). It begins with a phase of osteoclast activation which leads to bone resorption (~ 2 weeks) and is followed by a reversion phase (4-5 weeks), where osteoclasts finish the resorption work and prepare the surface for bone formation. During bone formation phase (~4 months), an organic matrix is deposited by the osteoblasts, then follow the mineralization process.

The update on osteoporotic diagnosis and treatment

Osteoporosis is a common disease characterized by a systemic impairment of bone mineral density and microarchitecture results in fragility fractures (or osteoporotic fractures) (Source: Osteoporosis Overview | NIH Osteoporosis and Related Bone

Diseases National Resource Center) (37) . Osteoporosis is a « silent » disease because it does not typically manifest symptoms, the patients may not even know they have the disease until a broken bone.

Osteoporosis is the major cause of fractures in postmenopausal women and in older men. About 40% of white postmenopausal women are affected by osteoporosis and, with an aging population, this number is expected to steadily increase in the near future (38) . Fractures can occur in any bone but happen most often in bones of the hip, vertebrae in the spine, and wrist (Figure 4). From a patient's perspective, a fracture and the subsequent loss of mobility and autonomy often represent a major drop in life quality. Additionally, 20% patients suffered a hip fracture risk to die in the next 12 months (39) . Even the fractures at another bone sites decrease the life expectancy.

Figure 4 Osteoporosis at a glance (1) . Osteoporosis is a systemic skeletal disease in which bone resorption exceeds bone formation and results in microarchitectural changes. Certain risk factors may lead to the development of osteoporosis or can increase the likelihood from that develop the disease. There are some risk factors that are modifiable, and the other are non-modifiable (40) (Erreur ! Source du renvoi introuvable.). Doctors usually diagnose osteoporosis during routine screening for the disease. The most common test for measuring bone mineral density (BMD) is dual-energy X-ray absorptiometry (DXA), and BMD is calculated by gram HA per cm². Because BMD changes according the age, it has to be standardized by comparison with that at the young age (20-30 years old), and then results in T-score index. Osteoporosis is defined by a T-score of less than 2.5 (i.e., more than 2.5 standard deviations below the average of a young adult) (41) . So that bone density measurement by DXA at the hip and spine is generally considered the most reliable way to diagnose osteoporosis and predict fracture risk. Sometimes, doctor may recommend a quantitative ultrasound (QUS) of the heel, which allows to measure speed of sound through bone. However, this is a test that evaluates bone but does not measure BMD, it is impossible to diagnose osteoporosis thanks to results from QUS. A DXA examination is always necessary for final diagnostic.

Bone microarchitecture measurement is novelty approach for diagnosis and treatment evaluation

Measuring bones is a big challenge not only for medicine but also for applied physics.

As mentioned above, the current gold standard is bone density measured by DXA.

DXA technology can measure bone density per cm² of the bone of interest. But bone is a 3-dimensional entity (horizontal, vertical, transversal). Therefore, the DXA measurement is useful, but does not reflect the true nature of the bone. The correct parameter should be bone density per volume (i.e., grams per cubic centimeter, cm 3 ).

In recent times, a new technique has emerged for three-dimensional bone measurement: quantitative computed tomography (QCT). QCT technique is not only capable of measuring true bone density (g/cm 3 ), but also measuring the density of trabecular bone and cortical bone. This is an important advance, because our bones can be divided into two groups, trabecular and cortical bones, and the structure of these two types varies between individuals, and it is these structures that affects strength of bone. Therefore, measuring and differentiating these two bone types is a very practical advancement for clinical practice.

Assessment of fracture risk must account for multiple risk factors and individualized thanks to prediction models

A new trend in the osteoporosis specialty is the shift from single-factor assessment to multifactorial assessment through the use of predictive models.

The reason behind this trend is the issue of BMD. Up to now, we have assessed and diagnosed osteoporosis based on bone density. When the BMD falls to -2.5 standard deviations from that of young adult, the individual is diagnosed with osteoporosis (41) .

Treatment of these patients effectively reduces the risk of fracture. Thus, the relationship between bone loss and fracture is a cause-and-effect relationship.

However, in recent years, many groups have questioned the issue of osteoporosis diagnosis based on BMD. More than 50% of women and 70% of men have fractures, but they do not have osteoporosis (i.e., their bone density is normal). Only about 20% of fractures are due to osteoporosis (29) . So, the question is, what other factors, besides BMD, cause people to bone fractures? Answering this question requires longitudinal studies. Previous study showed that in addition to BMD, there were 3 other factors: fall, history of fracture, and aging. About 90% of femoral neck fractures are caused by a fall. People who had a bone fracture have 2 to 5-fold higher risk of a second fracture.

Aging, even with normal bone density, increases the risk of fracture very quickly.

Therefore, basing on BMD to diagnose osteoporosis is too simple and leads to errors in the identification of high-risk individuals.

New decision-making methods to identify high-risk individuals is to use a predictive model. Up to now, there are two models: Garvan Fracture Risk Calculator (GFRC) in 2007 (42) , which included 4 factors (BMD, age, prior fracture, falls) and Fracture-Risk Assessment (FRAX) in 2008, which included 12 factors (43) . These models underline the importance of considering additional individual risk factors and comorbidities in osteoporosis management.

Denosumab, a monoclonal antibody, has been developed as an antiresorptive drug in the past decade owing to OPG-RANK-RANKL discovery

One of the most discussed novels in recent times is the discovery of the RANK (receptor activator of nuclear factor-kappaB) and RANK ligand (RANKL)/OPG systems in the late 1990s (44) . OPG is osteoprotegerin. Previously (i.e., before the 1990s) we knew that the controlling factor for osteoclasts were stromal cells (i.e., connective cells). But later on, we learned that "members" of the RANKL/RANK system family that have a role in the control and modulation of bone turnover. In contrast, OPG protects bone by inhibiting osteoclasts (45) . Therefore, the RANKL/OPG ratio can be considered an indicator of bone health. In addition to its role in bone, RANKL/OPG also has an effect on cancer cells. RANKL binds to RANK to produce and activate osteoclasts, while OPG blocks RANK (Figure upper panel). Molecular genetics studies in mice have confirmed the essential role of both RANK and RANKL in the development of osteoclasts, as mice that are deficient for either of these proteins develop classic osteopetrosis owing to an absence of osteoclasts (46) . Also, transgenic mice expressing OPG exhibited increased bone density and a marked decrease in osteoclast number (47) . In fact, if humans don't have RANK/RANKL, it's hard for humans to survive. This shows that RANK/RANKL plays a very important role not only in bones but also for human life.

Understanding the mechanism of RANKL/OPG, the preparation of drugs to treat osteoporosis is inevitable. Denosumab is a monoclonal antibody manufactured by Amgen. Denosumab is designed to block the formation of osteoclasts, or destroy these "bad guys" cells (Figure 5, lower panel). In a pivotal randomized placebo-controlled phase-3 study (FREEDOM), denosumab (60 mg every 6 months) was assessed for its fracture reduction in 7868 women with postmenopausal osteoporosis, of whom 24% had pre-existing vertebral fractures. After 3 years, denosumab had reduced the risk of new radiographical vertebral fractures by 68%, hip fractures by 40%, and non-vertebral fractures by 20% (48) . In addition, denosumab appears to be effective in reducing bone loss in cancer patients. In short, by understanding the mechanism of RANKL/OPG, we have had a very effective new drug for the treatment of osteoporosis. 

Romosozumab is a newest anabolic drug and related to sclerostin

The activity of osteocytes (Figure 6) related to another protein, sclerostin, also considered a "new", in bone science (49) . Once secreted from osteocytes, sclerostin binds to the LRP5/6/4 protein, and inhibits the Wnt signaling system, which controls the production of osteoblasts and osteocytes.

The discovery of sclerostin had come from rare disease of sclerosteosis and Van Buchem syndrome (7) . Sclerosteosis is an inherited human disease, commonly seen in people of German descent living in South Africa, who exhibit the main features including being very tall, some fingers fused together (syndactyly), very high bone density, very thick cortical bone, never broken bones. The cause of sclerosteosis is a loss-of-function mutation in SOST gene, located on chromosome 17.

Van Buchem syndrome was first discovered in some residents of a fishing village in Germany and the Netherlands. The features of van Buchem are also quite similar to sclerosteosis, such as very high bone density, thick cortical bone, but normal fingers and not as tall as sclerosteosis (Figure 7A). The cause of the syndrome is also a stroke the SOST gene, but at a different location from the sclerosteosis SOST gene. All patients with sclerosteosis and Van Buchem have very low or even undetectable sclerostin in the blood. It means that as sclerostin level increases, osteoblasts decrease and bone density decreases as well; and vice versa, when sclerostin decreases, osteoblasts activate and increase bone density. Given by the preclinical study on SOST knock-out mice, the mice reduced sclerostin secretion, and so increased bone density (50) . Thus, by understanding this mechanism, sclerostin becomes a target for therapeutic strategy against osteoporosis (51) . In other words, a novel way to increase bone density and reduce fracture risk is to lower sclerostin levels.

Pharmaceutical companies developped drugs to inhibit sclerostin in the body. Amgen company has produced romosozumab as a monoclonal antibody for the treatment of osteoporosis. The mechanism of romosozumab is to bind to sclerostin, increasing bone formation, and therefore romosozumab is considered an anabolic drug (Figure 7B).

A randomized controlled clinical trial evaluating romosozumab in 7180 postmenopausal women with osteoporosis was performed (52) . After 12 months of treatment at the dose of 210 mg monthly, new vertebral fractures occurred in 0.5% in the romosozumab group, as compared with 1.8% in the control group, meaning that romosozumab reduced the risk of fracture by 73%. Results after 2 years of treatment showed that romosozumab reduced the risk of vertebral fractures by 75%.

Figure 7 (A) Picture illustrating the impressive increase in weight of a skull of a Van Buchem's disease patient. The weight is close to four times that of a normal skull (7) . (B) Schematic representation of sclerostin actions (11) B A

Odanacatib is the most advanced inhibitor of CathepsinK and potential agent in osteoporosis treatment

Cathepsin K (CatK) is a member of a family of cystein proteases that degrades collagen type I and other bone matrix proteins within the acidic environment of resorption lacunae (53) . As the novel discoveries have been usually come from the anormal observations or rare disease, congenital absence of CatK in patients with pycnodysostosis, a, autosomal, recessive osteochondrodysplasia, is characterized by increased bone density, bone fragility (54) . A study on CatK-deficient mice indicated a high bone mass regardless of fully differentiated osteoclasts, while mice overexpression of CatK had increased bone turnover and decreased trabecular bone (55,56) . These preclinical findings had confirmed the concept that protease cathepsin K has an important role in bone degradation. Indeed, the use of CatK inhibitors has emerged as a novel therapeutic approach (Figure 8A). Odanacatib is currently the most advanced inhibitor of CatK under clinical investigation. In a phase-2 study, the effects of weekly oral doses of odanacatib were assessed in 399 women with postmenopausal osteoporosis. After 24 months, odanacatib at the dose of 50 mg increased BMD in the lumbar spine by 5.5% and total hip by 3.2% , while BMD at these sites was unchanged with placebo (57) .

Because CatK is a key lysomal enzyme of the mature activated osteoclast, its inhibition suppresses osteoclast function but preserves osteoclast viability. These effects might allow osteoclast-osteoblast signalling that maintains bone formation while suppressing bone resorption (57) . These uncoupling effects of odanacatib contrast with other antiresorptive drugs such as bisphosphonate and denosumab, which enhance osteoclast apoptosis (Figure 8B). The further clinical trials with odanacatib have to been carried out to translate into meaningful clinical endpoints in osteoporosis treatment.

Natural substances against osteoporosis

Review: Natural substances and bone loss: A review on human, animal, and cell cultures. (In preparation)

See file pdf attached

Figure 8 Schematic representations of the normal coupling process of bone resorption and formation during the remodeling process (top image). Treatment with a CatK inhibitor reduces osteoclastic resorption efficiency and retards transcytotic trafficking of matrix removal (bottom image) (11) . Potential mechanisms of antiresorptive drugs (1) .

Summary

Introduction

Osteoporosis (OP) is a skeletal disorder characterized by reduced bone mass and deteriorated bone microarchitecture, which leads to compromised bone strength predisposing a person to increased fracture risk [9] [10]. With the increase in ageing population worldwide, the incidence of osteoporosis is predicted to increase further. Fractures associated with this disease affect one in three women and one in five men over the age of 50 []. Indeed, osteoporosis is responsible for higher proportion of hospital bed occupancy than many other diseases, including diabetes, myocardial infarction and breast cancer [11]. The direct annual costs of osteoporotic fractures are over €31 billion per year in Europe and $20 billion per year in the USA, and these costs are expected to rise substantially by the year 2050 [12] [13]. Thus, osteoporosis represents a public health problem and an economic burden on global society because of the associated high morbidity, mortality [14] [15].

Two categories of osteoporosis have been identified; namely a primary and a secondary one.

Primary osteoporosis is the most common form and it includes menopausal osteoporosis (type I) and senile osteoporosis (type II) [16]. The pathophysiology of osteoporosis is very complex, and it is potentially caused by genetic disorders, endocrine disorders, and nutritional factors [17].

Currently, many pharmacologic agents are used to counteract the effects of osteoporosis on bone homeostasis, including anti-resorptive agents (e.g., bisphosphonate, denosumab, raloxifene), and anabolic agents (i.e., romosozumab, teriparatide) [18] [19]. However, many of these medications have rare but severe side effects (i.e. jaw osteonecrosis, atypical femur fractures) [19] [20] as well as contraindications, intolerance. Furthermore, a flare-up of fracture risk was described months after interruption of these treatments especially for denosumab [21].

Hence, development of new drugs with fewer adverse effects is needed for both the prevention and the treatment of OP, particularly in postmenopausal women. It is encouraging that products in natural origin have been shown to be excellent and reliable sources for the development of drugs against osteoporosis [22] [23].

The focus of this review is to generate the overall view about the efficacy of various phytochemical agents (e.g, phenolic acids, non-phenolic acids) and biominerals (calcium carbonate) through in vitro, preclinical and clinical studies.

Natural phytochemical substances 2.1 Phenolic acid (phytoestrogens)

Phytoestrogens are polyphenolic non-steroidal plant compounds with estrogen-like biological activity. The estrogenic properties of phytoestrogens have gained much interest in recent years because of their potential protective effects against many diseases and conditions including cancer, cardiovascular disease, osteoporosis, and menopausal symptoms [24, 25].

These plant compounds with estrogenic or antiestrogenic activities comprise 4 major classes:

flavones, isoflavones, lignans, and stilbenes.

A considerable number of studies have been published that have sought to investigate the effect of phytoestrogens on bone metabolism and bone loss in both postmenopausal women and in animal models.

Flavonoids

Flavonoids composed of 5 major classes (Table 1) 

Isoflavonoids

Two most abundant of isoflavones is genistein and daidzein, which are principally contained in soy. Coumestans, with coumestrol and 4'-O-methylcoumestrol as the major members, exhibit a close structural similarity to isoflavones. Their main dietary sources are alfalfa, soybean and clover sprouts. Little is known about their metabolism in humans; however, their metabolim in a variety of animals is extensively reviewed elsewhere. 

Lignans

Lignans, a group of dimeric phenylpropanoids, are mainly found in oilseeds, such as flaxseed, but they are also present in whole cereals, oilseed, flaxseed, vegetables, and fruits [56].

In my knowledge, up to now, there has not been a clinical trial, who determined the effect of lignin compounds on bone. The finding based on preclinical studies were also limited. 

Stilbenes (Resveratrol)

Resveratrol (3,5,4'-trihydroxystillbene), a phytoalexin, can be found mainly in grapes, peanuts and pines. Red wine is one of the major dietary sources of resveratrol than white wine, since resveratrol is concentrated in the grape skin and the manufacturing process of red wine includes prolonged contact with grape skins.

While the anti-cancer properties of resveratrol have been extensively investigated, the antiadipogenic and osteogenic effects of resveratrol are also gaining considerable interest.

Mesenchymal stem cells are the precursors for both adipocytes and osteoblasts. In the aging population, differentiation to adipocytes dominates over the differentiation to osteoblasts in Figure 3. Isotaxiresinol (Lignan) [5] bone marrow, contributing to the increased tendency for fractures to occur in the elderly. Thus, an inverse relationship exists between adipocytes and osteoblasts leading to a decrease in adipocyte number and size and an increase in osteogenesis. Furthermore, resveratrol in combination with genistein and quercetin synergistically decreased adipogenesis in murine and human adipocytes. A recent in vivo study showed that phytochemicals including resveratrol in combination with vitamin D prevented weight gain and bone loss in a postmenopausal rat model []. Therefore, combinations of resveratrol with other phytochemicals may lead to potential novel potent therapies for obesity and osteoporosis.

Current therapies for osteoporosis act by either inhibiting osteoclast-mediated bone resorption or by promoting osteoblast-mediated bone formation. Recent studies show that resveratrol acts by both antagonizing osteoclast and promoting osteoblast differentiation in vitro [57]. 

Saponins

Radix Dipsaci, the dried root of Dipsacus asperoides, has long been used as an anti-osteoporosis tonic and anti-aging agent in China. 

Lycopene

Lycopene is a major carotenoid synthesized by many plants and micro-organisms, but not synthesized by animals or human [64]. This lipid-soluble carotenoid is a highly stable molecule and is responsible for the red colour in many fruits (e.g. tomatoes) and vegetables (e.g. carrots).

Lycopene exists in an all-trans configuration, which is the most thermodynamically stable form; however, in plasma and tissues, lycopene is present in large amounts as cis isomers [65]. Unlike other carotenoids, such as alpha and beta-carotene and beta-cryptoxanthin, lycopene has no vitamin A activity. Lycopene has gained attention for its strong antioxidative capabilities and for its potential to play a protective role against a number of chronic diseases, including osteopororis [1]. 

Statins

Statins are drugs widely used for lowering serum cholesterol. There are various forms of statins, one of which include Lovastatin isolated from Aspergillus terreus was the first statin to be marketed. For a long time, Mundy et al examined more than 30,000 compounds from a natural products collection and identified the lovastatin which had the effect on bone and has been safely administered to patients for more than a decade [71].

Figure 9. Lovastatin isolated from Aspergillus terreus

Red yeast rice that has been fermented by the red yeast Monascus purpureus, a herbal product widely used in Chinese traditional medicine, produced Monacolin K, a type of statins, was also found to have a powerful effect on the BMP2 promoter and on osteoblast differentiation in bone formation assays. 

Biominerals

Calcium (Ca) is the major mineral in bones. Osteoporosis of all types is commonly associated with malabsorption of calcium and/or high obligatory calcium excretion, that leads to negative calcium balance [76]. Calcium supplements have been used widely in bone loss disease as prevention or therapeutic strategy. Dietary sources of Ca are restricted to only certain foods, in which include shells-produced calcium carbonate.

Sigma Anti-bonding Molecule Calcium Carbonate (SAC; activated ionic calcium) harvested from oyster shells as the raw material, results in production of calcium oxide; this calcium has a weak bonding force with other molecules, radicals or atoms [77]. Therefore, this treated calcium can easily be absorbed into the cell, increasing an animal's metabolic system. Also, SAC helps growth and increases endogenous growth hormone by effectively supplying calcium into the cell which is needed for metabolism. It is suggested that SAC effectively improve bone density by preventing bone turnover mediated osteocalcin, CTX and minerals, and that it could be a potential candidate for therapy or prevention of postmenopausal osteoporosis [78]. 

Conclusions

Epidemiological studies indicate that the prevalence of osteoporosis is rapidly increasing with longer lifespan. Lifestyle changes accompanied by the intake of dietary supplements that prevent the bone aging are plausible recommendations. Natural substances including phytochemicals, biominerals have the potential to act on multiple targets rather than simple targets usually observed in therapeutic drugs. Many studies on both human and animals highlighted in this review to report a positive association between natural substances and bone health. It should be supported the need for further study in long term on the efficacy and toxicology, by which the dietary supplements consumptions will be intergraded in the prevention strategies against the bone loss in elderly.

Nacre and its beneficial effect on bone tissue

Nacre (mother of pearl) is an acellular calcium carbonate composite produced by bivalves such as pearl oysters, gastropods and cephalopods as an internal shell coating (Figure 9). Due to its highly organized structure, chemical complexity, mechanical properties, and aesthetic appeal, nacre is one of the most studied examples of calcium carbonate biomineralization. Nacre is also a major co-product of the pearl farming industry (aquaculture for the production of pearls).

Physical structure. Nacre is a hybrid calcified structure, made of the organic and mineral ingredients, in which aragonite crystallized on an organic matrix. The specialized cells in mollusk's mantle are responsible for the synthesis of matrix components and the mineralization process. The hybrid structure and the association between organic matter and crystallized mineral contribute not only to the mechanical characteristics of nacre, but also to its biological properties (58) .

Chemical composition. The inorganic fraction (97%) of nacre is composed of calcium carbonate in the form of aragonite. The organic fraction (3%) is a mixture of proteins, peptides, glycoproteins, chitin, lipids and pigments (59) . Still now, more than 50 nacre proteins and 50 nacre peptides have been identified. Organic molecules can be extracted with aqueous and organic solvents (60) . (19) .

Biological activities of nacre

In the scientific research, nacre has been firstly involved in bone biomaterials development (Figure 10). In 1992, Professor Evelyne Lopez and her team demonstrated that nacre of the Pinctada species exhibited both biocompatible and osteogenic features. These properties was first established in vitro, by observing the formation of mineralized bone nodules by osteoblasts activated by the diffusible signal molecules of nacre (61) . Also, Lamghari et al. (2001) implanted nacre in the vertebrae of sheep (23) . The remarkable result was the perfect biocompatibility of the implanted nacre. No chronic inflammatory reaction against a foreign graft was observed, proved the osseointegration of nacre in the newly formed bone tissue (Figure 11).

Other authors have demonstrated the same activities of nacre derived from other species. Liao et al. (2000) implanted the pieces of nacre produced by Margaritifera margaritifera in rat femora. They confirmed that nacre is not only biocompatible and biodegradable, but also an osteoconductive material (62) .

In humans, the ability to induce bone formation by human osteoblasts of nacre Pinctada maxima was demonstrated in 1992 (61) . Reviewed by Westbroek and Marin (1998) and recently by Zhang (2017), Pinctada nacre attracted and activated bone Nacre was studied as a biomaterial in orthopedic surgery (A) Bobbio, Bulletin of the history of dentistry, 1972 (5) ; (B) Camprasse et al, Clin Mater, 1990 (15) ; (C) Lamghari et al, Biomaterials, 1999 (22) ; (D) Atlan et al, Biomaterials, 1999 (24) ;(E) Rousseau et al, Biomed Mater Eng, 2012 (25) ;(F) Pascaretti-Grizon, J of Raman Spectroscopy, 2014 (26) .

marrow stem cells and osteoblasts, in both in vivo and in vitro experiments. In addition, nacre inhibits the activity of osteoclasts in vitro (63) .

