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Osteoporosis refers to excessive bone loss as reflected by the deterioration of bone mass and microarchitecture, which
compromises bone strength. It is a complex multifactorial endocrine disease. Its pathogenesis relies on the presence of
several endogenous and exogenous risk factors, which skew the physiological bone remodelling to a more catabolic
process that results in net bone loss.
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| 1. Introduction

The world has been experiencing an increase in lifespan due to improved medical care and living environment, but this
has not kept pace with the increase in healthy life expectancy . Ageing causes multiple adverse physiological changes
to the body due to the lifetime accumulation of molecular and cellular damage . Among these geriatric diseases, the
ageing of the skeleton is one aspect often overlooked by the community and medical professionals alike. Generally,
humans achieve peak bone mass in the third decade of life, but the exact age varies with sex and skeletal sites &1, After
peaking, both sexes experience a decline in bone mass ¥, which is accelerated during menopause in women .

Osteoporosis is a skeletal disease characterised by reduced bone strength due to deteriorating bone mass and bone
microarchitecture, leading to increased susceptibility to fracture €. Owing to a lower peak bone mass and faster bone loss
during menopause, women are at greater risk for osteoporosis than men . While the development of osteoporosis is
mostly asymptomatic, its ultimate consequences, i.e., fragility fractures, pose tremendous medical and economical
challenges to the patients and society [4. Despite the availability of effective therapy, a substantial number of patients with
osteoporosis remain untreated [,

| 2. Pathophysiology of Osteoporosis

The traditional pathophysiological models of osteoporosis are based on endocrine mechanisms. Two examples are
estrogen deficiency in postmenopausal women and secondary hyperparathyroidism in the elderly due to menopause and
vitamin D deficiency. In reality, osteoporosis is a multifactorial disease caused by a complex interplay of genetic, intrinsic,
exogenous, and lifestyle factors [,

A basic understanding of the bone remodelling cycle will facilitate the discussion on the pathophysiology of osteoporosis
(Figure 1). Osteoclasts, osteoblasts, and osteocytes are the three main players in bone remodelling. When bone damage
occurs, the macrophage polykaryon-derived osteoclasts migrate to the damage site and perform bone resorption 19, At
the end of bone resorption, osteoclasts undergo apoptosis and produce apoptotic bodies that may play a role in the
subsequent osteogenesis 9. After the reversal phase, the mesenchymal stem cell-derived osteoblasts will migrate to the
cavity and perform bone formation . Some osteoblasts will be embedded in the bone matrix they synthesise and
differentiate into osteocytes. Osteocytes act as a mechanosensor and play regulatory roles in regulating the bone
remodelling process through signalling proteins and via perilacunar remodelling directly 221,
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Figure 1. Bone remodelling cycle. The bone remodelling cycle is governed by osteoclasts, osteoblasts and osteocytes
derived from the respective stem cell lineage. The differentiation of osteoclasts is stimulated by the receptor activator of
nuclear factor kappa-B ligand (RANKL) and macrophage colony-stimulating factor (MSCF) and inhibited by
osteoprotegerin (OPG) synthesised by osteoblasts and osteocytes. The osteogenesis of osteoblasts is inhibited by
sclerostin and Dickkopf-1 synthesised by osteoblasts. Notes: +, promoting factor; —, inhibiting factor.

The bone remodelling process is coordinated delicately to maintain bone mineral homeostasis and strength. The
differentiation of osteoclasts is stimulated by the receptor activator of the nuclear factor kappa-B (NF-kB) ligand (RANKL)
and macrophage colony-stimulating factor (MSCF), and inhibited by osteoprotegerin (OPG) synthesised by osteoblasts
and osteocytes 13, The osteocytes synthesised sclerostin and Dickkopf-1 that inhibits the Wnt signalling pathway and
osteogenesis by osteoblasts 14, Bone loss occurs when the rate of bone formation is lower than bone resorption 12!,