Composition and biological activities of nacre extracts

The organic phase of nacre is mainly composed of chitin, proteins, peptides, sugars and lipids. The organic molecules can be extracted with aqueous and organic solvents and active in bone tissue. Chatuverdi et al. (2013) (2) investigated a water-soluble matrix (WSM) fraction from the Pinctada fucata's nacre that showed both the activity on osteoblast differentiation and antioxidant potency (Figure 12A). Rousseau et al (2003) (60) studied the biological capacity of WSM extracted from the nacre of Pinctada maxima on the pre-osteoblastic mouse calvaria cell line MC3T3-E1. This study indicated that nacreous molecules stimulated osteoblast differentiation and mineralization. Brion et al (2015) tested the molecules extracted from nacre (Ethanol Soluble Matrix, ESM), and tested its effect on mineralization capacity of osteoarthritis osteoblasts, therefore confirming the potential of nacre as a source of osteogenic compounds (16) (Figure 12B). N16, an active protein isolated from Pinctada martensi's nacre inhibited the formation of multinucleated osteoclasts and TRAP activity at the (12) . (C) polarized light image. The new bone was composed of woven bone (W) and lamellar bone (LB) in close contact with the nacre implants (18) . Biocompatibility of nacre in the sheep bone environment (23) . (D) Vertebral sheep bone cavity was filled with nacre powder (N), one week post-surgery; (E) The bone around the cavity (F) without nacre was organized into concentric rings.

(*), no new bone formation at 12 weeks post-surgery, (C) New bone formation and bone remodelling were early stage of osteoclastogenesis (64) . In the same way, the nacreous factors suppressed osteoclastic activity in bone marrow-derived osteoclast precursors (13) (Figure 12C).

Effect of nacre on bone loss through preclinical and clinical studies

Many approaches have been dedicated to research for natural extracts with a therapeutic effect against bone loss. Evidence of anti-osteoporotic effects of nacre has been published. It has been reported that Pinctada maxima's nacre initiated bone formation in human osteoblasts through in vivo and in vitro studies (22) . An induced osteoblast activity may explain its anti-osteoporotic effects (60) .

Osteoblasts Osteoclasts

B A OA osteoblasts n=4

OA osteoblasts n=10 MC3T3 n=4

Figure 12 Effect of nacre extract on bone cells. (A) osteoblasts Red Akizarin staining (2) (B) osteoblasts (16) (C) osteoclast TRAP staining (13) .

The fraction of weak molecular weight (<1 kD) of nacreous extrait contained the special inhibitors against cathepsin K (65) . Indeed, these molecules are able to reduce the bone resorption activity of osteoclasts by inhibiting cathepsin K (63) . Pinctada fucata's nacre powder and its extrait orally administered can prevent the bone loss in ovariectomized mouse model by regulating the osteoclast and osteoblast activities (13) (Figure 13A).

The Pinctada fucata mantle gene 1 (PFMG1) was first discovered in the mantle tissue of Pinctada fucata species. This protein has two EF d omain and one calcium binding domain. Li et al., (2017) demonstrated that PFMG1 accelerated pre-osteoblast differentiation and extracellular matrix mineralization and prevented bone loss in OVX mice (21) (Figure 13C).

In human, there are two preliminary clinical studies using oral nacre at present: (i) a pilot clinical study carried out in Serbia (2009), oral supplementation for six months with Pinctada maxima's nacre in postmenopausal women indicated an BMD increase by 5% analyzed by DXA. No change is observed in the control group supplemented with pure CaCO₃. The good tolerance of bio-calcium was recorded during 6 months (66) .

(ii) another study performed in France (2006) (67) , included 47 menopausal women met the included criteria at the beginning. These women were randomized into two group, the control group used placebo capsules, the treatment group used 2 capsules contained the CaCO3 and nacre extract at the dose listing below in 3 months. These (13) . (C) representative µCT images of OVX mice were injected by PFMG1-encoded virus or control (21) .

B

participants were monitoring through the questions, clinical examinations, blood collection at beginning and end of study. Thirty-seven women completed this procedure of trial. The result showed that the serum level of CTX in treatment group was significantly decreased compared with that in placebo group after 3 months.

The comparison between these studies is summarized in table 2.

Table 1 The published clinical studies using nacre supplementation

Study

Reynier et al, 2006 (67) Vujasinović-Stupar et al, 2009 (66) Country The effect of nacre on bone health should be account not only for the bioavailability of calcium in biological origin thanks to its calcium absorption capacity (68) , but also for the nacreous organic pattern. Although there have not been clinical studies about the effect of organic matrix of nacre in bone, following the published works in vitro and in vivo (13,64) , it is known the antioxidant capacity of nacreous protein in human. Thus, it could be recommended for treating various age-related degenerative disorders (69) .

Table 3 summarizes the nacre properties found on bone. 

Objectives of the current research project

The prevention of bone loss caused by the stop of menstrual cycles and senescent factors with advancing age is still understudied. The new agents of natural origin with safety and efficacy features in human have been considered as a novel direction for medical research.

Taking this into consideration, the main objective of our research project was to understand the effect of oral nacre powder on bone quality, and bone homeostasis using animal models. Particularly, our goal was to use the experimental agents integrated in foods to avoid the stress for animals. This method also helps to simulate a nutritional supplement form in human.

As our project aimed to contribute to the own findings and preclinical knowledge, we selected two bone loss models following:

(i) ovariectomized rats characterized by the bone loss due to estrogen depletion, and was immediately subjected to experimental diet, that reproduces the intervention of testing substances (CaCO3 or nacre) in early stage post-menopausal in women.

(ii) old female mice exhibit fully features of osteoporosis due to natural aging, without related to sex steroid hormone levels. This model allows to evaluate the changes in cortical bone in appendicular bone, which is similar to women.

Apart from animal model questions, we used several techniques, such as (i) the bone microarchitecture assessment using µCT (Scanco and/or Skyscan) at several bone sites (vertebral, appendicular bones); (ii) bone turnover markers measurements using ELISA technique to monitoring the individual changes overtime; (iii) biomechanical testing using three-point bending test to measure the external properties of bone tissue; (iv) gene expression levels and proteomic approach to understand the action mechanism of nacre at the level of molecules; (v) proteomic approach using plasma samples to identify the circulating proteins and determine which ones being up or down-regulated under the experimental regimes, and so far to understand the interactions between them and their involvement in bone metabolism. on the osteoporotic forms (primary including postmenopausal and senile; secondary including those due to drugs, (i.e., glucocorticoids,…), diseases (i.e., hyperparathyroidism, hypogonadism) (70) . For example, hyperparathyroidism is characterized by an excessive bone resorption, while glucocorticoid administration and hypogonadism exhibit an insufficient bone formation (71) . Also, the postmenopausal osteoporosis is a high turnover disease, whereas senile osteoporosis is predominantly a low turnover disease. Indeed, the therapeutic targets should be aimed to the pathogenesis of each state, not based only on bone mass as final consequence. In human, we can take a bone sample through biopsy or orthopedic surgery to evaluate these features in detail. But it is invasive technique, and these variables allow only the parameters at the advanced stage of disease, not at initial one. Additionally, the testing of new potential therapies in humans in this way has not been permitted because of the ethicality. Indeed, the use of animal models has become a need in research, and the choice of animal has to be carefully considered to precise the state of skeleton simulated to that in human.

Results

Ovariectomy-induced bone loss in rats and

In the large variety of animal species, including rodents, non-rodents (i.e., rabbits, dogs, primates) have been used as animal models in osteoporosis research, and no single animal species duplicates all the characteristics of human osteoporosis, and each species exhibits its own limitation (8,72,73) . For example, the rat has introduced the lack of intracortical remodeling, while there are remarkable differences between human and mouse physiology regarding the actions of estrogen. The mouse has been widely used as bone loss model related to aging rather than due estrogen deficiency. The Guideline on the Evaluation of New Medicinal Products for Human Use (CHMP) of the European Medicines Agency (London, 2006) recommended to perform preclinical studies of bone quality in two animal species, one of which should be ovariectomized rat, and the non-rodent animal with estrogen deficiency and characterized by evaluable cortical remodeling.

In the first study in this project, we performed the ovariectomy, which mimics a condition similar to menopause, and also chose rat model, which bears a strong resemblance to human osteopenia, both in its anatomical features as well as in the transitional and steady stages of the bone dynamics (8) (Figure 14).

Moreover, it is known that not all spongy bone sites of the rat skeleton lose bone after ovariectomy (73) . In osteoporotic women the first and most severe bone changes occur in the spongy bone of the vertebral body, whereas in rats they predominantly involve the trabecular bone of the metaphyseal region of the long bones (71) . Also, the bone sites display different responses to bone loss stimulus related to their structural and metabolic characteristics (8,74,75) . Hence, we thought that investigating the effect of (8) nacre at both appendicular and axial bones would provide more translational insights of this novel research direction.

Among the rodents, rats are mostly used animals for experimental purposes (accounting for approximately 20% of the total number of mammals used for scientific purposes), because of its earlier sexual maturity, better fecundity, and a shorter lifespan than their free-ranging wild counterparts (76) . The determination of rat age had been carefully considered in our study. Most of the researchers used to relate human and rat age by simply correlating their life span, but which is not correct, because it has to be based on the specific research aim, and on the different phases of rat-life, to calculate accurately the rat age (76) . The rats reach the sexual maturity at the age of 6 weeks, social maturity at 5-6 months, but their skeleton is considered mature after the age of 40 weeks, and the menopause at 15-18 months of age. Our study used the rats in still growth period, but the alteration of bone observed in this study proved that the negative impact of ovarian removing on bone turnover was dominant in mature rats, and hence the result of our intervention was interpreted on well-established bone loss rat model. Dung Kim Nguyen, 1 Norbert Laroche, 1 Arnaud Vanden-Bossche, 1 Marie-Thérèse Linossier, 1 Mireille Thomas, 1 Sylvie Peyroche, 1 Myriam Normand, 1 Yacine Bertache-Djenadi, 1 Thierry Thomas, 1,2 Hubert Marotte, 1,2 Laurence Vico, 1 Marie-Hélène Lafage-Proust, 1,2 and Marthe Rousseau 

Introduction

O steoporosis is a common and widespread skeletal disease that increases the risk of fragility fractures. (1) It is characterized by an imbalance of bone remodeling that leads to a systemic impairment of bone mass, strength, and microarchitecture. Although both men and women gradually lose bone as part of the aging process, a greater loss is observed in postmenopausal women associated with estrogen deficiency. (2) The incidence of fracture increases with age in both sexes, but age-adjusted rates are 49% greater in females than in males. (3) In addition, after an initial fracture, women increase their risk of sustaining a second fracture by 36%, (4) and from the age of 60 years, the residual lifetime risk of fracture is $50% in women. (5) Thus, postmenopausal osteoporosis related to its clinical consequences, including morbidity and mortality, imposes a significant health care problem to the society.

Today, there is a need to develop novel approaches for osteoporosis treatment with fewer adverse effects than current therapies. It is encouraging that products from natural origin, such as plant-derived extracts, (6,7) marine animal-derived products, (8)(9)(10) and fungi's metabolite, (11) appear to be reliable sources for the development of antiosteoporotic agents due to their efficacy and safety. Nacre (mother-of-pearl) has been considered one of the potential candidates.

Nacre is produced by mollusks and is composed of crystalline calcium carbonate (CaCO 3 ) embedded in an organic matrix. (12) This inorganic microstructure coupled with the organic phase contributes to the bioactivity of nacre as a novel biomaterial. (13) Furthermore, several nacre matrix factors have been identified and known to have biological activities on bone cells. Protein PFMG1 (14) and water/ethanol-soluble matrix (15,16) have been derived from Pinctada's pearl oyster family, which accelerate osteoblast differentiation. Beside the regulation of mineralization, protein N16 (17) and other molecules (18) from nacre have been demonstrated to inhibit osteoclastogenesis. These properties of nacre have directed research toward its effect on osteoporosis.

The preclinical studies revealed that nacreous factors prevent induced bone loss. (8,14) Most of these studies have been conducted in ovariectomized mouse model under oral administration (gavage) or virus injection techniques, whereas our experimental powders were integrated in dietary foods, which is considered as a classic nutritional supplementation in human.

In the large variety of animal species, including rodents, nonrodents (ie, rabbits, dogs, primates) have been used as animal models in osteoporosis research, and no single animal species duplicates all the characteristics of human osteoporosis, and each species exhibits its own limitation. (19,20) Here, we performed the ovariectomy, which mimics a condition similar to menopause, and also chose rat model, which bears a strong resemblance to human osteopenia, both in its anatomical features as well as in the transitional and steady stages of the bone dynamics. (19) Moreover, it is known that in osteoporotic women, the first and most severe bone changes occur in the spongy bone of the vertebral body, whereas in rats they predominantly involve the trabecular bone of the metaphyseal region of the long bones. (21) Also, the bone sites display different responses to bone loss stimulus related to their structural and metabolic characteristics. (6,19) Hence, we thought that investigating the effect of nacre at both appendicular and axial bones would provide more translational insights of this novel research direction.

To test the hypothesis that dietary nacre powder may have a protective effect against bone loss in the ovariectomized rat, we pursue two specific aims: (i) to quantify the prevention of bone loss due to estrogen deficiency at several skeletal sites and (ii) to explore the nacre action mechanisms through biomarkers involved in bone metabolism.

Materials and Methods

Animal experimentation

Eight-week-old female Wistar rats (mean AE SD body weight 166.8 AE 11.8 g) were housed under controlled conditions (22 C AE 1 C, 50% to 80% relative humidity; 12-hour light/dark cycle) in groups of two animals per cage with free access to water and food ad libitum. The animals benefited from quality attention and care by qualified personnel, both during and outside of procedures, to ensure optimal well-being throughout the study. This study was carried out with the approval of the French Ministry of Research and Innovation (approval no. APAFIS # 13401-2018020615412128 v6). Animal procedures were performed in an accredited animal facility (authorization no. 42180801) at the PLEXAN (Platform for Animal Experimentation and Analysis, Medical School, Saint-Etienne, France) with the approval of the Animal Ethics Committee and in accordance with directive 2010/63/EU and the Principles of Laboratory Animal Care recommended by the National Society for Biomedical Research in France. All animal handling and experimental protocols followed the ethical standards established in the 1964 Declaration. Sixteen-week-old animals (mean AE SD body weight 237.6 AE 14.1 g) were assigned to one of the four groups (n = 10 per group): (i) Sham; (ii) OVX; (iii) OVX with CaCO 3 (OVX CaCO 3 ); (iv) OVX with nacre (OVX Nacre). Rats were anesthetized by 2.5% isoflurane and bilateral ovariectomy (OVX) was then performed via two ventro-lateral incisions. The sham operation consisted of pulling the ovaries out of the abdominal cavity after skin incision, placing them back in the abdominal cavity, and suturing. No postoperative complications were observed.

Both Sham and OVX groups received standard diet purchased by SAFE diets (containing 8.5 mg calcium/g food) and the last two groups received the standard diet mixed with 0.25% supplemental CaCO 3 or nacre powder. The diet was initiated on the day of surgery and was maintained for a period of 28 days after OVX. Pinctada maxima's nacre powder provided by Stansea, which is composed of 97% CaCO 3 (ie, 38% calcium) was compared with aragonite CaCO 3 (ie, 40% calcium) synthesized according to the protocol of Carteret and colleagues. (22) Calcium content was the same for both the CaCO 3 and nacre diets and 12% higher than standard diet. The composition of the diets is shown in Supplemental Table S1.

At the end of the study, rats were injected intraperitoneally with tetracycline (25 mg/kg body weight) at days 12 and 3 before killing to allow the bone histodynamic evaluation. Animals were weighed on arrival, before OVX, and every 2 weeks during the study. All animals were killed at the age of 20 weeks using isoflurane (4%) and cardiac puncture. The uterus was dissected and immediately weighed to check OVX efficacy.

Bone microarchitectural analysis

We performed in vivo μCT longitudinal analysis of the proximal tibia including trabecular and cortical bone on the same acquisition by MicroCT40 (Scanco, Bruttisellen, Switzerland). The scanning system was calibrated at 70 kVp, 110 μA, and 1000 projections by 180 degrees with an integration time of 250 ms at high resolution (isotropic voxel size at 15 μm 3 field of view (FOV)/diameter 30.7 mm). Rats were anesthetized and maintained on anesthetic isoflurane 2% for the duration of each measurement (approximately 25 minutes per rat). Tibias were scanned from the proximal growth plate and processed distally for 421 slices (6.32 mm) (Fig. 1A). CT Analyzer V6.6 software was used for measuring bone volume.

During the dissection, right tibias, right femora, and second lumbar spines were harvested and immediately fixed for 72 hours in 10% neutral-buffered formalin and stored in 70% ethanol solution at 4 C. These bones were scanned by the same μCT system at 10.5 μm 3 FOV/diameter 21.5 mm. Detailed description of scanning and evaluation procedures is provided in Supplemental Materials (Section S1 and Supplemental Table S2).

Bone histomorphometry

Description of the methods is provided in Supplemental Materials (Section S2).

RNA isolation and quantitative RT-PCR analysis

The bone marrow and the cortical fraction of left femur were separated by flushing with a syringe and then immediately frozen in liquid nitrogen. Total RNA was extracted by TRI Reagent (Sigma, St Louis, MO, USA) and then purified with a Qiagen pure tissue kit JBMR Plus (WOA) n 2 of 13 NGUYEN ET AL.

(RNeasy Plus Mini Kit, Qiagen, Valencia, CA, USA). The RNA quality was assessed by Experion automated electrophoresis station (Bio-Rad, Hercules, CA, USA), followed by Ribogreen assay (Quant-iT RiboGreen RNA Assay Kit, Invitrogen, Life Technologies, Eugene, OR, USA) for accurate RNA quantification. Total RNA reverse transcription was performed with iScript cDNA synthesis kit (Bio-Rad). Quantitative real-time (qRT) polymerase chain reaction (PCR) was conducted on CFX96 RealTime System (Bio-Rad) with LightCycler FastStart DNA Master plus SYBRgreen I (Roche Diagnostics, Basel, Switzerland). The mRNA expression levels were normalized to the housekeeping Hprt1 gene expression using the ΔCt method. (23) Primer sequences are shown in Supplemental Table S3.

Biochemical markers in blood

Rats were fasted overnight before each blood collection by intravenous puncture in the tail at surgery day (D0: start point) and day 14 (D14: intermediate point), and by cardiac puncture under anesthesia at the end of the study (D28: end point). Blood was centrifuged at 13000 g for 2 minutes at room temperature for D0 and D14 samples or at 2000 g for 10 minutes at 4 C for D28 samples and separated in serum and plasma, then stored at À80 C. Serum levels of C-terminal collagen cross-linking telopeptide of type I collagen (CTX), procollagen type I N-terminal propeptide (P1NP), and osteocalcin (Osteocalcin) were quantified by ELISA commercial kits according to manufacturer protocols (Ratlaps CTX-I EIA kits, Rat/Mouse P1NP EIA kits, and Rat-MID Osteocalcin EIA, Immunodiagnostic Systems, Paris, France, respectively). Serum calcium and inorganic phosphate levels were measured with colorimetric assays (Kit Biolabo SAS, Maizy, France). In addition, levels of parathyroid hormone (PTH) and fibroblast growth factor 23 (FGF23) in plasma were measured by Rat Intact PTH ELISA Kit (Immunotopics, San Clemente, CA, USA) and Mouse/ Rat FGF23 Intact ELISA Kit (Immunotopics), respectively. For longitudinal data analysis, (i) comparisons between groups in μCT in vivo study at follow-up were based on analysis of covariance (ANCOVA) general linear models using values at baseline as covariable, as a standard method. (24) Tukey's honest significant difference (HSD) post hoc test was then performed to report 95% confidence intervals (CI); (ii) biochemical marker levels in serum/ plasma were analyzed by two-way repeated measures ANOVA to determine if there were group effects (between-subjects factor), time effects (within-subjects factor), and interactions between them. After ANOVA, Tukey's HSD post hoc test was used for multiple comparisons between groups and between the value at time point versus that at previous time point in each group. (25) For cross-sectional data analysis, parameters of the μCT ex vivo bone microarchitecture, histomorphometry, and relative gene expressions were compared between groups using ANOVA, followed by Tukey's HSD post hoc test. If the normal condition was not satisfied, Kruskal-Wallis test was used instead, and Mann-Whitney-Wilcoxon (MWW) unpaired test corrected by the false discovery rate adjustment method of Benjamini and Hochberg (26) was then performed for pairwise comparisons.

A nominal p value of 0.05 was considered statistical significance. Data analysis was conducted with R Statistical Environment and data visualization using the ggplot2 package.

The μCT and histomorphometric ex vivo variables in the tibia were processed with principal component analysis (PCA), an unsupervised method of machine learning, (27) by function prcomp in base R environment and the autoscale function was applied to the data set. Graphical visualization was shown using package factoextra. 

Results

Validation of the ovariectomy-induced bone loss model in rat

All rats showed a gradual increase of body weight over the first 8 weeks before OVX, according to physiological growth (Supplemental Fig. S1A). Beginning from The trabecular microarchitectural parameters were significantly deteriorated in OVX compared with Sham, regardless of the bone sites (Figs. 1 and2 and Table 2). In the tibia, after accounting for baseline, trabecular bone volume/tissue volume (BV/TV) was 55% lower (18.5 versus 41.3; 95% CI, À29.1 to À13.1; p < 0.001), trabecular thickness (Tb.Th) was 22% lower (0.07 versus 0.09; 95% CI, À0.02 to À0.01; p < 0.001), and trabecular spacing (Tb.Sp) was +67% higher (0.25 versus 0.15; 95% CI 0.03 to 0.16; p = 0.003) in OVX group (Fig. 1B,C; Table 1). As expected, these quantitative parameters were similarly affected in the cross-sectional analyses (Supplemental Fig. S2).

In the femur (Fig. 2 and Supplemental Fig. S3), trabecular BV/TV was 43% lower (p = 0.002), trabecular number (Tb.N) was 26% lower (p < 0.001), Tb.Th was 11% lower (p = 0.01), and Tb.Sp was +53% higher (p < 0.001) in OVX group compared with Sham. In the second lumbar spine (Table 2), BV/TV and Tb.N were significantly lower in OVX group than in Sham (À12%, p = 0.05; and À6%, p = 0.01, respectively), with no change in Tb.Th. (p > 0.10).

We also assessed the cortical bone microarchitecture in the diaphysis of both tibia and femur, but no change was roughly observed at day 28 post-OVX (Supplemental Table S4).

Representative images and parameters for histomorphometry evaluation in longitudinal sections of non-decalcified tibias are shown in Fig. 3 and Table 4. As expected, OVX induced a significant increase in bone remodeling with a 3.4-fold increase of osteoclast surface and 3-fold increase in bone formation rate (p < 0.001) compared with Sham.

The global visualization among the μCT and histomorphometry variables in tibia and the rats was explored with PCA (Fig. 4). Score plot shows two separated clusters that were formed by Sham group (in black) and OVX group (in red) along the first component. This component explained up to 74.1% variance of all of variables. The first loading vector places most of its weight on Tb.Sp, structure model index (SMI), bone formation rate/bone surface (BFR/BS) and osteoclast surface/bone surface (Oc.S/BS) and much less weight on the other four features. Hence, this first component roughly corresponds to the level of trabecular quantification and bone remodeling activity of the rats.

In line with the μCT and histomorphometry results, estrogen deficiency also induced an increase of mRNA expression of gene markers involved in both osteoblastogenesis and osteoclastogenesis. As shown in Fig. 5, OVX rats exhibited the higher amounts of Bgalp (3-fold, p < 0.001) and Runx2 mRNA (+1. 70 In agreement with the above results, the serum levels of bone turnover biomarkers were significantly elevated in OVX rats with respect to time (Fig. 6). There were sustained increases in osteocalcin and CTX levels over time, whereas PINP level showed a transient increase at day 14 and resumed baseline values thereafter. Sham rats gradually declined the secretion of these markers over time (Fig. 6).

Effect of nacre against weight gain and bone loss in

comparison to standard and CaCO 3 diet in OVX rats

Body weight

Because of the significant differences in body weight between groups observed at the beginning of study (p = 0.04) (Supplemental Fig. S1A), we transformed the raw data set into symmetric percent change from baseline values before conducting pairwise comparisons between OVX groups (Supplemental Fig. S1B). From baseline, nacre diet significantly 

Bone microarchitecture analysis

In the in vivo longitudinal survey of tibia metaphysis, bone volume BV/TV was lower 16% for the OVX group (À2.9; 95% CI, À11.0 to 4.93; p > 0.10) and 20% (À3.6; 95% CI, À11.7 to 4.2; p > 0.10) for OVX CaCO 3 group compared with OVX Nacre group in a large effect size (ƞ 2 g > 0.40), with mean percent change from baseline in BV/TV of À55% (OVX), À56% (OVX CaCO 3 ), and À48% (OVX Nacre). Supplementing with nacre also led to higher connectivity density (Conn.D), Tb.N, and Tb.Th and to lower Tb.Sp compared with those of both standard and CaCO 3 diets, after accounting for baseline values (Table 1 and Fig. 1). Also, ex vivo cross-sectional evaluation performed at a higher resolution showed similar significant positive effect of nacre on bone mass and microarchitecture (Supplemental Fig. S2), whereas CaCO 3 JBMR ® Plus NACRE SUPPLEMENTATION LIMITS BONE LOSS 7 of 13 n diet did not show any protective impact on quantitative trabecular parameters in tibia.

In the femur distal metaphysis (Fig. 2 and Supplemental Fig. S3), trabecular bone mass and microarchitecture parameters of OVX CaCO 3 were not different from those of the OVX group. In contrast, nacre diet prevented trabecular BV/TV loss by about 40% compared with standard (p = 0.04) and CaCO 3 (p = 0.004) diets in OVX rats, as well as other microarchitectural parameters.

The OVX-induced deterioration of microarchitecture in the second lumbar spine was also moderately prevented by nacre diet (Table 2). In nacre-fed OVX rats, the bone volume was significantly higher compared with standard (+8%, p = 0.04) and CaCO 3 (+11%, p = 0.01) diets, and trabecular number and separation were equal to standard but better than CaCO 3 diet (p = 0.03 and 0.02, respectively). The protective effects of nacre in trabecular bone at various bone sites are summarized in Table 3 by comparing with standard and CaCO 3 diets in OVX rats.

Bone histomorphometry evaluation

In pairwise comparisons between the three OVX groups (Fig. 3 and Table 4), the osteoclast surface was significantly decreased in both OVX CaCO 3 (À2-fold, 1.06 versus 2.11, p < 0.001) and OVX Nacre (À3-fold, 0.71 versus 2.11, p < 0.001) compared with that of OVX group. Interestingly, this decrease was 1.50-fold greater in nacre than in CaCO 3 diet (p = 0.03). Bone formation parameters in OVX CaCO 3 and Nacre groups remained as increased as in the OVX group compared with Sham.

As illustrated in Fig. 4, PCA analysis showed that the OVX rats under CaCO 3 diet exhibited similar features to those under standard diet, whereas most of the OVX rats under nacre diet close to zero score of the first component. On the other hand, OVX Nacre rats tended to exhibit Sham's trabecular characteristics and were clearly apart from OVX rats.

Analysis of gene expression levels

To investigate the potential molecular mechanisms underlying the effect of experimental diets (CaCO 3 and nacre) in OVX rats on osteoblastogenesis, we examined various signaling factors involved in osteoblast differentiation or reflecting its activity. Despite a global decrease in expression of the bone formationrelated genes such as Col1a1, Bglap, and Runx2 in OVX CaCO 3 and nacre groups compared with OVX, the mRNA amounts of these genes were more expressed in nacre than in CaCO 3 (Fig. 5A). By contrast, Bmp2 mRNA levels were upregulated by Fig. 5. mRNA expression levels of genes involved in bone formation (A) and bone resorption (B) using extracts from flushed marrow (ma) or bone fraction at day 28. Transcript levels were normalized to housekeeping gene Hprt1 following the 2 (ÀΔΔC(t)) method. (23) The specific primers (based on the rat sequences) are displayed in Supplemental Table S1 Unexpectedly, while CaCO 3 reduced the mRNA expression of almost all osteoclastogenesis-related genes compared with standard diet in OVX rats, nacre supplementation significantly upregulated that of Spp1 by 2.20-fold (p = 0.01) and Acp5 by 1.45-fold (p = 0.04) compared with the CaCO 3 diet, even more than standard diet in some genes, Cathepsin K (+1.25-fold; 3.53 versus 2.82; 95% CI, À0.53 to 1.95; p > 0.10) and Spp1 (+1.45-fold, p = 0.05) (Fig. 5B).

Bone turnover biomarker measurements

With regard to changes in blood biomarkers over time, the between-groups test indicated that the variable group was significant; consequently, in the graph we see that the lines for four groups are rather far apart. The within-subjects test indicated that there was a significant time effect; in the other words, each group did change over time. Moreover, the interaction of time and group was significant, which means that the groups were changing over time but were changing in different ways (Fig. 6).

At day 14, CaCO 3 and nacre limited the OVX-induced increase in both serum osteocalcin and CTX levels. Interestingly, P1NP levels increased more under nacre (+4-fold, p = 0.02) than under CaCO 3 diet (+2.30-fold, p = 0.004), compared with baseline. Osteocalcin levels from baseline were similarly increased in nacre (+2.10-fold, p = 0.001) and CaCO 3 (+1.50-fold; p = 0.03). At day 28, CaCO 3 diet diminished the fluctuation of three markers related to OVX (p < 0.05 or less, compared with day 14) but still more elevated than those of Sham (p < 0.05). In contrast, nacre showed more abundance of osteocalcin and CTX than CaCO 3 (p = 0.02) and illustrated by approximately +1.50-fold or more versus baseline values.

We next examined whether nacre might potentially affect the calciumphosphate homeostasis regulated by the estrogen -PTH -FGF23 axis. As shown in Fig. S5, circulating PTH change from baseline was not different at day 14 in both OVX and OVX Nacre groups and then dramatically went up to 3.6-fold higher in OVX group at day 28 (p = 0.05), whereas that of nacre was not detected.

Nacre supplements also had a small but significant effect on serum phosphate, with a transient about 1.50-fold increase from baseline at day 14 and 28 (p = 0.02), which were not associated with significant changes in serum FGF23 levels.

Discussion

The products of natural origin could play a role in novel preventative strategies against osteoporosis considered as a major health problem for postmenopausal women in the community. (6,9,10) The properties of nacre and its matrix factors on bone structure and quality were examined in in vitro and in vivo studies. (8,14,18) Here, we provide the additional evidence for nacrebased beneficial effects in OVX rats, as an appropriate preclinical model for postmenopausal bone loss.

Bone morphology and bone turnover changes related to ovariectomy in brief

Bone microarchitecture

It is recognized that the bone growth has slowed considerably but not stopped in mature rat model. (19) However, this accelerated bone growth is only transient, and the final observed trabecular parameters of OVX rats were lower than those of Sham rats that true bone loss occurred (Fig. 1, right column). In the other words, the negative influence of estrogen deficiency on bone balance is so dominant in the mature rat model that ovariectomy causes a marked depletion of trabecular bone in the appendicular skeleton despite of any residual growth. SMI parameter in μCT evaluation has been widely used as an indicator of the structure of trabeculae. SMI will be 0 for parallel plates and 3 for cylindrical rods. (28) However, our μCT findings presented both negative and positive values, particularly for Sham group in the tibial (Supplemental Fig. S2), femoral metaphysis (Supplemental Fig. S3), and all groups in the lumbar spine Fig. 6. Changes of serum bone turnover markers from baseline (day 0) to follow-up in the Sham and OVX rats. The data were represented as the mean AE standard error (vertical bar) (n = 6 per group). The p values indicated the effect of group (between-subject factor) and/or time (within-subject factor) and the group  time interaction using two-way repeated measures ANOVA, followed by Tukey's HSD post hoc test to adjust for multiple comparisons. # p ≤ 0.05, ## p ≤ 0.01, ### p ≤ 0.001, *versus Sham, # versus OVX, $ versus OVX CaCO 3 ; £ versus baseline at day 0, ¤ versus follow-up at day 14.

JBMR ® Plus NACRE SUPPLEMENTATION LIMITS BONE LOSS 9 of 13 n (Table 2). The previous work mentioned that the bone surface processes both convex and concave regions, which have been measured by positive and negative SMI, respectively. The final SMI value is the sum of all components. (29) Also, this study demonstrated the negative strong correlation between BV/TV and SMI in the rat model. This suggestion should aid in explaining why the bone loss in OVX groups linked to the plate-to-rod transition of trabeculae, which resulted in the positive SMI in some bone sites, responded to OVX after 28 days.

As expected, we found that ovariectomy in rats caused an initial rapid phase of trabecular bone loss and deterioration of bone microstructure in the metaphysis of both proximal tibia (Table 1, Fig. 1, and Supplemental Fig. S2) and distal femur (Fig. 2 and Supplemental Fig. S3), whereas cortical bone was not yet affected after 28 days post-OVX, as reported in previous studies. (19,30,31) 

Bone histomorphology

We performed the histomorphometry analysis in the proximal tibia by Goldner's trichrome and TRAcP staining (Table 4). We found that the ovariectomy resulted in an increase of osteoclast surface and number, also an augmented bone formation rate, as demonstrated in previous results. (32)(33)(34) These findings confirmed that the increment of bone turnover occurred in the early period after estrogen depletion.

Bone turnover markers

Concerning the gene markers of bone turnover process, Choi and colleagues reported that the relative mRNA expression levels of osteoblast-specific genes were decreased and those of osteoclast were increased in estrogen-deficient rats after 12 weeks post-OVX. (32) By contrast, another study indicated the elevation of all analyzed gene expression after 10 weeks. (35) The findings from the second study are consistent with our outcomes (Fig. 5), whereby both bone formation and resorption process are considerably activated, caused by the ovarian function loss in our rats suffered 28 days post-OVX.

Concerning the serum markers of bone homeostasis, osteocalcin is the bone turnover marker, P1NP is a more sensitive biomarker of bone formation in osteoporosis, and CTX is a specific and sensitive biomarker of bone resorption. (36) Ovariectomy significantly increased the level of these markers, reaching a peak after 14 days. In particular, P1NP had the highest change at day 14 and decline thereafter, despite still being elevated. Otherwise, osteocalcin and CTX were continuously elevated (Fig. 6 and Supplemental Fig. S5A). This is correlated to the gene expression analysis that reflects the cellular activities at day 28. Our outcomes support the argument that osteopenia is detected in OVX rat as soon as 14 days post-OVX and became progressively more pronounced up to 100 days. (34) We additionally suggest that bone formation could be maximized in the initial rapid phase at day 14, then declined at later times post-OVX, whereas bone resorption would be sustained in the longer time, so that the increase in bone resorption exceeds the increase in bone formation. 4.2 Beneficial effects of nacre in stimulated bone loss and bone turnover context

Limitation of body weight gain due to loss of ovarian function as early as 14 days

Although both CaCO 3 and nacre diets limited body weight gain after 28 days post-OVX, this positive impact was detected as early as at 14 days with nacre, whereas that of CaCO 3 was not (Supplemental Fig. S1). Wronski and colleagues suggested only partial protective effect of obesity against bone loss due to ovarian hormone deficiency and the osteopenia develops regardless of body weight. (37) Moreover, the relationships between calcium intake and body weight are still obscure. Indeed, low calcium intake is associated with higher body weight in women. (38) By contrast, the interventional trials of calcium supplementation failed to show any effect on body weight and body fat. (39) Thus, the effect against weight gain of nacre should be accounting to its organic matrix content, which is measured at 2.7 wt% in Pinctada maxima nacre. (40) Because the mechanism of body weight gain compensated for bone loss associated with OVX in rats is still unclear, the diminished body weight of nacre should be considered as a factor or a consequence explained to its protective bone effect, which is discussed below.

Protective effect of nacre on the altered trabecular morphology 28 days after OVX

In appendicular bones (tibia and femur) and lumbar spine, nacre diet partially preserved trabecular bone mass and microarchitecture parameters (Figs, 1 and 2 and Table 2), whereas CaCO 3 did not limit this deterioration at these bone sites at day 28. A study of Gala and colleagues reported that 15-week-old ovariectomized rat supplemented with calcium at dose 15 and 6.6 g/kg food during 13 and 28 weeks produced an increase on femur bone mineral density (BMD) but any significant differences were detected in both young and old animals and those were not on lumbar spine BMD. (41) Here, we used only 12% higher calcium in CaCO 3 and nacre diets during 4 weeks. Thus, these recognized preventive impacts on bone sites suggest that nacre effect could be the result not only from calcium carbonate but also from organic compounds (eg, proteins, (14,17) lipid, (42) water-soluble matrix, (15,18) ethanol-soluble matrix (16) ), which are known for their bioactive properties (eg, acceleration of osteoblastogenesis and inhibition of osteoclastogenesis) and also meaningfully participate in the physiopathological condition in OVX rat model. In addition, nacre diet significantly reduced the surface and number of osteoclasts better than CaCO 3 diet (Table 4). Therefore, our results of bone morphology and cellular histomorphometry suggested that the better and earlier protective effect on bone structure under nacre diet was associated with a greater decrease in the number of osteoclasts compared with CaCO 3 , whereas no significant differences in bone formation rate was observed between these two experimental diets at day 28. This could be attributed to an improved intestinal calcium absorption of nacre that would result in lower severity of secondary hyperparathyroidism observed at the latest time point in the OVX group. Unless, it was shown that calcium carbonate intestinal absorption is poorer than that of another organic calcium source. (43) Thus, this explanation reinforces the beneficial effect derived from the organic matrix of nacre. In this regard, nacre inhibits the negative bone remodeling balance better than CaCO 3 28 days post-OVX in rats.

Modification of elevated bone turnover in a different way from that of CaCO 3

We found that nacre diet enhanced the mRNA expression of genes involved in both osteoblastogenesis and osteoclastogenesis. Previous in vitro studies indicated that nacreous organic matrix induced osteoblast differentiation (16) and suppressed osteoclast activity. (18) However, the present study was realized in OVX rat model and the gene expression levels were only analyzed on femur samples at day 28. Indeed, the findings in this part should be interpreted in the context of longitudinal study.

In other words, thanks to repeated biomarker measurements at three time points, each individual acts as its own control and shows its change with respect to time.

Regarding the bone turnover markers, the responses of CaCO 3 and nacre diets to ovarian function loss were different. CaCO 3 attenuated the stimulated bone turnover process in both bone formation and resorption, whereas nacre regulated the imbalanced bone homeostasis, in favor of elevating bone formation and slowing bone resorption at the initial rapid stage of 14 days and tending to moderately maintain the increased bone turnover, at least up to 28 days in this study, before transferring to the steady state remodeling in ovariectomy intervention. Bone turnover markers are referred as formation and resorption markers under the assumption that these are surrogates of the cellular events. Indeed, our biomarkers-related findings could explain why the gene markers of osteoblastogenesis and osteoclastogenesis-were expressed in a more abundant manner in nacre than in CaCO 3 diet at day 28 . Overall, nacre may have provided an additional stimulus for bone formation that compensates bone resorption, matching with lower bone resorption after 14 days post-OVX, that leads to more protection against bone loss.

Previous studies have described that calcium level depends on the progression and severity of deficient estrogen situation and is regulated by several factors, including parathyroid hormone (PTH). (44) One of the major outcomes in this study is that the estrogen deficiency led to a fluctuated plasma PTH level at the second time, day 14 to 28 post-ovariectomy. Nacre supplementation is capable of maintaining the stability of PTH level (Supplemental Fig. S5). Additionally, fibroblast growth factor 23 (FGF23) is known as a bone-derived phosphaturic hormone, synthesized by osteoblasts and osteocytes, that acts directly on the parathyroid glands through the MAPK pathway to decrease serum PTH. (45) It has also been suggested that the indirect effect of estrogen on PTH may require the participation of FGF23. (46) Despite no marked changes in FGF23 levels in our study on this basis, we can hypothesize, in restriction to relation between bone metabolism and PTH, that nacre could impact this function through activating osteoblasts.

Our study has several strengths. First, instead of using the gavage (7,8) or injection (10,11) method used in previous studies, we gave priority to prepare the diets supplemented with CaCO 3 or nacre close to the 3R principles of animal welfare. Additionally, we addressed the responses to bone loss of different skeletal sites, including appendicular and axial bones, which have a significant translational relevance. Also, by combining both longitudinal and cross-sectional study designs, we generated an overall interpretation for estrogen deficient-induced bone loss in rats and thus tried to explain how nacre could protect bone structure in live animals.

Our study also has limitations. The rat skeleton should be exposed to a pharmaceutical agent for a duration either equivalent to bone turnover rates in humans (100 to 200 days) and rats (40 days), (47) or at least of six remodeling cycles to allow relevant inference on long-term bone efficacy and safety in humans. (48) Although the rat has been recommended to be used as a rodent postmenopausal model, it shows a potential drawback; that is, the lack of Haversian remodeling in the intracortical bone. (20) Lastly, the lack of control for dietary intake of the animals induced the inability of calculation about the average exposure of kg body weight to experimental powders.

In this study, we found that supplementation with nacre could effectively limit bone loss induced by estrogen deficiency after ovariectomy in rat better than CaCO 3 . This occurred by modulating the negative imbalance of bone turnover that led to these changes. This effect might be driven by the limitation of secondary hyperparathyroidism. However, we cannot rule out an additional uncoupling effect of nacre on bone remodeling at day 14, which could slightly stimulate bone formation. Further preclinical studies based on longer-term evaluation and on the non-rodent model are still needed to confirm the For in vivo µCT evaluation, cortical dimensions were determined on the last 58 slices (0.87mm) to obtain cross-sectional images for the volume of interest (VOI) drawn to exclude trabecular elements. Cortical analyses were measured at a threshold of 260 mg/cm 3 , a Gaussian filter (sigma = 0.8, support = 1). Trabecular bone measurements at the proximal tibiae were made on 147 slices (2.21mm) away from the growth plate, to avoid the primary spongiosa. Trabecular bone analyses were performed on the contours of the cross-sectional images drawn to exclude cortical bone and were measured at a threshold of 190mg/cm 3 , a Gaussian filter (sigma=1 and support=2). Both metric and non-metric bone parameters were evaluated. Metric parameters included: (i) trabecular bone morphometry: bone volume fraction (BV/TV, %); trabecular number (Tb.N, 1/mm); trabecular separation (Tb.Sp, mm); trabecular thickness (Tb.Th, mm); connectivity density (Conn.D, 1/mm 3 ); (ii) cortical bone morphometry: cortical bone area (Ct.Ar, mm²); cortical thickness (Ct.Th, mm); marrow area (Ma.Ar, mm²), cortical porosity (Ct.Po, %). Non-metric parameters included the Structure Model Index (SMI), where an ideal value of 0 indicates the predominance of plate-like structure, while a value of 3 indicates the predominance of rod-like structure. Nomenclature conforms to recommendations of the American Society for Bone and Mineral Research (1) .

For ex vivo µCT analyses of different skeletal sites. All bone tissues (tibiae, femora, lumbar spine) were placed in a tube filled with alcohol, blocked by the cotton plug, and scanned. Scan settings were as follows: isotropic voxel size 10.5 µm 3 , 70kVp, 114µA, 1000 projections by 180 degrees with 250 ms integration time. The information on the scanning system and the VOI's dimension in detail were indicated in Tab. S2. Figures 2A andS4 were given to illustrate the scout-view, drawn ROI, and representative 3D images of VOI.

The second lumbar spine (LS2) was scanned between 2 discs to obtain 619 slices (6.50 mm).

Trabecular parameters in the spine were determined using 347 slices (3.64 mm) centered at the body of LS2. Trabecular bone analyses were performed on contours of cross-sectional images, drawn to exclude cortical bone, as described for femoral trabecular bone.

Section 2: Bone histomorphometry measurements

After µCT scanning, the right tibiae were trimmed of soft tissue and fixed at 4°C with 70% ethanol for 14 days. The proximal one-third of the tibiae were cut, then embedded undecalcified in methyl methacrylate (MMA) following dehydration in 100% ethanol. Because of technical reasons, we lost 1 sample in each Sham and OVX CaCO3 group. Thus, we performed these histomorphometric measurements with sample sizes as n=9/ Sham or VX CaCO3 group, n=10/ OVX, or OVX Nacre group. Nine µm-thick frontal sections for staining and 12 µm -thick sections for dynamic analysis were cut using a microtome (SM2500; Leica Biosystems Nussloch GmbH, Germany) and mounted on slides. The 9 µmthick sections were stained with Goldner's trichrome and tartrate-resistant acid phosphatase (TRAcP) to assess the Osteoclast Surface per Bone Surface (Oc.S/BS, %), Osteoclast Length (Oc.Le, µm). The dynamic parameters obtained from the tetracycline marker included single-labeled surface per bone surface (sLS/BS, %), and double-labeled surface per bone surface (dLS/BS, %). Mineral Apposition Rate (MAR, µm/day) was calculated from the mean distance between the labels divided by the number of days between labelings. Mineralizing Surface per Bone Surface (MS/BS, %) was calculated as ½ sLS/BS + dLS/BS. Bone -Formation Rate per Bone Surface (BFR/BS, µm 3 /µm²/day) was calculated by multiplying MS/BS by MAR. The histomorphometry nomenclature used in the present study was from a report from the American Society for Bone and Mineral Research Histomorphometry Nomenclature Committee (2) . Section 3: Supplemental tables. (3) ) ; 0.068 g nacre organic content per 1kg food. a acid amin Mix -Arginine : 6.5, Cysteine : 2, Lysine : 4.4, Methionine : 1.8, Tryptophane : 1.5, Glycine : 5.3 b Fat acid Mix -Palmitic acid : 2.2, Stearic acid : 0.4, Oleic acid : 6, Linoleic acid : 11.2, Linolenic acid : 0.4 c Mineral Mix -Phosphate : 5, Sodium : 2.2, Potassium : 6.3, Magnesium : 1.9, Maganese : 0.09, Fer : 0.27, Copper : 0.016, Zinc : 0.060, Chlorure : 3.5 d Vitamine Mix -Vit A : 5, Vit D3 : 9, Vit B1 : 0.005, vit B2 : 0.006, Vit B5 : 0.01, vit B6 : 0.002, vit B12 : 2.10 -5 , vit E : 0.025, vit K3 : 0.0025, Niacine : 0.07, acid Folic : 0.0005, Biotine : 0.00004, Choline : 1.6 The data were represented as the mean ± standard error (vertical bar) (n=6 per group). P-values indicated the effect of group (between-subjects factor) and/or time (within-subjects factor) and the group x time interaction using two-way repeated-measures ANOVA, followed by Tukey's HSD posthoc test to adjust for multiple comparisons. # P ≤ 0.05. # vs. OVX, $ vs. OVX CaCO3;

£ vs. baseline at day 0, ¤ vs. follow-up at day 14.

The second in vivo study aims to clarify underlying mechanism of nacre

Our first study was performed during 28 days post-OVX, this period is sufficient to establish the trabecular bone loss model in tibiae, femurs, even detectable in the vertebrae, but not long enough to detect the cortical alteration (8) . There have been several studies indicating the earliest changes in cortical bone width and medullary cavity size to be between 90-120 days post-OVX and to then reach to a steady state often 180 days or more (77,78) . In addition, the cortical bone of the femoral neck exhibited an earlier appearance in decreased bone strength at 3 months post-OVX [START_REF] Peng | Exercise can provide protection against bone loss and prevent the decrease in mechanical strength of femoral neck in ovariectomized rats[END_REF][START_REF] Jiang | Long-term changes in bone mineral and biomechanical properties of vertebrae and femur in aging, dietary calcium restricted, and/or estrogen-deprived/-replaced rats[END_REF] .