Many factors can influence the bone remodelling process, skewing it towards a catabolic direction. Estrogen deficiency
due to menopause-associated cessation of ovarian function is a well-established cause of bone loss 28, Recent studies
showed that bone loss begins during the menopause transition due to the increase in circulating follicle-stimulating
hormone 14, Estrogen deficiency may even explain age-related bone loss in elderly men since androgens are converted
to estrogens via the aromatase enzyme and exert bone protective effects 1819, The effects of estrogen deficiency have
been replicated consistently in female castrated animals. The effects of estrogen deficiency on bone loss are mediated by
the direct modulation of osteoblast, osteoclast, and osteocyte physiology via estrogen receptors on these cells. In
particular, estrogen deficiency increases osteoclasts’ differentiation and survival, and causes the opposite effects on
osteoblasts and osteocytes [29. Estrogen deficiency is also linked to increased inflammation and oxidative stress, which
further promotes bone loss 24, Epidemiological studies have shown that estrogen deficiency is associated with increased
pro-inflammatory cytokine production by peripheral blood mononuclear cells in women without comorbidities 22,

Recent studies have placed T cells (CD4+) in the central role of inflammation-induced osteoporosis. In particular, Th17
cells secrete several proinflammatory cytokines, such as interleukin (IL)-1, IL-6, IL-17, RANKL and tumour necrosis factor
(TNF) and interferon (IFN)-y, which are pro-osteoclastogenesis. Thl7 also facilitates the secretion of RANKL by
osteoblasts and osteocytes to support osteoclastogenesis 23], Regulatory T (Treg) cells, which express transcription factor
FOXP3 and are responsible for preventing excessive immune reactions and inflammation, have been shown to have an
anti-osteoclastogenic role 241, In a study, ovariectomised FoxP3-transgenic mice have been reported to be protected from
bone loss, and the transfer of Treg to T cell-deficient RAG-17"~ mice improves the bone mass of these mice 2. These
findings showed the importance of Treg in suppressing bone loss independent of other T-cells. Another study showed that
IL-15 produced by dendritic cells is critical in activating the synthesis of IL-17A and TNF-a by memory T cells, and
contributes to bone loss in ovariectomized mice 28, Recent studies also revealed that a unique subset of CD4 + CD28—
T-cells have higher pro-inflammatory and pro-osteoclastogenic properties than the usual CD28+ T-cells [24. Apart from T
cells, B cells abundantly found in the bone marrow are a significant source of OPG, RANKL and MCSF that regulate
osteoclastogenesis 28],

Recent studies also have unveiled the relationship between the gut microbiome and bone health. Compared to normal
individuals, patients with osteoporosis show an increased abundance of Actinomyces, Eggerthella, Clostridium Cluster
XIVa and Lactobacillus 29, The gut microbiome could regulate bone remodelling through several mechanisms, such as
modulating the activation of lymphocytes and inflammation, influencing hormone and nitric oxide levels, altering the
metabolism of vitamin D and calcium absorption, as well as regulating the intestinal-brain axis 9. Of note, the immune
system plays an important role in mediating the gut-bone axis. For instance, lymphocyte-deficient mice did not experience
bone loss due to antibiotic-induced dysbiosis 1. Gut dysbiosis also disrupts the synthesis of anti-inflammatory short-
chain fatty acids such as butyrate [B2. Gut dysbiosis also increases intestinal permeability and circulating
lipopolysaccharide (LPS) levels B3l Apart from immune cells, LPS has been shown to stimulate the release of pro-
inflammatory cytokines from osteoblasts and fibroblasts B4, All these changes could induce bone loss.



Oxidative stress represents another significant cause of osteoporosis. Free radicals are generated via aerobic respiration
in the body. Under physiological conditions, the antioxidant system protects our body from the harmful effects of free
radicals/oxidants. Oxidative stress is generated when the antioxidant system is overwhelmed by these oxidants, leading to
the pathogenesis of various diseases, including osteoporosis 22, The circulating level of endogenous antioxidants, such
as uric acid and bilirubin, has been associated with bone mineral density (BMD) in large epidemiological studies 81371,
Similarly, dietary or circulating antioxidant levels, for example, vitamin E and vitamin C, have been linked positively with
BMD in human studies B89 Experimental studies have shown that many risk behaviours for osteoporosis, such as
cigarette smoking and alcohol consumption, are linked to increased oxidative stress [2J[41 These associations are
contributed by the direct impact of oxidative stress on the physiology of bone cells. Oxidative stress is known to decrease
the survival of osteoblasts and osteocytes and increase the differentiation of osteoclasts 421431,
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