Nevertheless, another work indicated that the OVX does not greatly change the Ct.Th.

Because endosteal resorption is balanced by periosteal bone formation at the midshaft of femur or the region located 1 to 2 mm proximal to the tibiofibular junction, and Ct.Po is not measurable because rats lack well-developed Haversian systems (71) . Moreover, the rat, like other experimental animal models of osteopenia / osteoporosis, has no naturally occurring fragility fractures associated to the osteopenia (73) .

Together, we have been aware of this shortcoming and overcome by planning a femur for microarchitectural analysis by Skyscan system and then mechanical three-bending test, in collaboration with LYOS, in expect to evaluate both intrinsic and extrinsic features affected during the period of 3 months post-OVX. Also, it could perform Fourier transform infrared (FTIR) spectroscopy using bone tissues at LYOS to characterize the bone quality through evaluating the changes in mineral composition of bone [START_REF] Zammel | Evaluation of lumbar vertebrae mineral composition in rat model of severe osteopenia: A Fourier Transform Infrared Spectroscopy (FTIR) analysis[END_REF] . In addition, we used the multicolor fluorochrome labels by peritoneal injection to examine whether the effect of nacre on either which bone formation type (modeling or remodeling based-bone formation [START_REF] Wang | Activation, development, and attenuation of modeling-and remodeling-based bone formation in adult rats[END_REF] ) or both with the difference of activity and period during 3 months of administration. This second study, which had been finished the in vivo step, will give the opportunity for the next students to understand more deeply about underlying mechanism of nacre on bone metabolism.

Proteomic -A promising approach for bone turnover biomarker discovery

As indicated above, BMD measured by DXA has been considered a standard method to diagnose and prevent the bone loss in aged population, particularly in postmenopausal woman. The recent studies demonstrated that bone turnover markers have proven more powerful than imaging techniques, such as DXA, for predicting the dynamics of bone remodeling [START_REF] Kendler | Effects of denosumab on bone mineral density and bone turnover in postmenopausal women transitioning from alendronate therapy[END_REF][START_REF] Kostenuik | Denosumab, a fully human monoclonal antibody to RANKL, inhibits bone resorption and increases BMD in knock-in mice that express chimeric (murine/human) RANKL[END_REF] . Bone turnover markers may provide valuable information of monitoring dynamic bone remodeling. Previous studies have indicated that the blood proteome may contain biomarkers that are of guiding significance to menopausal clinical work. However, these studies have mainly focused on changes of a specific symptom or a class of diseases such as menopausal osteoporosis at the protein level [START_REF] Zhang | Network-based proteomic analysis for postmenopausal osteoporosis in Caucasian females[END_REF] , rather than on all changes in the body during the menopausal period from a systematic perspective.

Towards these ends, the use of peripheric blood to reflect body changes during the menopausal period has numerous advantages. Firstly, blood samples are easily accessible; secondly, the menopausal period involves changes in multiple systems and sources of proteins in the blood are related to almost all cells, tissues, and organs.

Therefore, this resource can directly reflect the pathophysiological state of the body and provide important clues for revealing novel pathological networks and uncovering disease biomarkers [START_REF] Omenn | Exploring the human plasma proteome[END_REF] .

Proteomics techniques have emerged as useful tools for analyze a dynamic of protein expression in osteoporosis [START_REF] Zhang | Proteomics in bone research[END_REF] . Proteomic analysis allows the identification of aberrantly expressed proteins in diseased individuals versus normal ones. Also, it can provide an informative basis for assigning observed biological processes to specific signaling pathways. Mass spectrometry-based proteomic analysis could efficiently identify and quantify proteins in a global and unbiased manner and highlights the cellular processes that are altered between such systems, and thus it has quickly been a beneficial strategy model for unbiased large-scale protein investigation.

Since the number of studies that collect and publish large-scale multi-omics data is rapidly increasing (Figure 15). However, more and more biological data sets are being gathered at a rapidly accelerating pace, the data analysis problem is greatly exacerbated. Thus, Noor et al. realized the review about the potential of the biological insights from these data and proposed how to intergrade them as the process of analyzing multi-omics data sets through the different existing approaches (statistical approaches, unsupervised methods and supervised machine learning, interaction network) (3) .

The previous study of Jiang and colleagues (2008) used the method of plasma proteomics to carry out differential analysis of the whole plasma proteome on ovariectomized model rats, and carried out quantitative analysis with comparisons between Sham and OVX group under intervention or not [START_REF] Jiang | Proteomics in plasma of ovariectomized rats and those exposed to estradiol valerate[END_REF] . In addition, bioinformatics processing of the plasma proteome was assessed, in the attempt to uncover the potential underlying pathological mechanism of menopausal symptoms and diseases at the protein level.

In the context of our original study, we provided the plasma samples of OVX rats fed with standard, CaCO3, or nacre diets (n=12/ group) during 28 days for proteomic exploitation, by using Proteomic discover. It is a high-resolution system that allows identify and quantify the proteins presented in our samples with sensitive and specific precisions. We hope that the third raw data (after the first, and second derived from Spectromètre Q Exactive Plus and MaxQuant system, respectively) will provide complementary evaluation on the proteomes of plasma samples. Through this preliminary study, we hope to understand the molecular changes in estrogen deficient rats supplemented with nacre in comparisons with two other diets, especially to clarify the proteins and interactions between them. 

Preliminary results of proteomic analysis using plasma samples & suggestion

After the preliminary analysis using Perseus software performed by DVH team from Sainbiose, I received the list of statistically significant identified proteins in the comparisons between groups (Student's t-test following by false discovery rate (FDR) correction for multiple comparisons at the significant level of 0.05). There were 32 detected proteins (12 down-regulated and 20 up-regulated proteins) in Nacre versus Standard comparisons (Table 2). By using the online STRING software (version 11.5), I initially considered the proteinprotein interactions (PPIs) (Figure 16). The Serpin1 and Serpineb2 genes have been found in the senescenceassociated secretory phenotype (SASP) factors [START_REF] Farr | Independent roles of estrogen deficiency and cellular senescence in the pathogenesis of osteoporosis: evidence in young adult mice and older humans[END_REF][START_REF] Zhu | The Achilles' heel of senescent cells: from transcriptome to senolytic drugs[END_REF] . The gene expression levels of these genes in bone samples were higher in old mice than in young mice in both sexes, but not differently between Sham and OVX mice [START_REF] Farr | Independent roles of estrogen deficiency and cellular senescence in the pathogenesis of osteoporosis: evidence in young adult mice and older humans[END_REF] .

These authors concluded the independence of estrogen deficiency and cellular senescence in the pathogenesis of osteoporosis. Here, we found protein Serpina7 significantly downregulated, and Serpinea3n upregulated in Nacre versus Standard in OVX rats. These 2 proteins appeared in the same cluster and show interaction between them. Regardless of the same estrogen depletion state in our rats, and the decline overtime of bone turnover markers in sham rats (see the first article) showed the aging of rats, it may be account for the role of anti-aging of nacre independent to anti-bone loss due to OVX. Nevertheless, rat is not appropriate model for aging related bone loss because the decrease of steroid hormone overtime, which is confounding factor for evaluating the results.

Also, we had 23 proteins in which 9 down-regulated and 14 up-regulated in the Nacre versus CaCO3 study (Table 4). Note that there were only 2 identical proteins in both studies (N° Accession: P45592 and P62260). In the Nacre versus CaCO3 comparison, we found that Vinculin protein was about 2fold upregulated in nacre group. This protein plays a key role in the cell-extracellular matrix adhesion, thus regulate the function of cells, including skeleton cells [START_REF] Zhou | Compliant substratum modulates vinculin expression in focal adhesion plaques in skeletal cells[END_REF] . It has to consider to more proteins before discussion about the effect of nacre on cellular activities (i.e., cell cycle, proliferation, apoptosis …).

Also, we found Sparcl1 (Sparc-like protein 1). About molecular function, this protein plays a role in binding to a calcium ion (GO:0005509) (Source: https://www.uniprot.org/uniprotkb/P24054/entry). Sparc protein shows the EF-hand signature similarly with other proteins identified in pearl oyster, such as, PFMG1, PFMG6, Calmodulin, EFCBP in Pinctada fucata, Calconectin in Pinctada margaritifera [START_REF] Huang | A novel extracellular EF-hand protein involved in the shell formation of pearl oyster[END_REF] . These EF-hand calcium-binding proteins actively participate in the regulation of shell mineralization. Another biominerallization system in vertebrate named the bone formation system. In the bone formation process, calcium-binding proteins play a pivotal role in constructing the extracellular matrix for calcium sedimentation and modulating the physiological activities of osteoblasts and osteoclasts. EF-hand proteins regulate the activities of bone formation-related cells. The next step for driving high dimensional data and extract the information underwent them, the bioinformatic analysis need to be performed. About the definition, bioinformatics is conceptualizing biology in terms of molecules and applying "informatics techniques" to understand and organize the information associated with these molecules on a large scale. On the other hands, bioinformatics is an integration of biostatistics and informatics to extract knowledge from biological data. In my knowledge in this field, the previous studies have been used unsupervised tools of Machine learning to apply to their data. It should be mentioned in such tools, the Principal Component Analysis (PCA) [START_REF] Boldarine | Ovariectomy modifies lipid metabolism of retroperitoneal white fat in rats: a proteomic approach[END_REF] , a tool used for data reduction or data preprocessing before supervised techniques are applied, clustering [START_REF] Jiang | Proteomics in plasma of ovariectomized rats and those exposed to estradiol valerate[END_REF][START_REF] Mertins | Proteogenomics connects somatic mutations to signalling in breast cancer[END_REF] , a broad class of methods for discovering unknown subgroups in data, and interaction networks.

Thus, I try to apply these two techniques in our data received at present to evaluate the data received in R environment (version 4.1.3) by using package "factoextra" for PCA analysis, "ggbiplot" for its visualization; and for Clustering, I performed step by step: (i) data preparation (all data sets scaled to mean 0 and standard deviation 1), (ii) visualization of distance matrix using Hopkin's statistic, (iii) determination of K-means (optimal number of clusters) through Silhouette method using package "NbClust", "factoextra", (iv) computation K-means, (v) validation using silhouette measure. PCA results: 1) Nacre versus Standard groups: The proportion of the total variance due to PC1 is 36.5% and PC2 is 12%. As expected, the statistically significant proteins formed the approximately separately clusters surrogated for 2 groups. Coefficients (or loading values) of a PC reflect the relative contribution of variables. Thus, by searching the role of important proteins which may be involved in bone metabolism, according their loading values, I listed in detail below the function of each proteins. (Figure 18A)

2) Nacre versus CaCO3 groups: The proportion of the total variance due to PC1 is 28.4% and PC2 is 15%. These proteins generated clearly distinguished clusters corresponding to 2 groups. (Figure 18B).

Clustering results: 1) Nacre versus Standard groups: the data was clusterable (Hopkins = 0.55), silhouette method determined at 2 separate clusters as visualizing in left plot, and Silhouette plots for k=2 showing a cleaner separation of clusters (Figure 19A).

2) Nacre versus CaCO3 groups: Hopkins = 0.58, silhouette method determined at 2 separate clusters as visualizing, and Silhouette plots for k=2 showing a cleaner separation of clusters (Figure 19B).
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The large silhouette width in both clustering analysis with 2 clusters in each study indicated that the weak similarity of an object with the other objects in its own cluster.

In the other hand, silhouette plots mentioned an incoherence of the data. As the number of clusters could be subjective in this method, so that I try to determine the optimal number to classify our samples into their own group. For example, with Nacre/ CaCO3 data, the clusters 1 and 4 possessed the true samples in each group at n decreased silhouette width of 0.12 (Figure 20). Indeed, It should be firstly evaluate the correlation among the individuals in the data frame in order to remove the abnormal samples [START_REF] Guo | Proteomic analysis of rat plasma with experimental autoimmune uveitis based on label-free liquid chromatography-tandem mass spectrometry (LC-MS/MS)[END_REF] . For instance, removing the cluster 2 and 3 in the last subjective cluster analysis could be potential to generate the more coherent data set, and it has to repeat for Nacre/Standard data. 

3.2.

Aging-related bone loss in mice and nacre supplement

Introduction to the paper

A decrease of estrogen levels at menopause or old age in both women and men causes an imbalance between bone resorption and formation, leading to loss of bone mass and strength and increased risk of osteoporotic fractures [START_REF] Manolagas | Birth and death of bone cells: basic regulatory mechanisms and implications for the pathogenesis and treatment of osteoporosis[END_REF] . Within 5 to 10 years after menopause, the slope of the decline of bone mass in women slows and become indistinguishable from the slope of bone loss found in elderly men (Figure 21). (4) This slower phase of bone loss in both sexes later in life affects primarily the cortical compartment and is characterized by a decrease in bone formation by osteoblasts, as well as by an increase in cortical porosity (10) . However, it is unknown whether the molecular changes caused by estrogen deficiency and aging are similar or distinct or how they may influence each other. Because of the abrupt decline of ovarian function at the menopause in women or the decline of steroid levels in men with advancing age (Figure 22A), and cellular senescencea key aging mechanism (Figure 22B) overlap, making it impossible to dissect their independent contribution to the cumulative anatomic deficit. (10) . (B) Working model of the authors' current understanding of the contribution of cellular senescence to skeletal aging (20) . Senescent cells accumulate in the bone microenvironment with aging and secrete a proinflammatory senescenceassociated secretory phenotype (SASP). The increased proinflammatory SASP in the bone microenvironment acts on osteoblasts to impair bone formation, on osteoclasts to increase bone resorption, and on marrow stromal cells (MSCs) to skew their lineage commitment toward adipocytes and away from osteoblasts, consistent with skeletal aging across species.

. Because mice do not suffer a true menopause. At least up to 19.5 month of age, mice remain functionally estrogen sufficient [START_REF] Ucer | The effects of aging and sex steroid deficiency on the murine skeleton are independent and mechanistically distinct[END_REF] . Both male and female mice exhibit all major features of skeletal aging, including the decline of cortical and trabecular bone mass as well as the development of cortical porosity, independently of sex steroid deficiency.

The characteristics and timing of age-related bone loss in mice are quite similar to that of humans.

The characteristics and timing of age-related bone loss in mice are quite similar to that of humans (6) . Like humans, mice exhibit loss of cancellous bone, thinning of cortical bone, and increased cortical porosity with advancing age (Figure 23).

Knowledge of the causes of skeletal fragility in mice should therefore be applicable to humans if inherent limitations are recognized. Although mice lack osteoneal cortical remodeling, they clearly exhibit an age-related increase in cortical porosity that may be informative for the situation in humans. Thus, studies using mice should be able to identify at least some of the factors that contribute to age-related bone loss in humans (6) .

In addition, mice have been generally used in medical research because of its advantages in handling and experimental costs (Table 5).

Femur of women Distal metaphyseal femur of female C57BL/6 mice

Figure 23. Comparison of cortical porosity in mice and humans (6) . (A) Backscattered scanning electron microscope images of cross-sections of femoral bone from women at 29, 67, or 90 y of age. (B) Crosssectional µCT images of distal metaphyseal femoral bone from 6 and 18-month_old female C57BL/6 mice.

Moreover, the bone turnover markers (BTM) have been investigated in the past decade, and became more and more popularly because of their utility in the studies on anti-osteoporotic treatment. Bone turnover markers help to understand the changes in BMD during the anti-osteoporotic therapy, and also after discontinuation of the treatment. Using of bone markers may improve the monitoring of the anti-osteoporotic treatment. However, it has to take attention for circadian rhythmicity of these markers.

In human, previous studies presented the 24-hour profile of BTMs, in particular, the intraindividual variation of CTX was confirmed for its apparent 24-hour rhythm despite ethnic races, and genders (14) [START_REF] Van Der Spoel | The 24-hour serum profiles of bone markers in healthy older men and women[END_REF] (Figure 24). To reduce variation and heighten validity, circation variation and fasting should be kept in mind when measuring BM [START_REF] Diemar | A systematic review of the circadian rhythm of bone markers in blood[END_REF] . Collect blood sample after an overnight fast between 7am and 10 am.

In rodents, Shao et al. ( 2009) studied the influence of circadian rhythm in serum bone markers and the anti-resorptive effect of Etidronate over 24h. The results showed characteristic circadian rhythms in serum bone markers in rats, with peaks in both bone For ease of reading, standard errors are given for one of three of time points in alternating order for each group (14) . resorption and bone formation during the animals' rest span. Although Etidronate decreased the bone resorption level, the magnitude of decrease was not uniform throughout the day, and was greatest during the daytime (100) . Also, the circadian disruption by shifting the light-dark cycle negatively affected bone health in mice (101) . Indeed, all of our rats and mice were fasted overnight and collected blood samples in the morning at three time points during these studies.

The schema below describes the brief design of this second study. 

Introduction

The increase of fractures associated with the loss of bone mass and strength represents a major clinical problem for both women and men [1, 2]. Women begin to lose bone before menopause, and men lose bone with age despite maintaining functional levels of sex steroids [3]. The most important causes of bone loss in humans are sex steroid deficiency and aging. Nowadays, preventive medicine has played an important role besides the therapeutic one. In the bone loss topic, the preventive strategies have been centered on one of these two causes or both in the prospect of reducing the numbers of diagnostic osteoporotic patients, and of fractures due to skeleton fragility.

Diet is probably one of the most important influences on health and aging [4]. Specially for bone health, the developments of plant-based supplements are emerging in the nutrition field. For example, the use of dietary phytoestrogens has been considered a possible option for the prevention of osteoporosis [5].

This notion is supported by several investigations using animal models [6, 7] and even clinical trials [8, 9] to convince the biological effects of phytoestrogen factors on bone, though their side effects have been still debated [10]. In view of the perceived natural origin, bone research into the pharmacology of aquatic organisms is limited and most of it still remains unexplored [11], while many drugs of marine origin have been explored for their pharmacological properties on different chronic diseases, such as anticancer, anti-inflammatory [12]. Nacre, a product of mollusks, is of interest in the bone research.

Besides being a biomaterial, nacre-related studies have provided the evidences for its effect on bone cells [13, 14]. The recent investigations have supported the idea that nacre should be a potential candidate for therapeutic use in osteoporosis related to estrogen deficiency [15-17].

Bone loss in humans occurs in both the trabecular and cortical compartments. Trabecular bone loss is characterized by trabecular thinning and an overall decrease in trabecular bone volume. Cortical loss is due to cortical thinning and increased cortical porosity [1, 18]. Similar structural changes occur in mice [18]. Trabecular bone loss in mice is associated with a low rate of bone remodeling, whereas cortical thinning and porosity are associated with increased remodeling [19, 20]. These different cellular changes suggest that different molecular mechanisms drive age-related bone loss in trabecular versus cortical bone.

Additionally, mice do not suffer a true menopause. At least up to 19.5 month of age, mice remain functionally estrogen sufficient [21]. It is known that the effects of aging and sex steroid deficiency on the skeleton of C57BL/6 mouse strain are independent in the pathogenesis of osteoporotic [21, 22]. Indeed, aged female mice is an appropriate model for studying on the bone loss due age-related factors.

We demonstrated the protective effect of nacre supplement in trabecular bone loss due to estrogen deficiency in ovariectomized rat [17]. However, regardless of the impact of sex steroid hormone on bone metabolism, the effect and molecular mechanisms by which nacre may act on trabecular and cortical bone loss due to aging, remain unknown.

The purpose of this study was to investigate the effect of nacre supplement on bone (cortical and trabecular) microarchitecture and bone strength in long bones from female aged C57BL/6 mice fed a nacre diet as compared with standard and CaCO3 diets. Biomarkers for bone formation and resorption were measured in serum at the three timing points during study. Bone microarchitecture were analyzed using microcomputed tomography and whole bone strength was measured in three-point bending test.

The activities of bone cells in the femur were examined through the levels of cellular and dynamic histomorphometry and gene expression.

Materials and Methods

Animals

Sixteen-month-old female C57Bl/6 mice (mean ± SD body weight, 29.53 ± 4.18 g) were used in this experiment. The mice were kept in cages in groups of four with free access to water and food ad libitum under standard laboratory conditions (22°C ± 1°C, 50% to 80% relative humidity, 12-hour light/dark cycle). The animals benefited from quality attention and care by qualified personnel, both during and outside of procedures, to ensure optimal well-being throughout the study.

Study design

The mice were divided into 3 groups and were subjected to different dietary interventions: either standard (manufactured by SAFE containing 8.5mg calcium/g food) or experimental foods. It means that standard food mixed with either 0.25% CaCO3 (40% calcium) or 0.25% nacre's Pinctada Maxima (38% calcium) powders for 90 days. The calcium level was approximately similar in CaCO3 and nacre foods. See the information in detail about these foods in our previous work [17].

During the period of study, the mice were weighed every 2 weeks and collected blood at days 0, 45, and 90. Tetracycline (Sigma T3383) injections (25mg/kg body weight) were given 8 days and 3 days before dissection at nineteen months old. Mice were sedated by 4% isoflurane, then decapitated the head. The tissue collection was described in detail below.

Dual-energy-ray absorptiometry (DXA) and microcomputed tomography (µCT)

All mice underwent DXA and µCT (Scanco) measurements longitudinally at the start and end timing point of the study as follows.

DXA: Lunar PIXImus densitometer (software version 1.45) was calibrated using a hydroxyapatite phantom provided by the manufacturer (Lunar Corporation, Madison, WI). After calibration, mice were anesthetized with 2% isoflurane, and whole-body scans except the head were conducted to obtain wholebody lean mass (g), fat mass (g), bone mineral density (BMD, g/cm²), and bone mineral content (BMC, g). µCT using Scanco system: After DXA measurement, mice were scanned by µCT (Scanco Medical) at high resolution (10.5 isotropic voxel size) for quantitative determinations and integrated into 3D voxel images at the right tibia. Scan settings included X-ray tube potential (70 kVp), X-ray density (114 µA), and integration time (250ms). The nomenclature used conforms to recommendations of the American Society for Bone and Mineral Research [23]. At a threshold of 260 mg/cm 3 , and a Gaussian filter (sigma = 0.8, support = 1), cortical volume of interest (VOI) was determined using 58 slices (0.61 mm) at the tibial mid diaphysis. Trabecular VOI were made on 97 slices (1.02 mm) away from the growth plate, to avoid the primary spongiosa, and evaluated at a threshold of 240 mg/cm 3 , and a Gaussian filter (sigma = 1.2, support = 2). Scanco Eval Program v6.6 was used for measuring bone volume. µCT using SkyScan system: Right femora with surrounding soft tissue were stored at -20°C after dissection. Before the scanning, they were removed from soft tissue, and performed the whole scan using SkyScan 1176 system (Bruker-microCT, Kontich, Belgium). Images were acquired using the following settings: 9 µm voxel resolution, 0.5 mm aluminum filter, 50 kV voltage, 500µA current, 1000 ms exposure time, rotation 0.6 degrees, frame averaging = 1. images were reconstructed using SkyScan software program NRecon (version 1.7.4.6), with 20% beam hardening correction, at Gaussian smoothing = 1 (sigma = 0.5, and support = 3). Before the analysis, BMD calibration 2mm -diameter phantoms in pairs with concentration of CaHA of 0.25 and 0.75 g/cm 3 were performed from attenuation coefficient (AC), which were 0.048319 and 0.022053, respectively. The BMD equation was done as following: BMD = (AC -0.061452) / -0.052532 g/cm 3 . The images then were analyzed by CT-Analyser (version 1.20.3.0), DataViewer (version 1.5.6.2), and CT-Vox (version 3.3.1).

For trabecular bone microstructure, the volume of interest (VOI) was determined by identifying the distal end of the femur and calculating 14.5% of the femur length toward the femoral head, where we then analyzed a VOI of 1.8 mm (200 slices). The threshold for analysis was determined manually based on grayscale values (0 -255, where 0=black and 255=white) for each experimental group as follows:

Trabecular bone: Standard and CaCO3 groups, 50 (0.68 g/cm 3 ); Nacre group, 52 (0.63 g/cm 3 ).

For cortical bone microstructure, two VOIs were performed at different sites: (1) ignored 0.45 mm (50 slices) from the end of trabecular VOI, where we then evaluated with 0.45 mm (50 slices) VOI; (2) apart 56% from the distal end of the femur toward the femoral midshaft, evaluated also with a 0.54 mm (60 slices) VOI. Both cortical VOIs were evaluated with the threshold values set as follows: Cortical bone: Standard group, 64 (0.55 g/cm 3 ); CaCO3 group, 57 (0.62 g/cm 3 ); Nacre group, 66 (0.53 g/cm 3 ). An illustration of dimension of these regions was in Fig. 2 A.

Whole bone mechanical testing

Whole bone strength was assessed by three-point bending performed on the right femora. Mechanical properties of the femoral midshaft were acquired as previously described [24]. Prior to mechanical testing, the right femora were hydrated in saline for at least 3h at room temperature to restore mechanical properties after dehydration [25]. Measurements were performed with an ElectroForce 5500 test instrument (TA Instrument, New Castle, USA). The femur was positioned horizontally, with its posterior surface on the lower support of the bending apparatus, centered on the support, and pressing force was applied vertically to the bone midshaft. The lower supports distance was fixed at 8 mm. Each bone was tested with a preload (20 sinusoidal cycles of 0.5 N), then a bending loading was applied at a rate of speed of 0.05mm/s until failure with a 45 N load cell. The load-displacement curve was acquired using WinTest7 software and Breakage Energy (N.mm), Fmax (N), and Stiffness (N/mm) were quantified.

Biochemical markers of bone turnover

Mice fasted overnight before blood collection. To avoid the intra-individual variation due to circadian rhythms of bone turnover markers, all collections were performed in the morning. Blood was collected into 0.6 ml microcentrifuge tubes by retro-orbital bleeding at the start point (D0) and intermediate point (D45), and by head decapitating at dissection (D90). Blood was then centrifuged at 13,000 g for 2 minutes at room temperature, and stored in proteinlow bind tubes at -80°C until measurements.

Circulating CTX, P1NP, Osteocalcin, PTH, FGF23 in serum was measured using mouse RatLaps (CTX-I) EIA kit (Ids), rat/mouse P1NP EIA kit (Ids), mouse Osteocalcin EIA kit (Immunotopics), mouse PTH 1-84 ELISA kit (Immunotopics), mouse/rat FGF23 Intact ELISA kit (Immunotopics) respectively. Also, serum calcium and inorganic phosphate levels were measured with colormetric assays (kit Biolabo SAS, Maizy, France).

qRT-PCR analyses

The bone marrow of left femur was separated by flushing with a syringe and then immediately frozen in liquid nitrogen. Total RNA was extracted by TRI Reagent® (Sigma, St Louis, MO) and then purified with a Qiagen pure tissue kit (RNeasy Plus Mini Kit, Qiagen, Valencia, CA). The RNA quality was assessed by Experion automated electrophoresis station (BioRad, Hercules, CA), followed by Ribogreen assay (Quant-iT RiboGreen RNA assay kit, Invitrogen, Life Technologies, Eugene, OR) for accurate RNA quantification. Total RNA reverse transcription was performed with an iScript cDNA synthesis kit (BioRad). Quantitative real-time (qRT) polymerase chain reaction (PCR) was conducted on CFX96 RealTime System (BioRad) with LightCycler FastStart DNA Master plus SYBRgreen I (Roche Diagnostics, Basel, Switzerland). The mRNA expression levels were normalized to the house-keeping Hprt1 gene expression using the ∆Ct method [26]. Primer sequences are shown in Table S1.

Bone histomorphometry

Right femora of another batch of mice were harvested during dissection, and fixed in 10% neutralbuffered formalin for 72 hours, then in 70% ethanol for 14 days at 4°C. The distal one-third of femur were cut, then embedded undecalcified in methyl methacrylate (MMA) following dehydration in 100% ethanol. Nine µm-thick frontal sections for staining and 12 µm -thick sections for dynamic analysis were cut using a microtome (SM2500; Leica Biosystems Nussloch GmbH, Germany) and mounted on slides. The 9 µm -thick sections were stained with Goldner's trichrome and tartrate-resistant acid phosphatase (TRAcP) to assess the microstructure and visualize osteoclasts, respectively. The structural indices were measured in the trabecular bone of the secondary spongiosa, using a semi-automatic image analysis system (Sony DXC 950P Camera; DMRB microscope, Leica Microsystems, Germany; ImaScope Bones X version 10.80, La Rochelle, France) at a magnification x 10 to obtain bone volume fraction (BV/TV, %), and trabecular thickness (Tb.Th, mm). The cellular parameters were measured at a magnification x 20 (Zeiss Axio Scope A1, Germany; morphometrie osseuse aniamle, version 2. Mineralizing Surface per Bone Surface (MS/BS, %) was calculated as ½ sLS/BS + dLS/BS. Bone -Formation Rate per Bone Surface (BFR/BS, µm 3 /µm²/day) was calculated by multiplying MS/BS by MAR. The histomorphometry nomenclature used in the present study was from a report from the American Society for Bone and Mineral Research Histomorphometry Nomenclature Committee [27].

Statistical method

According to Jepsen et al. (2015), it needs to account for the biomechanical parameters to body size, because a small change in body size may be associated with significant changes in whole bone mechanical properties [28]. Thus, we conducted the linear regression method to adjust our parameters to body mass for each test group, then used the following formula:

Trait(adj)i = Trait(unadj)islope (trait vs body mass) x (body massimean body mass)

The adjusted trait is calculated for each mouse (i) in each group. The slope of the linear regression between the trait and body mass is calculated separately for each group. The mean body mass is calculated as the average of the three group means to avoid biasing the mean body mass toward the group with the larger number of samples. The unadjusted / adjusted-data sets were then used for further statistical analysis. Data were checked for normality using Quantile-Quantile plots and all variables were tested for skewness and kurtosis.

For prospective experiments, (i) comparisons between groups in DXA and µCT experiments were performed using analysis of covariance (ANCOVA) general linear models using values at baseline as covariable, as a standard method [29]. Tukey's Honest Significant Difference (HSD) posthoc test was then performed to report 95% confidence intervals (CI); (ii) Biochemical marker levels were analyzed by two-way repeated-measures ANOVA to determine if there were group effect (between-subjects factor), time effect (within-subjects factor), and interaction between them. After ANOVA, Tukey's HSD post-hoc test was used for multiple comparisons between groups and between the value at the time point versus that at a previous time point in each group [30].

For cross sectional experiments, ANOVA test was conducted followed by Tukey's HSD post-hoc test.

If data did not assume the normal distribution, and to determine confidence intervals [31], the Boostrapped ANOVA analysis was performed by "ANOVA.boot" function, followed by pairwise comparisons by "wild.boot" function included in package "lmboot" to present 95% CI and p-values.

Data were randomly resampled 1000 times because given the characteristics of the data, that number of replicates maximized accuracy in prediction of mean differences, standard error of mean difference and power [32]. The biascorrected and accelerated (BCa) confidence interval was used [33]. P-values were followed by Benjamini-Hochberg adjustment for multiple comparisons.

The R program was used for the statistical analysis (version 4.1.3). A nominal P-value of 0.05 was considered "statistical significance". The exact p-value was shown when p<0.10 or p>0.001. Data visualization was performed in "ggplot2" package.

Results

Body weight change and DXA analysis of aged mice during 90 days of intervention with experimental diets

As a first step toward analyzing the effect of different foods on the skeleton, the body weight variation was recorded and DXA was performed to determine differences in the total body compositions in aged mice. For all of mice and mice underwent DXA measurements, a significant decline of body weight over time was observed in 3 groups, but this decline was attenuated in both CaCO3 and nacre foods (Fig. S1 A-C). No change was determined in total body BMD and BMC at follow-up (day 90) after accounting to the baseline values (Table S2). Total body lean mass was decreased about 5% in Standard and CaCO3 mice, but increased about 2% in nacre mice during 90 days. Total body fat mass was shown to be decreased 34% in Standard mice and 8% in CaCO3 mice compared with nacre mice (Fig. S1 D).

Although, the p values did not reach to statistically significant level of 0.05 in some analysis and to avoid the dichotomization of p values into simple "significance" and "nonsignificance" based on the threshold of p=0.05, 95% confidence intervals (95% CI) are reported as reasonable as possible in the representation of evidence of effect in following results.

µCT analysis of the tibia and femur

To identify differences in the response of a weight-bearing long bone to experimental foods, the right tibias were scanned via µCT (Scanco) at the beginning and the end of study. As with much the data presented in Table S3 and the illustration in Fig. 1A, nacre-fed mice exhibited a greater response with Main text regard to trabecular bone volume (+1.5 folds; 95%CI, -0.005 to 0.03, p=0.21), and connectivity density (+5 folds; 95% CI, 0.96 to 26.63, p=0.03) compared with CaCO3 (Fig. 1B) in the proximal tibial metaphysis. A nearly stability in trabecular microarchitecture was observed in Standard and CaCO3 animals during 90 days (Table S3 part A). Between 16 and 19 months of age, and compared with the average of Standard group, nacre group showed an increase of 50% and 224% in these two parameters (Fig. 1C), whereas these percentages in CaCO3 group were about zero and -43 %.

At the tibial midshaft, the magnitude of response to experimental foods was appreciably different for marrow area (Ma.Ar) and tissue mineral density (TMD) in the cortical bone among 3 groups (Table S3 part B). Both standard and CaCO3 mice exhibited an increase of at least 3% in Ma.Ar. This change was associated with a decrease of about 2% in TMD, while no changes were detected in cortical thickness.

In contrast to these groups, the age-related loss of cortical bone mass of tibia in nacre mice was mediated inversely (Fig. 1 D-E). A decrease of 6% in Ma.Ar, in line with an increase of 2% in TMD was observed from baseline in this group. By comparing these parameters of nacre mice with those of Standard animals, adjusted Ma.Ar was -12% (95%CI, -0.16 to -0.02; p=0.02), and adjusted TMD was 4% (95% CI, -2.94 to 93.93; p=0.07) at the end of study. The loss of cortical bone density in the tibial midshaft was nearly no different between Standard and CaCO3 foods, but was rescued with nacre food (Fig. 1 F).

In light of the longitudinal µCT results using Scanco medical, we next sought to identify differences in the microarchitecture of femur isolated from CaCO3 and nacre-fed mice relative to standard food using Skyscan system. With regard to the cortical bone of femur, as expected, the effect of site was significant (p≤0.001) for cortical parameters. Cortical area (Ct.Ar) and thickness (Ct.Th) were found, in fact to be greater at the midshaft than those at distal metaphysis (Fig. 2 E andG). In contracts, mean cortical perimeter was larger at distal metaphysis than at midshaft (Fig. 2 H). An interaction between group and site was identified for Ct.Ar indicating a role for anatomic features dependent on bone site in mediating responses of experimental foods at femur (Fig. 2 E). Both CaCO3 and nacre foods resulted in significant increases in Ct.Ar and Ct.Th when compared with standard animals at the cortical bone of distal metaphysis. No differences between groups were observed for these parameters at the midshaft.

Although no significant interaction was found for cortical porosity (Ct.Po), nacre mice exhibited a lesser porosity (p=0.02) at the midshaft than the distal metaphysis, and also a decrease of 1.70 folds (p=0.045) compared with CaCO3 mice. Representative µCT coronal and 3-dimensional traversal images of the femur diaphysis were shown for each group in Fig. 2 B-D.

However, no significant differences in the response to foods were detected for any of the parameters of trabecular bone analyzed at the distal metaphysis of this bone (Fig. S2 A-D). Taken together, these results indicate that both nacre and CaCO3 contributes to the age-related bone loss in mice and that its contribution is more pronounced in cortical than trabecular bone at the distal metaphyseal femur. Nacre seems to attenuate the porosity at the cortical midshaft.

Main text

Biomechanical three-bending test of the whole femur

We next analyzed differences in mechanical properties using same femurs for µCT (Skyscan) above (Table 1). To determine whether differences in mechanical properties due to body size, the parameters were adjusted for the body weight as described in Methods. Stiffness did not differ significantly between groups. Adjusting stiffness for body weight did not affect the outcome of these comparisons (Fig. 3 D andG). The linear regression comparisons did not show the difference in slope and/or the overlap in stiffness between pair comparisons (Fig. S3 A). For the remaining parameters, when body weight ignored, nacre group exhibited a better Breakage energy than CaCO3 (+34%, 95%CI, 0.32 to 2.31), and standard group (+31%, 95%CI, 0.16 to 2.45). However, when the larger body weight of nacre animals was taken into account, the differences were still maintained, but with the lesser magnitude (Fig. 3 B and E). A graphic display of the data (Fig. 3 H-I) conveys differences in the slope of the Breakage energy-body weight regression.

The same method was applied to Fmax (Fig. 3 C andF). Nacre mice showed a highest Fmax among 3 groups in both before and after adjusting this parameter for body weight. The differences in Fmax were readily apparent in graphs of Fmax versus body weight (Fig. S3 B). As illustrated the curves of the biggest and smallest mouse from each group, mouse fed with nacre food was characterized by better biomachenical parameters, regardless body weight. (Fig. 3 A). Based on these results, nacre dietary intervention improved bone strength, that results from differences in the internal bone microstructure owning to the effects of nacre diet.

Histomorphometric analysis of trabecular bone at the distal metaphyseal femur

Age-related trabecular bone loss is associated with decreased bone remodeling. To gain insight into cellular mechanisms of the protective effect of nacre on skeletal aging, we next performed histomorphometric analyses to evaluate osteoclast numbers, and bone formation rate at the trabecular bone of the femur. A representative microscopic image was shown for each group, illustrating the static parameters resulting from Goldner's and TRAcP stainings (Fig. 4 A), and the dynamic parameters through double-labelling markers (Fig. 4 B). In agreement with µCT data, no differences for bone volume fraction (BV/TV) and trabecular thickness (Tb.Th) were detected in the trabecular bone at the proximal metaphysis of femur (data not shown). Strikingly, however, the three parameters about osteoclasts were higher in nacre mice (Fig. 4 C-E) as compared to standard and CaCO3 mice. In fact, the osteoclast surface was more extend in nacre group than in standard (+1.6 folds; 95%CI, -0.18 to 2.26), and in CaCO3 group (+1.8 folds; 95%CI, 0.08 to 2.32). Also, we did not observe the differences between standard and CaCO3 concerning to these parameters. With regard to dynamic histomorphometric parameters at this bone site, interestingly, mineralizing surface/ bone surface, mineral apposition rate, and bone formation rate / bone surface were significantly differentially affected by nacre food as each of these parameters were no different in CaCO3 mice, but increased in nacre animals (Fig. 4 F-H) compared with standard animals.

Effect of experimental foods on gene expression in bone marrow and circulating biomarkers of bone turnover in serum

In line with results for dynamic histomorphometric analyses, we identified the expression levels of some genes in bone marrow of femur, which are known as bone formation regulators. As concomitant with the increase of bone formation in nacre group, Fig. 5 A showed that Bmp2 was significantly expressed more abundant in nacre group than in standard (+2 folds; 95%CI, 0.23 to 1.72) and CaCO3 groups (+1.8 folds; 95%CI, 0.26 to 1.68). Also, nacre-fed mice exhibited an increase of 1.3 folds for Runx2 level compared with CaCO3 (95%CI, 0.02 to 0.39). No differences for these two genes were detected between CaCO3 and standard groups.

The marrow-free cortical femurs were next used for RNA measurements (Fig. 5 B), which reflect the activity of a heterogenous population of cells including osteoblasts and osteoclasts lining the periosteal and endosteal bone surfaces, as well as osteocytes. Sost gene, an osteoblastinhibitory factor, was expressed less abundant in nacre than in CaCO3 group (-5.4 folds; 95%CI, -11.93 to -0.19), whereas inversely, CaCO3 animals showed an increase of 7.7 folds in this gene expression as compared to standard ones (95%CI, 1.16 to 12.30). For osteoclast activityrelated genes (i.e., Acp5, CathepsinK), the CaCO3 -fed mice significantly exhibited the highest levels of mRNA, and the lowest levels belonged to nacre mice. Also, Spp1, of which the protein encoded is Osteopontin, known as an anchor of osteoclasts to bone surface, was obviously attenuated at least 4 folds in nacre group compared with both standard and CaCO3 groups.

Based on the differential effects of nacre supplement in aged mice on many bone parameters as determined by DXA, µCT, mechanical testing, histomorphometry, gene expression, we next examined changes in the serum levels of biochemical markers of bone turnover. Specially, P1NP, an indicator of bone formation, CTX, a marker of bone resorption, and osteocalcin, marker of bone remodeling, were determined longitudinally by ELISA (Fig. 6 A-C). A significant reduction with regard to time was observed for osteocalcin and P1NP (time effect, p<0.001), but not CTX (time effect, p>0.05). In fact, the CTX level was nearly stable during period of this study in three group. An interaction effect between time and group was not detected for either of these markers; however, P1NP and CTX levels showed a slight decrease in CaCO3 and nacre mice as compared to standard mice at day 90 (p<0.05).

We lastly measured the levels of PTH, a hormone regulates the calcium concentration, and of FGF23, a bone-derived phosphaturic hormone at day 90. A dramatically decrease of PTH in CaCO3 and nacre mices was observed (p<0.001), but not linked to the changes of calcium in blood (Fig. 6 D). FGF23 and phosphate levels were not different among the 3 groups.

Main text

Discussion

In the work presented in this paper, we have attempted to examine the contribution of nacre diet to the sex steroid hormone-independent bone loss related to aging, using the mouse as a model. To attaint this objective, we investigated for the first time, both intrinsic and extrinsic properties of long bones as compared with the supplementation with standard or CaCO3 diet. The molecular and cellular mechanism of nacre were suggested through bone cells-related gene expressions, bone turnover markers circulating in blood, and the cellular and dynamic histomorphometry. As demonstrated that the impact of aging and sex steroid deficiency on the skeleton of mice are mechanistically distinct [21], we have asked whether the effects off nacre differ from bone loss due to estrogen deficiency and to aging factors.

The previous study showed that mice have functionally estrogen sufficient at least at 19.5-month-old to maintain the uterine and body weight, as compared with 5.5-month mice, but fully manifested the decline of bone microstructure due to aging [21]. Concerning the body mass, our standard diet-fed mice exhibited a decrease over time, in consistent with an attenuation in body compositions (i.e., lean and fat mass) (Fig. S1). It should result from the decreasing food intake with aging, which diminish the appetite in age mouse. We also observed the reduction of this body weight loss with CaCO3 and nacre diets.

Calcium consumption plays a pivotal role in the weight management, especially in attenuation of weight gain related to role of intracellular Ca 2+ in regulating lipid metabolism and triglyceride storage in both human and mice [34]. In our knowledge, there has not been any work indicating the influence of calcium on the weight loss at the senescence. By given that CaCO3 and nacre decreased the fat mass loss over time compared to standard diet, we should explain that intracellular Ca 2+ helps to mediate the normal activity of adipocyte, hence avoid an imbalance in the lipid metabolism. Remarkedly, nacre showed a trend towards amelioration of lean mass in aged mice. Besides the equal calcium content as compared to CaCO3 , nacre contains 2.7% wt% the organic matrix (i.e., lipids, peptides…) [35], which have to responsible for this effect.

We highlighted in this paper the influence of experimental diets on bone mass and bone strength through the regulation on bone cells. Indeed, we centered firstly on bone microstructure analysis. Aging is responsible for deteriorations at both cortical and trabecular bones [21, 36]. Although our mice did not clearly exhibit features of altered trabecular bone at the tibia from 16-to 19-month old in female mice, they manifested an increase in marrow area, and a decrease in cortical mineral density for cortical bone (Table S3, Fig. 1). These changes cause by endocortical and periosteal expansion [37] and, by intracortical porosity [38], thereby, cortical thinning. In contrast to standard and CaCO3, nacre reduced the increased marrow area and improved cortical mineral density after 3 months of intervention. Also, it is demonstrated that aging was accompanied by a porosity of the tibial cortex which was unrelated to the level of dietary calcium [39]. The observed effect of nacre should preliminary relate to own properties of nacreous factors.

Skyscan system was next used to analyze better the bone microstructure at the whole femur. Since this experiment performed only cross-sectionally by ex vivo scan, we can not determine the changes of bone mass and bone microarchitecture during the period of 3 months. But according the published study of Sheng et al., the trabecular bone volume at the distal metaphyseal femur was about 10.6% in C57BL/6 female mice at the age of 12 weeks [40], this percentage in our 19-month-old mice was only 1.7% in standard diet. It confirms the manifestation of senescence in trabecular bone in our mice. However, no differences related to experimental diets in this result (Fig. S2). For cortical bone at the two regions evaluated (Fig. 2), as expected, the midshaft showed the greater cortical area and thickness, but lesser perimeter than distal metaphysis, owning to differences in their geometry. Although both CaCO3 and nacre diets improved cortical area and thickness at the distal metaphysis, not at midshaft, only nacre limited porosity at the cortical midshaft compared to CaCO3. We ask then whether these changes influence on the bone quality.

To answer to this question, the same femurs were undergone the biomechanical three-bending test to evaluate the bone strength (Fig. 3 andS3). In consistent with above µCT outcomes, a diminution of porosity in the cortical bone at the midshaft leaded to improve the energy to facture and force maximum in nacre group, as compared with the remaining diets. Supplementation with CaCO3 did not result in the positive finding through this experiment. The biomechanical testing helps to study the external properties, in parallel with internal ones using µCT to find the concordance in these results. Also, the impact of body size on bone quality is demonstrated [28], and mice in nacre group were generally bigger than other groups. To avoid the bias in data analysis and lead to misleading in interpretation, we performed carefully adjusting to body weight in the way individual mouse. The outcomes indicated the positive impact of nacre on age-dependent decline in mouse bone strength in the present study occurred despite the body size.

To understand how nacreous factors regulate the bone cells against the loss of cortical and trabecular bone mass, we further analyzed the histomorphometry and bone biomarkers. Trabecular bone mass typically decreases with aging in human and rodents [1]. Almeida et al. reported a decrease rate of remodeling as evidenced by decreased osteoblast and osteoclast numbers and decreased bone formation rate in the trabecular spine with aging from 8 to 31 months of age in female C57BL/6 mice [20]. Previous histomorphometry data of trabecular compartments at the distal femur from this mouse strain indicated a decrease of osteoblast surface and bone formation rate from 6 weeks to 24 months of age [41]. These changes are associated with a decline of bone marrow-derived mesenchymal or osteoblast progenitor function with age (independent of sex steroid deficiency) occurred in both human and rodent cells [42, 43]. Our mice fed with nacre diet exhibited an increase of both osteoclast number and bone formation rate as compared with other diets (Fig. 4). The water soluble matrix of nacre is proven for the antioxidant potential and against oxidative stress induced damages in cells [13]. The adverse effects of aging on bone mass are associated with oxidative damage including decreased activity of glutathione reductase Main text (GSR) and increased reative oxygen species (ROS) [20]. Furthermore, trabecular osteoblast-related mRNAs were upregulated under the influence of nacre (Fig. 5), Therefore, our findings herein suggest that nacre defenses the adverse effect of aging on trabecular bone by limiting the senescence of bone cells and maintaining the bone remodeling.

Cortical expansion and porosity are generally associated with increased remodeling [19]. The cortical changes in aging C57BL/6 mice included increased periosteal surface area that is likely due to increased bone formation, and increased endocortical surface area that likely due to increased endocortical remodeling or resorption [37]. The increased cortical porosity results from de novo intracortical remodeling by osteon-like structures in favor of resorption with advancing age [19]. A significant decrease in cortical osteoclast-related mRNAs was showed in nacre group (Fig. 5). Unfortunately, we did not analyze the endo-or intra-cortical remodeling to determine whether the impact of experimental diet occurs on cortical expansion or porosity. However, in combination with µCT and biomechanical findings, we can suggest that suggested that nacre might inhibit cortical resorption to attenuate the unbalance in cortical remodeling.

Bone turnover markers in peripherial blood reflect trabecular bone loss but not endocortical expansion in aging mice [37]. Products of cortical remodeling might be relatively low due to lower blood supply of cortical bone versus trabecular region [44]. Both CaCO3 and nacre-fed mice exhibited a significant decrease of bone turnover markers and PTH in serum (Fig. 6), whereas these changes were inconsistent with findings about osteoblast-related gene expression and trabecular bone morphology. In fact, a significant increase in trabecular osteoblast-related mRNAs is consistent with increased trabecular apposition, that should be prior to measurable changes in the trabecular microarchitecture in nacre group (Fig. 1 andS2). If this was the case, there was still no increase in serum P1NP marker. Moreover, the age-related changes in the concentration of numerous serum bone biomarkers may not accurately reflect cellular activity [37].

This study has some limitations. The number of mice obtained at end timing point and for each experiment varied. For example, only six mice were scanned at day 90 in nacre group, and ten in other groups resulting from difficulty to handle old mice and to ensure 3Rs in research using animals. Further, analysis of histomorphometry at the cortical bone could provide us further information on the possible mechanisms underlying the positive impact of nacre on cortical bone loss. Finally, with our study design, we were not able to examine the local bone markers (i.e., bone turnover, bone cells regulators) in marrow plasma because the bone marrow was used for gene expression analysis. This could be investigated in the further studies In summary, we found that the supplementation with nacre leads to a significant preventive effect on age-driven bone loss. These positive impacts occur on both trabecular and cortical compartments, through distinct cellular mechanisms. Our findings contribute to the assumption that nacre is a potential candidate in prevention of age-related bone loss, in combination with a good tolerance and biosafety. the effect of group (between-subjects factor) and/or time (within-subjects factor) and the group x time interaction using two-way repeated measures ANOVA, followed by Student's t unpaired or paired tests; Benjamini-Hochberg method was used to adjust for multiple comparisons. a P ≤ 0.05, aa P ≤ 0.01, aaa P ≤ 0.001, a vs. Standard; * vs. baseline at day 0, # vs. follow-up at day Whole femur properties were adjusted for body weight using the linear regression method according to the formula described in Method. † Comparisons between groups were conducted by the Bootstrap method. 95% CI, 95% confidence interval Values are mean (standard deviation, SD) and coefficient of variation, CV (%). For ease of reading, the analysis results were presented in each pairwise comparison as in parts A, B, and C. Bold values indicate statistically significant differences relative to the Standard (parts A, B) or CaCO3 group (part C). 

Methodology in preclinical studies about the efficacy of testing agents on bone loss

The preclinical studies should be not only a simulation of a clinical trial, but also bring into play the advantages since using animal models.

We selected the ovariectomized rat according to the guidelines about animal models for osteoporosis (102) to test the effect of nacre on bone loss due to estrogen deficiency.

In a complementary way, we used the old mice model to examine the effect of nacre related to aging apart from the role of steroid hormones on bone. Hence, it allows to avoid the misunderstanding in results.

We were aware that study design plays an important role and took carefully in mind about all of steps in the beginning, i.e. sample sizes estimations were needed to ensure the power of statistical analysis; control group must be present in all experiments;

longitudinal study allows to monitor the individual changes over time, and the fluctuation of bone turnover markers reflex the changes of bone density or bone quality in the future. As BTMs have been widely applied in bone research, particularly in evaluation of the efficacy of drug treatments, it has to be aware that several biomarkers are influenced by circadian rhythms in both human (14) [START_REF] Van Der Spoel | The 24-hour serum profiles of bone markers in healthy older men and women[END_REF] , and rodents (100) [START_REF] Guo | Proteomic analysis of rat plasma with experimental autoimmune uveitis based on label-free liquid chromatography-tandem mass spectrometry (LC-MS/MS)[END_REF] . Thus, the blood samples were collected in the same timing during study for all individuals after fasting night.

Because of using animals, we have exploited as much as possible the tissues and samples, which were analyzed in experiments thereafter. µCT was performed by both Scanco and Skyscan at high resolution to assess bone microarchitecture, that shows the internal bone structure. The biomechanical parameters of long bone using threebending test were measured to contribute to the external bone quality. In fact, it is not possible to apply this method in human. We also adjusted the mechanical parameters for body weight as a confounder in analysis and used the accurately statistical methods in analysis and data interpretation.

I have conducted the list of remarks above during my thesis. However, it exists some limits, that we wish to take in account in the next study. In particular, it is necessary to

Application of nacre-based supplement will open the novel research direction on preventive osteoporosis

The safety of nutritional supplements has been discussed for a long time.

Phytoestrogens, compounds derived from plants with estrogen-like properties, are well known because of their efficacy on menopausal symptoms (103) and particularly against the bone loss in postmenopausal women (104,105) . But the side-effects of the phytoestrogen consumption have not been fully understood. Several meta-analysis studies indicated that phytoestrogen supplements show a safe side-effect profile with moderately elevated rates of gastrointestinal side effects (106) , and no serious side effects observed (103) . Hence, the available data do not support the recommendation of phytoestrogens for postmenopausal women. The further study of phytoestrogens for relief of postmenopausal bone loss and their potential long-term side effects is warranted.

The two previous clinical studies have emerged the next investigations in this research direction. Nacre powder has been indicated its well tolerance for both bio-calcium (68) , and protein ingredients (69) . However, the amount of clinical studies in this domain has been still limited, and not enough to perform a meta-analysis. Also, an investigation in long-term about nacre supplementation on bone loss coupled with the safety evaluation is missed until now. The prospective preclinical studies should be carried out to understand the safety on all organs in long-term. 
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Figure 2

 2 Figure 2 Different Bone Cells -Origin and Fate (Source: https://boneandspine.com/bone-cells)

Figure 3

 3 Figure 3 The cycle of bone remodeling. Shown are bone digestion by osteoclasts and bone rebuilding by osteoblasts (Source: https://ebrary.net/132187/health/skeleton_bone_remodeling)

  Figure4 Osteoporosis at a glance(1) . Osteoporosis is a systemic skeletal disease in which bone resorption exceeds bone formation and results in microarchitectural changes. (A) Fragility fractures typically involve wrist, vertebrae, and hip. (B) Microcomputed tomography shows marked trabecular thinning of osteoporotic bone compared with normal bone. (C) Microscopic views of bone-resorbing osteoclasts and bone-forming osteoblasts: (1) osteoclast with its distinctive morphology; (2) tartrate-resistant acidic phosphatase staining of multinucleated osteoclasts; (3) multiple osteoblasts (white arrowheads) on mineralized matrix; (4) alkaline phosphatase staining of osteoblasts.

  Figure 5 Mechanism of action of RANK/RANKL/OPG and Denosumab (Source: https://www.healthplexus.net/article/bone-biology-and-role-rankranklopg-pathway)

  Figure 6 A close-up of mouse osteocytes within the bone. (Source : https://www.nasa.gov/mission_pages/station/research/news/osteocytes)

Figure 4 .

 4 Figure 4. Resveratrol[3] 

Figure 9

 9 Figure 9 Structure of the nacreous layer of Pinctada: A: Lustrous nacreous layer as an internal shell coating; B: Scanning Electron Microscopy picture showing the characteristic brick and mortar structure of nacre; C: Atomic Force Microscopy image in Phase Contrast mode (1 x 1 mm²) at the nanometer (nm) length scale(19) .

Figure 10

 10 Figure 10Nacre was studied as a biomaterial in orthopedic surgery (A) Bobbio, Bulletin of the history of dentistry, 1972(5) ; (B) Camprasse et al, Clin Mater, 1990(15) ; (C) Lamghari et al, Biomaterials, 1999(22) ; (D) Atlan et al, Biomaterials, 1999(24) ;(E) Rousseau et al, Biomed Mater Eng, 2012(25) ;(F) Pascaretti-Grizon, J of Raman Spectroscopy, 2014(26) .

Figure 11

 11 Figure11 Osseointegration of nacre in the human bone environment. Nacre powder was implanted in defective human maxillary bone; the images here were taken after 6 months of implantation. (A) microradiography: newly-formed bone (NB, low X-ray density) throughout the nacre (N, high X-ray density). (B) basic fuchsine staining(12) . (C) polarized light image. The new bone was composed of woven bone (W) and lamellar bone (LB) in close contact with the nacre implants(18) . Biocompatibility of nacre in the sheep bone environment(23) . (D) Vertebral sheep bone cavity was filled with nacre powder (N), one week post-surgery; (E) The bone around the cavity (F) without nacre was organized into concentric rings. (*), no new bone formation at 12 weeks post-surgery, (C) New bone formation and bone remodelling were

Figure 13 .

 13 Figure 13. Nacre factors prevent the bone loss in OVX mice models (A) Representative 3D images in µCT study at the trabecular tibiae after 30 days of oral administration with placebo/ CaCO3 / nacre powder. Scale bar 0.5 mm. (B) Proposed schematic representation for the beneficial effect of WSNF on bone remodeling(13) . (C) representative µCT images of OVX mice were injected by PFMG1-encoded virus or control(21) .
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 311 Introduction to the paperOsteoporosis is one of the most frequent diseases in humans and one of the most expensive in economic terms, largely on account of its physical, psychological, and social consequences. An abnormal forms of bone remodeling lead to a gradual fall in bone strength and to fractures. It is known that the coupling of bone formation and bone resorption aid to maintain the balance of bone turnover and to renew the bone mass during the lifetime. The ways of alteration in bone structure are different, depend

Figure 14 .

 14 Figure 14. Algorithm for selection of experimental interventions to induce osteopenia or osteoporosis in the laboratory rat(8) 
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Fig. 1 .

 1 Fig. 1. The changes of morphological trabecular bone from baseline (start point D0) to follow-up (end point D28) in the proximal tibia in in vivo longitudinal study. (A) μCT scout-view image, in which the box depicts a scanned region of 147 consecutive slices (15 μm/slice) analyzed for trabecular bone volume, as detailed in methods. (B) Percent changes in BV/TV, Conn.D, and Tb.Th in OVX groups compared with Sham. (C) Representative 3-dimensional (3D) μCT images of the proximal tibial metaphysis of an animal (median from each group) at day 0 and day 28. Data represent the change of baselineadjusted mean groups relative to Sham in % (n = 10 per group). ** p ≤ 0.01, *** p ≤ 0.001, *versus Sham (ANCOVA generalized linear model using values at baseline as covariable described in the text). The raw data (right column) show the mean and 95% CIs used for ANCOVA analysis, which provide F (df between, df within) = test statistic, p values of the group effect, while adjusting for baseline and effect size generalized eta squared (ƞ g 2 ).

Fig. 2 .

 2 Fig. 2. The morphological trabecular parameters in the distal metaphyseal femur in ex vivo cross-sectional micro-computed tomography (μCT) study. (A) μCT scout image, in which the box depicts a scanned region of 147 consecutive slices (10.5 μm/slice) analyzed for trabecular bone volume, as detailed in Materials and Methods. (B) Representative 3-dimensional images of the trabecular bone microarchitecture in the right distal femur. (C) Percent changes in BV/TV, Conn.D, and Tb.Th in OVX groups compared with Sham group. Data represent the change of median OVX groups relative to Sham in % (n = 10 per group). *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001; *versus Sham group, # versus OVX group, $ versus OVX CaCO₃ group (Kruskal-Wallis test followed by Mann-Whitney-Wilcoxon unpaired test with Benjamini-Hochberg adjustment). Sample distributions were shown in Supplemental Fig. S3.

Fig. 3 .

 3 Fig. 3. The histomorphometric characteristics in the undecalcified proximal metaphyseal tibia through 9 μm sections by day 28. (A) Representative histological sections at day 28 from the undecalcified proximal metaphyseal tibia stained with Goldner's trichrome. They show full longitudinal sections of median animals in each group and the region of interest (ROI) for histomorphometry measurements is outlined in yellow. Scale bar = 1 mm. (B) The bone volume fraction (BV/TV) derived from sections stained with Goldner's. (C) Representative sections stained with tartrateresistant acid phosphate (TRAcP). The red arrows indicate redstained osteoclasts, scale bar = 250 μm. (D) The osteoclast surface per bone surface parameter (Oc.S/BS) derived from sections stained with TRAcP. Data represent as boxplots, and show all data points, with interquartile range (IQR) (height of the box), median (internal horizontal bar) n = 9 per Sham / OVX CaCO 3 group; n = 10 per OVX / OVX Nacre group), mean (black filled square, ▪). *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001; * vs. Sham, # vs. OVX, $ vs. OVX CaCO 3 (Kruskal-Wallis test followed by Mann-Whitney-Wilcoxon unpaired test with Benjami-Hochberg adjustment).

OVX = ovariectomized; CaCO 3 =

 3 calcium carbonate; BV/TV = trabecular bone volume/tissue volume; Conn.D = connectivity density; Tb.N = trabecular number; Tb.Th = trabecular thickness; Tb.Sp = trabecular spacing; SMI = structure model index. Post hoc pairwise comparisons were conducted using Mann-Whitney-Wilcoxon (MWW) unpaired tests with Benjamini-Hochberg adjustment. Values are median (interquartile range), n = 10 per group. The p values in bold indicate statistical significance at level of 5% (p ≤ 0.05). a Kruskal-Wallis test. b For the structure model index, 0 indicates parallel plates, 3 cylindrical rods, and 4 spheres. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; *versus Sham; # versus OVX; $ versus OVX CaCO₃. JBMR Plus (WOA) n 6 of 13 NGUYEN ET AL.

  limited body weight gain by 44% (6.5 versus 11.6; 95% CI, À8.1 to À2.1; p < 0.001) and 38% (6.1 versus 10.5; 95% CI, À7.0 to À0.92; p = 0.006) compared with OVX and OVX CaCO 3 group, respectively, at day 14. Both CaCO 3 and nacre diet reduced by 22% of weight at the end of the study (p = 0.02).

Fig. 4 .

 4 Fig. 4. Principal component analysis (PCA) in the tibia for trabecular variables measured by μCT and histomorphometry. Biplot includes score plots that represent the distribution of individual rats in the space defined by principal component 1 (PC1) and PC2, and loading plots that represent the contribution of each variable, corresponding to each loading vector in the space defined by PC1 and PC2. The weights of loading vectors in each PC are shown in the right panel. n = 9 per Sham/OVX CaCO 3 group; n = 10 per OVX/OVX Nacre group.

10 )

 10 À0.02 (0.05 $ ) OVX = ovariectomized; CaCO 3 = calcium carbonate; BV/TV = trabecular bone volume/tissue volume; Tb.Th = trabecular thickness; Tb.N = trabecular number; Tb.Sp = trabecular spacing; SMI = structure model index. Data were represented as difference of median and p values in parentheses () using Mann-Whitney-Wilcoxon unpaired tests with Benjamini-Hochberg adjustment. The p values in bold indicate statistical significance at level of 5% (p ≤ 0.05). # p ≤ 0.05; ## p ≤ 0.01; # versus OVX; $ versus CaCO 3 .

  Fig.5. mRNA expression levels of genes involved in bone formation (A) and bone resorption (B) using extracts from flushed marrow (ma) or bone fraction at day 28. Transcript levels were normalized to housekeeping gene Hprt1 following the 2 (ÀΔΔC(t)) method.(23) The specific primers (based on the rat sequences) are displayed in Supplemental TableS1. Data represent as box plots and show all data points, with interquartile range (IQR) (height of the box), median (internal horizontal bar) (n = 10 per group), mean (black filled square, ■). *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001; *versus Sham, # versus OVX, $ versus OVX CaCO₃ (ANOVA test followed by Tukey's HSD post hoc test or Kruskal-Wallis test followed by Mann-Whitney-Wilcoxon unpaired test with Benjami-Hochberg adjustment). Hprt1 = hypoxanthine phosphoribosyltransferase 1.
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 30 fold in CaCO 3 (p = 0.05) and by 1.70-fold in nacre diet (p = 0.004) compared with standard diet in OVX rats.
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 311 JBMR ® Plus NACRE SUPPLEMENTATION LIMITS BONE LOSS 11 of 13 n efficacy and safety of nacre. It remains to identify the precise mechanisms whereby the nacreous organic matrix acts on bone. Supplemental Materials Protective effect on bone of nacre supplementation in ovariectomized rats Dung Kim NGUYEN ¹, Norbert LAROCHE ¹, Arnaud VANDEN-BOSSCHE ¹, Marie-Thérèse LINOSSIER ¹, Mireille THOMAS ¹, Sylvie PEYROCHE ¹, Myriam NORMAND ¹, Yacine BERTACHE ¹, Thierry THOMAS 1,2 , Hubert MAROTTE 1,2 , Laurence VICO ¹, Marie-Hélène LAFAGE-PROUST 1,2 , Marthe ROUSSEAU ¹ ,Microarchitectural analysis description by using Micro-computed tomography (µCT) Section 2: Bone histomorphometry measurements Section 3: Supplemental tables Section 4: Supplemental figure legends and figures Section 5: Sample ARRIVE guidelines tableSection Microarchitectural analysis description by using µCT.

  microstructure and visualize osteoclasts, respectively. Unstained 9 µmthick sections were analyzed using a fluorescence microscope (Zeiss Axio Scope A1, Germany) to determine the dynamic indices of bone formation based on tetracyclinlabelingng. Structural and dynamic histomorphometry indices were measured in the trabecular bone of the secondary spongiosa, using a semi-automatic image analysis system (Sony DXC 950P Camera; DMRB microscope, Leica Microsystems, Germany; Explora Nova software version 3.50, La Rochelle, France) at a magnification x 5 for microstructural indices and x 20 for cellular and dynamic indices. The primary static indices included bone volume fraction (BV/TV, %), trabecular thickness (Tb.Th, µm), trabecular number (Tb.N, 1/mm), trabecular separation (Tb.Sp, µm), Osteoclast Number per Bone Area (N.Oc/B.Ar, mm²), Osteoclast Number per Bone perimeter (N.Oc/B.Pm, c/mm),

Figure S2 .

 S2 Figure S2. The morphological trabecular parameters in the proximal tibia in ex vivo cross-

Figure S3 .

 S3 Figure S3. Quantitative results of µCT ex vivo analysis in the distal metaphyseal femur

Figure S4 .

 S4 Figure S4. Location of skeletal sites was analyzed using µCT. µCT scout images of the

Figure S5 .

 S5 Figure S5. Changes in plasma PTH (A) and serum Calcium (B), plasma FGF23 (C), and

Figure 15 .

 15 Figure 15. Biological insights through omics data integration (3) . Breakdown of PubMed publications where one or more omics were used. (A) the total number of articles published per year per omics since 2000. (B) Venn diagram showing the overlap of articles that include one or more omics, published between 2000 and 2017. Multi-omics is defined as a publication that includes more than one type of omics. (C) Percentage of multiomics publications (not counting genomics) of the total publications with

Figure 16

 16 Figure16 Protein-protein interactions using statistically significant identified proteins in Nacre versus Standard comparison based on STRING database.

Figure 17

 17 Figure 17 Protein-protein Interactions using statistically significant identified proteins in Nacre versus CaCO3 comparison based on STRING database

Figure 18 .

 18 Figure 18. Principal component analysis. (A) Nacre vs Standard groups. (B) Nacre vs. CaCO3 groups

Figure 19 .

 19 Figure 19. Clustering analysis. Computation k-means illustrated number of cluster and the objects belonged to each cluster (left panel), validation clustering showed silhouette measure (right panel). (A) Nacre vs. Standard groups. (B) Nacre vs. CaCO3 groups

Figure 21 .

 21 Figure 21. The general pattern of bone development and loss over time(4) 

Figure 22 .

 22 Figure 22. (A) Schematic representation of the remodeling process and the effects of estrogens and androgens(10) . (B) Working model of the authors' current understanding of the contribution of cellular senescence to skeletal aging(20) . Senescent cells accumulate in the bone microenvironment with aging and secrete a proinflammatory senescenceassociated secretory phenotype (SASP). The increased proinflammatory SASP in the bone microenvironment acts on osteoblasts to impair bone formation, on osteoclasts to increase bone resorption, and on marrow stromal cells (MSCs) to skew their lineage commitment toward adipocytes and away from osteoblasts, consistent with skeletal aging across species.

Figure 24 .

 24 Figure 24. The difference in diurnal rhythms of plasma CTX in British (gray line), Gambian (solid black line), and Chinese (dashed black line) older adults. The graph represent data expressed as a percentage from the 24-hour mean. The lines represent the fitted mean values following Fourier regression, the bars represent 2*the upper and lower standard error.For ease of reading, standard errors are given for one of three of time points in alternating order for each group(14) .
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 2 Design of study using aged mice model 3.2.2. Paper N°2: « Nacre supplement protects old mice from bone loss » See file pdf attached 90 days Start point 16 months old Long-term diet + CaCO₃ / Nacre End point

  13) include Osteoclast Number per Bone Area (N.Oc/B.Ar, mm²), Osteoclast Number per Bone perimeter (N.Oc/B.Pm, c/mm), Osteoclast Surface per Bone Surface (Oc.S/BS, %), Osteoclast Length (Oc.Le, µm). Unstained 12 µmthick sections were analysed using a fluorescence microscope (Zeiss Axio Scope A1, Germany) to determine the dynamic indices of bone formation based on tetracycline labelling, including single-labelled surface per bone surface (sLS/BS, %), and double-labelled surface per bone surface (dLS/BS, %). Mineral Apposition Rate (MAR, µm/day) was calculated from the mean distance between the labels divided by the number of days between labelings under magnification x40.
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45 .

 45 Serum levels of FGF23, PTH, Ca, and Phosphate of these mice at day 90 (D-E). Data represent as boxplots, and show all data points, with interquartile range (IQR) (height of the box), median (internal horizontal bar), and mean (black filled square, ■). n=9 per Standard, n=12 per CaCO3, n=11 per Nacre. One-way ANOVA followed by Tukey's HSD post-hoc test to adjust for multiple comparisons. P-values in bold indicated statistical significance at the level of 5% (p<0.05). The skewed raw data sets were transformed into a natural logarithm (Ln) to follow the normal distribution assumption.
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Fig. S3

 S3 Fig. S3 Comparisons of linear regressions between (A) Stiffness and body weight and Fmax and body weight (B) for Standard versus Nacre and CaCO3 versus Nacre

Figure 13

 13 Figure 13 Proposed schema of action mechanisms of nacre in living rodents characterized by estrogen depletion (A) and aging (B) states A B

  

  

  

  

  

  

  

  

Table 1 Risk factors for fracture

 1 

	Non-modifiable factors	Modifiable factors		
	• A history of fracture as an adult	• Cigarette smoking		
	• A family history of fracture (first degree relative)	• Low body weight (<65kg)	
	• Being Asian	• Estrogen deficiency (early menopause > age
	• Advanced age	45,	bilateral	ovariectomy,	prolonged
	• Being woman	premenopausal amenorrhea > 1 year)
	• Dementia	• Low calcium intake		
		• Excessive alcohol intakes	
		• Impaired vision		
		• Multiple falls		
		• Low levels of physical activity	
		• Poor health/frailty		

Table

  

Table 2 :

 2 

	First author,	Study Design	Treatments	Measurements	Results
	year [ref.]				
	Welch 2012	Cohort of female		Calculated the habitual	Total flavonoid intake
	[28]	twins aged 18 to		intakes of flavonoids	was positively
		79 years (n=3160)		and subclasses from	associated with BMD,
				semiquantitative food	with effects observed
				frequency	for anthocyanins and
				questionnaires	flavones at both the
				Measure BMD by DXA	hip and spine
				at the hip, foreman,	
				femoral neck and spine;	
				height, weight	

Summary of clinical studies on dietary flavonoids on bone metabolism

Table 3 .

 3 Summary of preclinical and cell studies on dietary flavonoids and bone turnover

	First author,	Study Design	Treatments	Measurements	Results
	year [ref.]				
	Flavones				
	Choi et al.,	MC3T3-E1 cells	incubated with	Cell growth	Increased collagen synthesis
	2007 [31]	(murine pre-osteoblastic cell line)	different doses of apigenin	ALP activity, collagen content TNF-α induced production of IL6 and NO	(0.01-1µM) and ALP activity (0.01µM) Decreased production of oxidative stress markers (NO, IL6) at dose of 1 or 10 µM apigenin
	Kim et al.,	bone marrow	Treated with 1,	Osteoclast	2 and 10 µM doses of luteolin
	2019 [32]	mononuclear	2, 5 and 10	differentiation:	inhibited bone resorptive
		cells (femora	μM doses of	measure activity of	activity of differentiated
		and tibiae of 6-8	luteolin	TRAP, gene	osteoclasts
		week-old ICR mice) and Raw264.7 cells (murin macrophage) Sham and OVX	4 groups: Sham-control OVX-control OVX+low dose of luteolin	expression of NFATc1, c-Src, cathepsineK, TRAP by RT-PCR. Bone resorptive activity on a dentine slice	All doses increased BMD, BMC. OVX+ high dose of luteolin prevented decreases of bone strength and decreased bone turnover markers
		8 weeks-old female C57BL/6 mice	(5mg/kg) + high dose of luteolin (20mg/kg) for	µCT of distal femur metaphysis ex vivo. Measure the length and diameter of	
			30 days	femur. Analyses	
				mechanical strength	
				by three-point	
				bending test	
				measure the serum	
				bone markers (CTX)	
	Harris et al.,	RAW 264.7	Treated with	Measure Superoxide	Inhibited Cox-2 protein
	2006 [33]	macrophage-like	25, 50, or 100	and hydroxyl radicals	expression and inhibited
		cells	mmol/L concentrations of luteolin	expression Western blot to detect Cox-2 protein	superoxide formation at 100 mmol/L
	Choi et al.,	Osteoblastic	Treated with	Determine ALP	1µM dose increased the collagen
	2007 [2]	MC3T3-E1 cells	0.1 and 1µM	activity & protein	synthesis of MC3T3-E1 cells
			of Luteolin	concentration by ALP activity assay	and an elevation of
				kit and a BCA-	ALP activity and osteocalcin
				protein assay kit	secretion at doses of 0.1 and
				Measurement of	1µM
				Osteocalcin by	
				ELISA	

Table 4 : Summary of clinical studies on dietary Isoflavonoids and bone turnover
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				A	B
	Figure 2. Chemical structures of Isoflavones (A) and coumestrol (B) [2]	
	First	Study Design	Treatments	Measurements	Results
	author,				
	year [ref.]				
	Alekel	Double-blind	3 groups;	Measure lumbar spine BMD	Isoflavone-rich
	2000 [48]	randomized	treatment:	and BMC by DXA at baseline	soy treatment
		study	isoflavone-rich	and posttreatment	had a positive
		Perimenopausa l women (n=69)	soy, isoflavone-poor soy, whey Measured BMD at lumbar spine and	Measure urinary N-telopeptides and serum bone-specific alkaline phosphatase (BAP) at baseline, mid-treatment and	effect on change in BMD and BMC
			BMC by DXA at	posttreatment	Soy
			baseline and posttreatment Collected the blood and urine	Determine Urinary isoflavones concentrations by reversed-phase HPLC	isoflavones attenuated bone loss from the lumber spine in
					perimenopausa
					l women
	Ho 2001	Prospective	Measured spine	Measure SBMD (L2-L4) by	Soy intake had
	[49]	Cohort	BMD (L2-L4) by	DXA at baseline and after 3	a significant
			DXA		effect on the

Table 5 : Summary of preclinical and cell studies on dietary Isoflavonoids and bone turnover
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	First	Study	Treatments	Measurements	Results
	author,	Design			
	year [ref.]				
	Ren 2007	Sham-	4 groups: Sham-OVX-	Recorded the weight once a	SDS prevented
	[52]	OVX rat	OVX+17β-estradiol	week and the weight of	the decrease of
		6 months-old Sprague-	(E2)/ sodium daidzein sulfonate (SDS) (15mg/kg) for 90 days	uteruses at dissection Markers of bone formation (serum OC on day 89) and	BMD in lumbar vertebra and femur, the change of
					trabecular bone

Table 6 . Summary of preclinical and cell studies on dietary Lignans and bone turnover
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	First author,	Study Design	Treatments	Measurements	Results
	year [ref.]				
	Yin 2004 [5]	8 months-old	5 groups: Sham-	weighted and measured	Increased BMD
		female Wistar	control OVX-	the uteri, tibiae and	and BMC in
			positive control	femora	total and cortical
			OVX +E2 (0.1mg/kg) by intraperitoneal injection-OVX +Isotaxiresinol (50	measured BMD, BMC of cortical and cancellous tibiae by pQCT	bone Prevented the decrease of bone strength
			and 100mg/kg/d)	serum N-terminal	Inhibited serum
			administrated orally	middle portion of OC	bone resorption
			6 times/week for 6	(N-MID) by ELISA	markers and
			weeks		increased
					slightly serum
					bone formation
					markers

Table 7 . Summary of clinical studies on dietary stilbenes and bone turnover
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	First	Study Design	Treatments	Measurements	Results
	author,				
	year [ref.]				
	Kubo	Longitudinal		4 groups: non-drinkers, past-	Preference of alcohol
	2013 [58]	cohort study		drinkers, infrequent drinkers	type was associated
		Post-		and drinkers	with hip fracture
		menopausal		Assessed the risk of hip	Women who
		women aged		fracture	prefertially consumed
		50-79 years			wine had a lower risk
		(n= 115, 655)			of hip fracture
					compared to non-
					drinkers, past-drinkers
					and those with other
					alcohol preferences

Table 8 . Summary of pre-clinical and cell studies on dietary Stilbenes and bone turnover
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	First author,	Study Design Treatments	Measurements	Results
	year [ref.]				
	Guo 2015	8 weeks-old	4 groups: Sham-	Assessed total body BMD	RESV
	[59]	female Wistar	control OVX-	on the 30 th and 60 th day	supresses miR-
		rats	OVX+phosphate-	following the	338-3p
		Human osteoblast (HOB)	buffered saline (PBS)/ + resveratrol (RSV) (500mg/kg) by intravenous injection	administration of RESV by DXA Measured the concentrations of calcium, phosphorus, creatinine in	followed by an increase in the expression of RUNX2 in HOB cells
			Cells were	the serum and urine; serum	
			transfected with 1µg	ALP and OC, urine DPD	
			anti-miRNA /negative control miRNA	miRNA expression array. Microarray analysis was performed using an Agilent	
				Whole Rat Genome	
				in vitro mineralization	
				assay bu using Alizarin Rad	
				S staining	
				dual luciferase reporter	
				assay to detect RUNX2	
				expression activity	
				qRT-PCR for RUNX2 and	
				miR-338-3p	
	Lin 2005	3 months of	6 groups: Sham-	T-BMD and L2-L5 BMD	Increased BMD
	[60]	age female	OVX-OVX +	by DXA at the 45 th and 90 th	at dose of 45
		Sprague-	diethylstilbestrol	day	RES mg/kg
		Dawley rats	0.03mg/kg/ trans-resveratrol (RES) 5/15/45 mg/kg for 90 days	Measured serum estradiol E2 Plasma Resveratrol concentration were assessed by LC-6A HPLC	Induced the endocortical bone formation, inhibited endocortical bone absorption

2.2.1 Terpenoids

  

	Alisol, Ferutin

Table 9 . Summary of preclinical and cell studies on dietary Terpenoids and bone turnover
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		Figure 5. Alisol A 24-acetate [6]	
	First author,	Study Design	Treatments	Measurements	Results
	year [ref.]				
	Hwang 2016	8-week-old	5 groups: Sham-	Measured serum Ca,	AA improved
	[6]	female	OVX-OVX+ β-	inorganic phosphorus	bone
		C3H/HeN mice	estradiol (E2)	(IP) and total	morphometric
			(0.03µg/day) +	cholesterol (TCHO)	parameters,
			alisol A 24-acetat	levels	increased serum
			(AA) at dose of 0.5 or 2µg/g BW for 6 weeks	Serum TRAP, E2 BALP by ELISA	ALP level, T cell numbers; inhibited TRAP activity
				Analysed intracellular	
				cytokines levels by	
				flow cytometry	
				Bone morphometric	
				parameters by µCT,	
				histological analysis by	
				Masson's trichrome	
				staining and HE for	
				femur	
	Cavani 2012	Female	6 groups: Sham-	Histomorphometric	Ferrutin inhibited
	[61]	Sprague-	OVX-	analysis of L4-L5 and	bone resorption,
		Dawley rats of	OVX+estradiol	femur	bone turnover
		7 weeks old	benzoate 1.5µg/rat twice a week+ Ferutinin 0.5 or 1 or 2 mg/kg/day for 30 days	Biochemical assay: Cal and Pi in serum and urine, urinary DPD, serum OC	markers Dose of 2mg/kg was more effective than lower doses

2.2.2 Alkanoids Table 10. Summary of preclinical and cell studies on dietary Alkaloids and bone turnover

  

				proteins and mRNA	expression but
				levels respectively	not translocation
				Immunofluorescence	
				confocal microscopy	
	Figure 6. Sephora flower, Sophoridine is an active compound in Sephora flower [8]
	First	Study Design	Treatments	Measurements	Results
	author,				
	year [ref.]				
	Zhao	In vivo: female	Sham-OVX-	Serum CTX-I, OCN by	SOP suppressed
	2017 [8]	FVB mice 8	Sham+Sephoridine	ELISA	bone loss
		weeks of age In vitro: Mice bone marrow macrophage (BMM)	(SOP) (15mg/kg/day)-OVX+SOP (15mg/kg/day) by intraperitoneal injection for 28 days BMM Cells were treated with a range of SOP	Histological evaluation of tibias by TRAP staining µCT analysis of femur in vitro, TRAP staining to cultured cells,	(recovery of trabecular bone in the proximal femurs, reduce of CTX-1 and increase of OCN levels
			concentrations (10-	Western blot and RT-	SOP inhibited
			90µg/mL) for 48h	PCR to detect c-FOS,	osteoclast
				NFATc1, various	differentiation,
				components of the	attenuated c-Fos
				MAPK and AKT	and NFATc-

Table 11 : summary of preclinical and cell studies on dietary Saponins and bone turnover
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			Figure 7. Ginsenoide-Rb2 [7]	
	First author,	Study Design	Treatments	Measurements	Results
	year [ref.]				
	Chiang 2011	2 months old	Sham-OVX-	Longitudinal view:	Increased tibiae and
	[63]	female	OVX+isoflavone (80	BMD of distal	femur BMD and OC
		Sprague	mg/kg/day) +	femur and proximal	levels
		Dawley	dioscorea powder (750mg/kg/day)+red mold dioscorea (RMD) 375 or 750mg/kg/day	tibia by PET/CT in vivo before OVX, 3 months after OVX, 3months after OVX+4 weeks after treatment	RMD-administrated rats had denser trabecular bone volume and a higher trabecular number
				Serum OC, ALP	Monacolin K and Diosgenin prevent
				µCT distal femoral	bone loss
				metaphysis ex vivo	
	Huang 2014	Murine	In vitro: Treated with	In vitro: ALP	Rb2 protected the
	[7]	MC3T3-E1	ginsenoide-Rb2 (Rb2)	activity, calcium	cells from H2O2
		cells	at dose of 0.1-10µM	mineralization	induced-
			for 24h before the		cytotoxicity,

Table 12
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		Study Design	Treatments	Measurements	Results
	Mackinnon	Control trial,	4 groups;	Measurements of	Lycopene
	2011 [66]	postmenopausal	intervention:	antioxidant capacity	supplementation
		women 50-60	regular tomato	(serum lycopene,	increased total
		years old (n=60)	juice, lycopene-rich	lutein/zeaxanthin and	antioxidant
			tomato juice,	α/β carotene) by	capacity,
			tomato lycopene	HPLC	decreased the
			capsules or placebo capsules, twice daily for total lycopene intakes of 30, 70, 30, and 0 mg/day respectively for 4 months	Measurements of oxidative stress parameters (serum protein thiols and lipid peroxidation) and endogenous antioxidant enzymes	oxidative stress parameters (lipid peroxiadation, protein oxidation) and the bone resorption marker NTx
				(NADPH)	
				Measurements of bone	
				turnover markers	
				(serum NTx, BAP by	
				ELISA)	

. Summary of clinical studies on dietary Lycopene and bone turnover First author, year [ref.]

Figure

8

. Structure of some major dietary carotenoids

[1] 

Table 13 :

 13 Summary of preclinical and cell studies on dietary Lycopenes and bone turnover

	First author,	Study Design Treatments	Measurements	Results
	year [ref.]				
	Liang 2012	2 months-old	6 groups: Sham-	Serum Ca, P	Lycopene
	[69]	Female	OVX -	concentration and ALP,	decreased ALP,
		Wistar rats	OVX+lycopene (20,	IL-6, Estrogen, BGP	IL-6
			30, 40 mg/kg for 8 weeks	Measurements of BMC, bone width (BW), BMD at middle and epiphysis of femur by DXA	concentration, enhanced serum estrogen level, BMD, BMC, stiffness
				Bone strength by three-	
				point bending test	

Table 14 :

 14 Summary of preclinical and cell studies on dietary polysaccharides and bone

	turnover				
	First author, year	Study Design	Treatments	Measurements	Results
	[ref.]				
	Xu 2018 [70]	In vitro:	Incubated with	Expression of	TPS inhibited
		RAW264.7 cells	TPS (1-80µg/ml)	marker genes and	osteoclast
		In vivo: 12 -week old female Wistar rats	for 48h 5 group: Sham -OVX-OVX+low-, medium-, high-	proteins by gene expression and immunoblotting analyses	differentiation and dose-dependently TPS treatment
			dose TPS (0.32,	Recorded body	improved blood
			0.64 and 1.28	weight,	biochemical
			g/kg bw by	biochemical	parameters and
			intragastric	markers, organ	femoral
			administration for	weight, organ	biochemical
			13 weeks	coefficients,	properties. And
				femoral length,	ameliorated bone
				BMD,	microarchitecture
				biochemical	in OVX rats
				properties, bone	
				microarchitecture	

Table 15 :

 15 Summary of clinical studies on dietary Statins and bone turnover

	First author,	Study Design	Treatments	Measurements	Results
	year [ref.]				
	Solomon 2005	Cross-sectional	Telephone	Developed linear	Statin users was
	[72]	survey (n= 339	interview to	regression	associated with
		women studied,	survey about OP	models adjusting	a significant
		underwent BMD	risk factors, use	for known	higher t-score at
		measure, 162 were	HRT, OP	confounders	the total hip and
		current or past users	medications and		a trend toward
		of statin)	statin exposure		higher that at the
					lumbar spine
	Tikiz 2004 [73] Prospective study	Treated with	Pre and post-	Increased BAP
			Simvastatin	treatment	and OC levels
		38 postmenopausal	started at a dose	samples were	
		women with hypercholesterolemia,	of 30mg/ day for 3 months	analysed BAP, OC, CTX, IL-6,	Decreased TNF-α level
		not on OP treatment		TNF-α	Individual
					changes in TNF-
					α levels showed
					a moderate
					negative
					correlation with
					those in BAP
					and OC

Table 16 :

 16 Summary of preclinical and cells studies on dietary Statins and bone turnover

	First author, year	Study Design	Treatments	Measurements	Results
	[ref.]				
					Administration of
	Wang 2015 [74]	Sprague-	6 groups (n=10	BMD analysis by	RYR extract
	Monacolin K	Dawwley rats at the age of 6	each group): Sham-OVX-	DXA Serum bone	increased BMD in OVX rats,
		months old	OVX+fluvastatin	markers (TRAP,	decreased the
		In vitro: osteoblast cells	(5mg/kg bw/day)/ red yeast rine (RYR) extract	OC) In vitro:	levels of bone turnover markers
		isolated from rat calvariae	(1.56, 3.12 or 6.24g/kg bw) by	MTT assay	Improved the osteoblast
			oral gavage for	RT-PCR for	vabilities in a
			Cultured cells	BMP2, BMP4	dose dependent manner,
			with different	Western blot to	enhanced the
			doses of RYR (0,	detect BMP2 and	expression of
			50,100,150µM)	BMP4 proteins	BMP2, BMP4
			for 48h		
			Part 1: 4 groups		
	Oxlund 2003 [75] 4 months old	(n=15/group):	Mechanical three	Increased the
		Wistar female	Baseline-Sham-	point bending of	tibial diaphysis
		rats	OVX-	tibia diaphysis	strength and
			OVX+simvastatin (20mg/kg daily at 8-9 AM and 20mg/kg at 3-4 PM) by gastric tube for 90 days	Mechanical proximal-distal compression of the femoral metaphysis, vertebral body	periosteal BFR at the mid diaphysis and serum OC Reduced the cancellous bone loss and serum
			injected with	specimens	TRAP
			25mg/kg of tetracycline 11 days before killing and 15mg/kg calcein killing 4 days before	prepared from L6, vertebral body cancellous bone prepared from L5 diaphyseal bone Tibia mid-	Simvastatin reduced the loss of cancellous bone induced by ovariectomy
			part 2: 3 groups,	formation rate	
			n=8/group sham-OVX-OVX+simvastatin	BMD, BMC femur by DXA	
			for 30 days	Part 2: Serum	
				bone markers	
				(OC, TRAP-5b)	

Table 17
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	First author,	Study Design Treatments	Measurements	Results
	year [ref.]				
	Choi 2011	12 weeks-old	3 groups (n=5 each	BMD of femur by DXA	SAC treatment
	[78]	female SPF Sprague-Dawley rats	group): Sham-OVX-OVX treated with SAC (0.0012% in	Strength of femur by three-point bending test	restored the decreased 17-estradiol,
			drinking water) for	Ca and phosphorus	increased OC and
			12 weeks following 3	contents by atomic	CTx concentration
			weeks post-operation	absorption spectrophotometry serum 17β-estradiol, CTx, OC	recovered decreased femoral strength, BMD, Ca and P contents
					SAC effectively
					improve bone
					density by
					preventing bone
					turnover mediated
					OC, CTx and
					minerals
	Khalil 2018	Adult albino	6 groups (n=10 each	Recorded weight,	Treatment OVX
	[77]	female rats,	group): Sham-OVX-	length of right	rats with BVC at
		aged 14-15	OVX+SAC1/2	proximal, distal and	low or high dose
		weeks	(0.0012% or	total femur	increased BMD

. Summary of preclinical and cell studies on biominerals and bone turnover

Table 3 .

 3 Summary of nacre properties on bone cells and tissues

	Biocompatibility:
	-Non-toxic to the human body after intraosseous implantation
	-Well-tolerated in oral administration
	Effects on bone formation
	-Osteogenic activity in bone implantation
	-Biodegradable and induice the formation of normal bone in in vivo
	-attract and stimulate the activity of osteoblasts in vitro
	-antioxydant properties
	Effects on bone resorption:
	-inbihit cathepsin K
	-reduce the resorption activity of osteoclasts

  1,3 1 U1059 SAINBIOSE, INSERM, Jean Monnet University, University of Lyon, Mines Saint-Etienne, Saint-Etienne, France 2 Department of Rheumatology, Hôpital Nord, CHU Saint-Etienne, Saint-Etienne, France 3 University of Lyon, INSA-Lyon, CNRS, MATEIS (UMR 5510), Villeurbanne, FranceABSTRACTNacre has emerged as a beneficial natural product for bone cells and tissues, but its effect was only studied by gavage in the ovariectomized mouse model. We sought to assess the antiosteoporotic effect of nacre through a nutritional supplementation in the ovariectomized rat model. Sixteen-week-old female Wistar rats were either Sham-operated or bilateral ovariectomized (OVX) and then fed with standard diet (Sham and OVX groups) or standard diet supplemented with either 0.25% CaCO 3 or nacre (OVX CaCO 3

and OVX Nacre group, respectively) for 28 days (n = 10/group). The bone microarchitecture was assessed at appendicular and axial bones by micro-computed tomography (μCT). Histomorphometric analysis was performed to determine cellular and dynamic bone parameters. Bone metabolism was also evaluated by biochemical markers and gene expression levels. Nacre-based diet prevented the OVX-induced bone loss better than that of the CaCO 3 supplement, given the significant changes in trabecular bone volume fraction (BV/TV) both at the femoral distal metaphysis (difference, 35%; p = 0.004) and at the second lumbar spine (difference, 11%; p = 0.01). Trabecular osteoclast surfaces (Oc.S/BS) were also 1.5-fold lower at the tibial proximal metaphysis in OVX Nacre group compared with OVX CaCO 3 group (p = 0.02) . By principal component analysis (PCA), OVX Nacre group formed a cluster away from OVX group and with a trend closest to Sham group. These data were consistent with biological measurements demonstrating a positive profile related to nacre supplementation, which blunted an increase in serum CTX level and enhanced serum P1NP secretion 14 days post-OVX compared with CaCO 3 supplementation. Bmp2 mRNA expression in OVX Nacre group was +1.76-fold (p = 0.004) and +1.30fold (p = 0.20) compared with OVX and OVX CaCO 3 groups, respectively. We conclude that supplementation with nacre could effectively limit bone loss induced by estrogen deficiency just after OVX in rats by modulating the negative imbalance of bone turnover. © 2022 The Authors. JBMR Plus published by Wiley Periodicals LLC on behalf of American Society for Bone and Mineral Research.

KEY WORDS: BONE; NACRE; OSTEOPOROSIS; OVARIECTOMY; RATS

  14 days post-OVX, a weight difference of approximately 12% was observed between OVX and Sham groups (254.85 AE 8.75 versus 228.6 AE 9.82 g, p < 0.001). The final body weights of OVX and Sham groups at day 28 were 271.27 AE 2.25 g and 237.25 AE 9.6 g (p < 0.001),respectively. The uterus weight of OVX rats was significantly lower than that of Sham (p < 0.001) due to estrogen deficiency-induced uterine atrophy. No significant difference in uterine weight between the different OVX groups was observed (data not shown).

Table 1 .

 1 -fold, 2.37 versus Trabecular Bone Morphology at Baseline and Follow-Up in the Proximal Tibias in the Sham and OVX Rats (In Vivo Longitudinal Study)

				Group		
	Characteristic (unit)	Estimate	Sham	OVX	OVX CaCO₃	OVX Nacre
	BV/TV (%)	Baseline	38.42 (7.95)	41.34 (6.21)	40.34 (8.33)	41.47 (5.56)
		Follow-up	39.39 (8.73)	18.64 (5.37)	17.84 (6.73)	21.69 (6.41)
		Adjusted follow-up	41.3	18.5 ***	17.8 ***	21.4 ***
	Conn.D (1/mm 3 )	Baseline	135.75 (20.96)	142.42 (18.54)	134.99 (24.92)	140.13 (16.22)
		Follow-up	139.68 (23.88)	70.64 (27.25)	64.14 (32.0)	81.42 (31.06)
		Adjusted follow-up	142.2	68.0 ***	63.2 ***	81.2 ***
	Tb.N (1/mm)	Baseline	5.17 (0.53)	5.37 (0.44)	5.28 (0.62)	5.37 (0.33)
		Follow-up	5.24 (0.60)	3.87 (0.60)	3.71 (0.79)	4.20 (0.68)
		Adjusted follow-up	5.37	3.82 ***	3.71 ***	4.17 **
	Tb.Th (mm)	Baseline	0.09 (0.01)	0.09 (0.01)	0.09 (0.01)	0.09 (0.01)
		Follow-up	0.09 (0.01)	0.07 (0.01)	0.07 (0.01)	0.08 (0.01)
		Adjusted follow-up	0.09	0.07 ***	0.07 ***	0.08 ***
	Tb.Sp (mm)	Baseline	0.16 (0.03)	0.15 (0.02)	0.16 (0.03)	0.15 (0.01)
		Follow-up	0.16 (0.03)	0.25 (0.05)	0.27 (0.09)	0.22 (0.04)
		Adjusted follow-up	0.15	0.25 **	0.27 ***	0.23*
	SMI a	Baseline	0.68 (0.86)	0.52 (0.60)	0.50 (0.74)	0.52 (0.62)
		Follow-up	0.55 (0.90)	2.38 (0.32)	2.40 (0.38)	2.24 (0.43)
		Adjusted follow-up	0.45	2.38 ***	2.40 ***	2.24***

OVX = ovariectomized; CaCO 3 = calcium carbonate; BV/TV = trabecular bone volume/tissue volume; Conn.D = connectivity density; Tb.N = trabecular number; Tb.Th = trabecular thickness; Tb.Sp = trabecular spacing; SMI = structure model index. Microarchitectural parameters were adjusted for individual values at baseline (start point) by using the analysis of covariance generalized linear model described in the text. Values are mean (standard deviation), n = 10 per group. a For the structure model index: 0 parallel plates, 3 cylindrical rods, and 4 spheres. *p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; *versus Sham. JBMR ® Plus NACRE SUPPLEMENTATION LIMITS BONE LOSS 5 of 13 n

Table 2 .

 2 μCT-Derived Trabecular Bone Microarchitectural Parameters in the Second Lumbar Spine (LS 2 ) in Ex Vivo Cross-Sectional Study

			Group		
	Characteristic (unit)	Sham	OVX	OVX CaCO₃	OVX Nacre	p Value a
	BV/TV	0.41 (0.37-0.42)	0.36* (0.35-0.39)	0.35** (0.34-0.35)	0.39 #$$ (0.38-0.41)	0.01
	Conn.D (1/mm 3 )	102.28 (88.38-106.24)	87.87 (85.35-96.85)	90.19 (84.24-92.17)	88.98 (79.97-94.33)	>0.10
	Tb.N (1/mm)	4.79 (4.60-5.02)	4.50** (4.39-4.57)	4.25*** # (4.20-4.39)	4.45* $ (4.35-4.64)	0.001
	Tb.Th (mm)	0.08 (0.08-0.09)	0.08 (0.08-0.08)	0.08 (0.08-0.08)	0.09 (0.08-0.09)	>0.10
	Tb.Sp (mm)	0.18 (0.17-0.19)	0.20* (0.19-0.20)	0.21** # (0.20-0.22)	0.20* $ (0.19-0.20)	0.001
	SMI b	À0.74 (À0.84-0.16)	À0.29* (À0.44-0.12)	À0.21 (À0.30-0.01)	À0.52 (À0.73-0.39)	0.03

Table 3 .

 3 Summary of Representative Parameters of Trabecular Bone Analysis in Different Skeletal Sites Using Ex Vivo μCT

	Bone site	Trabecular parameters	OVX Nacre versus OVX #	OVX Nacre versus OVX CaCO 3 $
	Femoral distal metaphysis	BV/TV	0.07 (0.04 # )	0.08 (0.004 $$ )
		Tb.Th (mm)	0.01 (0.10)	0.01 (0.03 $ )
		Tb.N (1/mm)	0.54 (0.03 # )	0.93 (0.002 $$ )
		Tb.Sp (mm)	À0.03 (0.05 # )	À0.07 (0.002 $$ )
	Second lumbar spine (LS 2 )	BV/TV	0.03 (0.04 # )	0.04 (0.01 $$ )
		Tb.Th (mm)	0.01 (>0.10)	0.01 (>0.10)
		Tb.N (1/mm)	À0.05 (>0.10)	0.20 (0.03 $ )
		Tb.Sp (mm)	0.00 (>0.10)	À0.01 (0.02 $ )
	Tibial proximal metaphysis	BV/TV	0.01 (0.09)	0.06 (0.07)
		Tb.Th (mm)	0.01 (>0.10)	0.01 (0.05 $ )
		Tb.N (1/mm)	0.18 (>0.10)	0.52 (0.01 $$ )
		Tb.Sp (mm)	0.00 (>0.	

Table 4 .

 4 Histomorphometry of Trabecular Bone in the Proximal Tibias of Sham and OVX Rats

			Group (no. of rats)		
	Type of index (unit)	Sham (9)	OVX (10)	OVX CaCO₃ (9)	OVX Nacre (10)	p Value a
	Static indices					
	N.Oc/B.Ar (c/mm 2 )	38.99 (36.21-43.10) 122.11*** (103.22-133.25) 68.60** ### (44.76-75.39) 46.11 ### (42.02-62.08) <0.001
	N.Oc/B.Pm (c/mm)	0.80 (0.76-0.85)	2.41*** (2.16-2.71)	1.44** ## (1.03-1.64)	0.98 ### (0.78-1.34)	<0.001
	Oc.S/BS (%)	0.62 (0.54-0.70)	2.11*** (1.70-2.51)	1.06*** ### (0.84-1.31)	0.71 ###$ (0.63-0.97)	<0.001
	Oc.Le (μm)	15.82 (15.33-17.52)	19.38 (16.34-18.97)	16.94 (15.34-18.01)	16.30 (15.14-17.41)	>0.10
	Dynamic indices					
	sLS/BS (%)	1.97 (1.77-2.40)	6.29** (3.51-8.19)	6.17*** (3.87-6.93)	5.42*** (4.71-5.89)	<0.001
	dLS/BS (%)	0.70 (0.53-1.23)	4.22** (3.38-5.86)	4.23* (0.67-6.47)	3.62 (1.32-5.09)	0.02
	MAR (μm/d)	1.34 (1.29-1.49)	1.44 (1.01-1.62)	1.74 # (1.63-1.91)	1.45* $ (1.36-1.52)	0.04
	MS/BS (%)	1.74 (1.32-2.60)	7.73*** (5.39-9.37)	6.07*** (4.26-9.56)	6.17*** (2.32-7.73)	<0.001
	BFR/BS (μm 3 /μm 2 /d) 3.12 (2.84-3.76)	9.20*** (6.30-10.91)	7.81*** (6.94-11.37)	7.68*** (4.97-9.24)	<0.001

OVX = ovariectomized; CaCO 3 = calcium carbonate; N.Oc/B.Ar = Osteoclast Number per Bone Area; N.Oc/B.Pm = Osteoclast Number per Bone perimeter; Oc.S/BS = Osteoclast Surface per Bone Surface; Oc.Le = Osteoclast Length; sLS/BS = single-labeled surface per bone surface; dLS/BS = double-labeled surface per bone surface; MAR = mineral apposition rate; MS/BS = Mineralizing Surface per Bone Surface; BFR/BS = bone formation rate/bone surface. Post hoc pairwise comparisons were conducted using Mann-Whitney-Wilcoxon unpaired tests with the Benjamini-Hochberg adjustment. Values are median (interquartile range). The p values in bold indicate statistical significance at level of 5% (p ≤ 0.05). a Kruskal-Wallis test. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; *versus Sham; # versus OVX; $ versus OVX CaCO₃. JBMR Plus (WOA) n 10 of 13 NGUYEN ET AL.

Table S1 . Composition of experimental diets.

 S1 Sham and OVX groups = standard diet, ‡ OVX CaCO3 and OVX Nacre groups = standard diet supplemented with 0.25% CaCO3 or nacre powder, respectively.

				OVX	
	Composition	Standard Sham †	Standard OVX †	CaCO3 supplement OVX CaCO3 ‡	Nacre supplement OVX Nacre ‡
	Acid amin Mix (g/kg) a	21.5	21.5	21.5	>21.5*
	Fat acid Mix (g/kg) b	19.8	19.8	19.8	>19.8*
	Vitamin Mix (g/kg) c	1.72	1.72	1.72	1.72
	Soya trace	free	free	free	free
	Mineral Mix (g/kg) d	27.84	27.84	28.84	28.79
	Calcium included	8.5	8.5	9.5	9.45
	Note: †				

*Pinctata maxima's nacre contains 2.7% organic matrix

(Bourrat X et al., CrysEngComm, 2007 

Table S2 . The supplemental information used in bone morphology analysis by µCT.

 S2 

	Bone site	Voxel size	Gaussian filter	Threshold	Dimension (mm)	Type of study
		(µm 3 )	Sigma	Support	(mg/cm 3 )	Acquisition	Evaluation	In vivo	Ex vivo
	Trabecular	15	1	2	190	6.32 [421]	2.21 [147]	x
	proximal tibia							
	Cortical proximal	15	0.8	1	260	6.32 [421]	0.87 [58]	x
	tibia							
	Trabecular	10.5	1	2	190	4.42 [421]	1.54 [147]		x
	proximal tibial							
	metaphysis							
	Cortical tibial	10.5	0.8	1	260	2.22 [211]	0.62 [59]		x
	diaphysis							
	Trabecular distal	10.5	1.5	2	290	6.63 [631]	1.54 [147]		x
	femoral							
	metaphysis							
	Cortical femoral	10.5	0.8	1	260	2.15 [205]	0.91 [87]		x
	diaphysis							
	Trabecular 2 nd	10.5	1.2	2	240	6.50 [619]	3.64 [347]		x
	lumbar spine							
	Note: The number of slices was indicated in square brackets [].			

Table S3 . Primer sequences used in this study

 S3 

	Genes (protein encoded)	Sense (5'-3')	Antisense (5'-3')
	Hprt1	GTTGGATACAGGCCAGACTT	GCCACATCAACAGGACTCTT
	Runx2 (RUNX2)	CAGACCAGCAGCACTCCATA	CGCCAGACAGACTCATCCAT
	Bglap (Osteocalcin)	CAACTCGGTGCAGACCTAGC	GAGGTAGCGCCGGAGTCTAT
	Spp1 (Osteopontin)	GGAGAAGGCGCATTACAGCA	CGTCATCGTCGTCGTCATCA
	Sparc (Osteonectin)	AGGTGTGCAGCAATGACAAC	ATTCGGTCAGCTCAGAATCC
	Col1a2 (Collagen type 1 α2)	ATTGCGTACCTGGACGAGGA	GGCAGGCGAGATGGCTTATT
	Bmp2 (BMP-2)	TTGAGGCTGCTCAGCATGTT	CTCGATGGCTTCTTCGTGAT
	Nfatc1 (NFATc1)	CGTGGAGAAGCAGAGCACAG	CTTGCACAGGTCTCGGTCAG
	Acp5 (TRAP)	CAGCCAAGGAGGACTATGTT	ACACCGTTCTCATCCTGAAG
	Cathepsin K (Cathepsin K)	AGTGCCACCTTCGCGTTCCT	TAGCCGCCTCCACAGCCATA
	Rank (RANK)	ATCGTCCTGCTCCTCTTCAT	ACTTCTTGCTGGCTGGAGTT
	Rankl (RANKL)	GACAGCACGCGCTGCTTCTA	CCACATCGAGCCACGAACCT

Table 2 Up and down-regulated proteins in plasma OVX rats supplemented with Nacre (n=12) versus Standard (n=11) diets.
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	Accession	Description

Table 3 Up and down-regulated proteins in plasma OVX rats supplemented with Nacre (n=11) versus CaCO3 (n=12) diets.
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Table 5 Strength and limit of mice models

 5 

	Advantages	Disadvantages
	• Genetically similar to human	• Cost versus 2D cell culture in vitro approaches
	• Small, low cost compared to higher species	• Ethics/ replacement, reduction and refinement
	• Many offspring	(3Rs)
	• Mature (relatively) quickly	• Species differences between mice and human

Table S1 . Primer sequences used in this study

 S1 

	Genes (protein encoded)	Sense (5'-3')	Antisense (5'-3')
	Hprt1	tgttggatacaggccagact	caacttgcgctcatcttagg
	Runx2 (RUNX2)	gacactgccacctctgactt	gcaggtacgtgtggtagtga
	Spp1 (Osteopontin)	cccggtgaaagtgactgattc	atggctttcattggaattgc
	Sparc (Osteonectin)	aggtatgcagcaatgacaac	attcagtcagctcggaatcc
	Bmp2 (BMP-2)	gatctgtaccgcaggcactc	gttcctccacggcttcttcg
	Acp5 (TRAP)	ggcaacgtctctgcacagat	ttgagccaggacagctgagt
	Cathepsin K (Cathepsin K)	tgaccactgccttccaatac	tgccgtggcgttatacatac
	Sost (Sclerostin)	tcctcctgagaacaaccagac	tgtcaggaagcgggtgtagtg

Table 1 .

 1 Comparison of raw and body weight-adjusted values of whole femur mechanical properties measured by three-point bending (A) Standard (n=9; body weight = 27.27 (4.57) g) and CaCO3 (n=11; body weight = 24.75 (3.22) g)

	Characteristic	Unadjusted
	(unit)	

3.80 (1.06) 28% 5.10 (1.36) 27% 0.32 to 2.31

  

					4.31 (0.84)	4.79 (0.91)	-0.11 to 1.26
					19%	19%	
	Fmax (N)	14.69 (2.80)	17.0 (1.34)	0.68 to 3.71	14.80 (2.79)	16.70 (0.97)	0.28 to 3.31
		19%	8%		19%	6%	

Table S3 .

 S3 µCT (Scanco) parameters of trabecular and cortical bone at Baseline and Follow-up in the proximal tibiae and midshaft, respectively in the mice (in vivo longitudinal study) Microarchitectural parameters were adjusted for individual values at Baseline (Start point) by using the analysis of covariance generalized linear model described in the text. † For the structure model index, 0 indicates parallel plates, 3 cyclindrial rods, and 4 spheres Values are mean (standard deviation), n=10 per Standard or CaCO3 group, n=6 per Nacre group. a p<0.05, aa p<0.01; a vs Standard, b vs. CaCO3

	Characteristic	Estimate	Group (No. of mice)	
	(unit)		Standard (10)	CaCO₃ (10)	Nacre (6)
	(A) Trabecular parameters (proximal tibia)		
	BV/TV	Baseline	0.02 (0.006)	0.02 (0.007)	0.02 (0.006)
		Follow-up	0.02 (0.01)	0.02 (0.02)	0.03 (0.01)
		Adjusted follow-up	0.02	0.02	0.03
	Conn.D	Baseline	2.93 (2.44)	4.67 (4.35)	4.93 (1.65)
	(1/mm 3 )	Follow-up	3.84 (4.80)	4.04 (5.18)	18.19 (20.18)
		Adjusted follow-up	5.18	3.31	17.16 bb
	Tb.N	Baseline	2.03 (0.80)	1.74 (0.23)	1.62 (0.27)
	(1/mm)	Follow-up	1.94 (0.82)	1.59 (0.24)	1.58 (0.10)
		Adjusted follow-up	1.77	1.66	1.75
	Tb.Th	Baseline	0.05 (0.007)	0.05 (0.005)	0.05 (0.006)
	(mm)	Follow-up	0.05 (0.01)	0.06 (0.007)	0.05 (0.005)
		Adjusted follow-up	0.05	0.06	0.05
	Tb.Sp	Baseline	0.55 (0.13)	0.60 (0.07)	0.64 (0.10)
	(mm)	Follow-up	0.58 (0.16)	0.65 (0.10)	0.62 (0.12)
		Adjusted follow-up	0.60	0.65	0.59
	SMI †	Baseline	2.18 (0.36)	2.19 (0.36)	1.95 (0.40)
		Follow-up	2.16 (0.30)	2.19 (0.62)	1.81 (0.40)
		Adjusted follow-up	2.16	2.18	1.83
	BMD	Baseline	1010.22 (36.41)	1018.25 (34.95)	1005.98 (14.83)
	(mg/cm 3 )	Follow-up	1006.31 (47.07)	1009.36 (31.82)	991.46 (28.35)
		Adjusted follow-up	1008	1006	996
	(B) Cortical parameters (midshaft tibia)		
	Ct.Ar	Baseline	0.62 (0.07)	0.62 (0.08)	0.70 (0.06)
	(mm²)	Follow-up	0.65 (0.08)	0.63 (0.04)	0.69 (0.07)
		Adjusted follow-up	0.66	0.64	0.67
	Ct.Th	Baseline	0.14 (0.008)	0.14 (0.01)	0.16 (0.02)
	(mm)	Follow-up	0.14 (0.01)	0.14 (0.01)	0.16 (0.03)
		Adjusted follow-up	0.14	0.14	0.15
	Ma.Ar	Baseline	0.67 (0.09)	0.68 (0.06)	0.69 (0.13)
	(mm²)	Follow-up	0.73 (0.07)	0.70 (0.08)	0.65 (0.11)
		Adjusted follow-up	0.73	0.70	0.65 a
	TMD	Baseline	1270 (45)	1260 (38.5)	1260 (26.5)
	(mg/cm 3 )	Follow-up	1240 (48.8)	1240 (30.7)	1290 (23.7)
		Adjusted follow-up	1239	1243	1285
	Ct.Po	Baseline	10.2 (5.82)	9.09 (3.23)	7.36 (1.22)
	(%)	Follow-up	11.3 (4.0)	8.62 (1.96)	7.51 (2.06)
		Adjusted follow-up	10.75	8.64	8.47

Table S2 .

 S2 Densitometry parameters measured by PIXImus at Baseline and Follow-up in the whole body except the head of mice in the in vivo longitudinal study Parameters were adjusted for individual values at Baseline (Start point) by using the analysis of covariance generalized linear model described in the text. Fat mass was calculated by multiplying %Fat and Total Tissue Mass (TTM) Lean mass was calculated by subtracting Fat mass from TTM Values are mean (standard deviation). n=6 per Standard group, n=7 per CaCO3 or Nacre groups

	Characteristic	Estimate	Group (No. of mice)	
	(unit)		Standard (6)	CaCO3 (7)	Nacre (7)
	BMD	Baseline	0.05 (0.002)	0.05 (0.001)	0.05 (0.002)
	(mg/cm²)	Follow-up	0.05 (0.003)	0.05 (0.002)	0.05 (0.003)
		Adjusted follow-up	0.05	0.05	0.05
	BMC	Baseline	0.46 (0.05)	0.46 (0.03)	0.44 (0.03)
	(g)	Follow-up	0.50 (0.05)	0.49 (0.05)	0.46 (0.02)
		Adjusted follow-up	0.05	0.05	0.05
	Fat mass	Baseline	6.13 (3.61)	3.45 (1.24)	4.03 (1.05)
	(g)	Follow-up	3.05 (1.48)	2.69 (0.68)	3.14 (0.55)
		Adjusted follow-up	2.46	3.04	3.29
	Lean mass	Baseline	19.38 (1.61)	17.79 (1.20)	17.55 (1.74)
	(g)	Follow-up	18.37 (1.87)	16.99 (1.53)	18.04 (1.51)
		Adjusted follow-up	17.5	17.3	18.5
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Main text

evaluate the food consumption during period of study to estimate the true intake of calcium under nacre or CaCO3 diets per animal per day. Because an argument about appetite given by these substances could explicate the difference in final results.

Hence, we tried to measure the food consumption of rats in the second study during 1 month, to have at least an evaluation of calcium intake.

Hypothesis about action mechanisms of nacre against bone loss in living animals

Two published studies tested the effect of nacre or nacreous factors in OVX mice model by either digestion way (gavage) (13) or vein injection of protein encoded virus (21) . They indicated that nacre and its factors prevented osteoporotic bone loss associated with estrogen deficiency. To understand the action mechanisms of nacre on bone, they conducted also the in vitro experiments by culturing osteoblast and osteoclast precursors and exposing them to nacreous factors. The conclusive results

were that nacre factors regulated both osteoblast and osteoclast function, so mediated bone remodeling. In our project, the Pinctada maxima's nacre powder has been integrated in daily foods for animals. Our results showed the coherence with previous studies in findings of improvement in bone microstructure and bone strength, given that nacre rescued the bone integrity in estrogen depletion and aging status. However, we aimed to explain the activities of nacre on bone homeostasis in the living rodents and over time, not through in vitro cells culture. We asked us whether the nacreous factors maintain the same biological characteristics on bone cell after oral administration and digestion, and how they interact with other signaling molecules in organism. Based on the results obtained during this thesis, I outlined in the schema the action mechanisms of nacre in ovariectomized rat and aged mice models (Figure 23).

NUTRANACRE is a double-blind, randomized trial performed at multi centers in France. In this trial, 200 postmenopausal women will be included according to the criteria and randomized into 2 groups (n=100/ group). The control group will use the capsules containing 800 mg CaCO3 per day, the testing group use the ones containing 800 mg Pinctada's nacre powder per day 1 year long. All participants will be examined clinically, measured BMD at lumbar spine by DXA, the blood collected in the morning before 10am at the beginning ant the end of the study. The principal outcome is BMD variation after 1 year of intervention. The secondary outcomes are the changes of BTMs (CTX, P1NP). In addition, the blood analysis for current parameters (i.e., hemogram, vit D, Phosphate, Calcium, PTH…) will be done in the same blood samples. The monitoring of side effects, particularly in digestion system, will be taken in account each 3 months. This trial will be finished in mid 2025.

Conclusion and perspectives

We performed two different rodent models recommended in osteoporotic preclinical research to determine the beneficial effect of nacre on bone loss. Besides of model selection, our methodology has been conducted by techniques widely used in almost studies about novel agent against osteoporosis. Based on the results of this project and combined with published studies, we hope that the next projects will be focused on nacre's action mechanisms at the level of molecules and cells. The ambition will be to developpe nacre supplementation, which could become one of prevention strategies of osteoporosis. NUTRANACRE study is a promising project, which allows to advance in research for anti-osteoporotic ability of nacre in human.