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Abstract   
Chronic kidney disease–mineral and bone disorder (CKD-MBD) involves 

irreversible renal impairment that disrupts mineral balance and leads to skeletal 

complications collectively known as renal osteodystrophy (ROD). Increased bone 

marrow adipose tissue (BMAT) is a consistent feature in both patients and animal models 

of CKD, although its regulation remains unclear. Elevated levels of the Wnt signalling 

inhibitors sclerostin and dickkopf-1 (DKK1) have been implicated, as they suppress 

osteogenesis while promoting adipogenesis.   

This study examined the relationship between BMAT accumulation and bone 

structure in CKD, with a focus on whether disease progression alters bone marrow 

mesenchymal stromal cell (BMSC) fate commitment to osteogenic or adipogenic 

precursors and their subsequent differentiation into mature osteoblasts or adipocytes. I 

further examined the effects of CKD-related factors—including parathyroid hormone 

(PTH), fibroblast growth factor 23 (FGF23), phosphate, sclerostin, and indoxyl sulfate—

on BMSC differentiation. Furthermore, I evaluated whether dual inhibition of sclerostin 

and DKK1 with a bispecific antibody could prevent bone loss and limit BMAT expansion 

in a CKD mouse model.   

Eight-week-old male C57BL/6J mice were fed a 0.2% adenine-supplemented 

diet for up to 5-weeks to induce CKD, while control mice received the same diet without 

adenine. CKD onset was confirmed by elevated plasma blood urea nitrogen, creatinine, 

PTH and FGF23 from week 3. After 5-weeks, trabecular bone mineral density and 

microarchitecture were significantly reduced, and cortical bone area and thickness 

declined as early as week 3. BMAT in the proximal tibia increased progressively, 

showing a significant rise by week 5 and was negatively correlated with trabecular bone 

volume. In early CKD (weeks 1–2), BMSCs exhibited greater adipogenic capacity,  

although the proportions of osteogenic and adipogenic progenitors were unchanged. In 

vitro, low doses of PTH enhanced osteogenesis, while indoxyl sulfate impaired both 

osteogenic and adipogenic differentiation; FGF23, phosphate, and sclerostin had no 

direct effects. Treatment with a bispecific antibody targeting sclerostin and DKK1 for 6-
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weeks improved trabecular and cortical bone parameters and prevented BMAT expansion 

in CKD mice.   

In summary, BMAT accumulation during CKD progresses with disease duration 

and is not driven by early changes in precursor populations. Systemic CKD factors may 

modulate stromal cell fate over time, and dual inhibition of sclerostin and DKK1 

represents a potential therapeutic strategy for the maintenance of bone health in CKD-

MBD.  
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Lay summary  

Chronic kidney disease (CKD) not only affects the kidneys but also disrupts the 

body’s mineral balance, leading to bone loss that has been called as renal osteodystrophy. 

One striking feature seen in both CKD patients and animal studies is the build-up of fat 

inside the bone marrow, called bone marrow adipose tissue (BMAT). BMAT develops 

from bone marrow stromal cells and is found inside bones. It exists in a stable form 

located mainly in the fatty (yellow) marrow and a more flexible form found in the blood-

forming (red) marrow. The flexible form can increase with ageing and metabolic 

condition such as cancer, obesity and caloric restriction. However, why bone marrow fat 

accumulates in CKD  and how it affects bone health are not fully understood. In this 

study, I examined how bone marrow fat changes as CKD progresses and how this relates 

to bone loss. I also investigated whether substances that accumulate in the blood during 

CKD — including parathyroid hormone (PTH), fibroblast growth factor 23 (FGF23), 

phosphate, sclerostin, and indoxyl sulfate — influence how bone marrow stromal cells 

develop into bone-forming cells or fat cells. Finally, I tested whether blocking two 

proteins that inhibit bone formation and found increased in CKD, sclerostin and DKK1, 

could protect bone loss in mice with CKD. Using adenine-induced CKD mouse model, I 

found that bone marrow fat increased over time and appeared before bone loss. In early 

CKD, bone marrow cells were more likely to develop into fat cells, although the overall 

balance of precursor cells remained unchanged. Laboratory experiments showed that 

low levels of PTH supported bone formation, while indoxyl sulfate impaired both bone 

and fat cell development. Other CKD substances tested had no effect. Importantly, 

treatment with an antibody that blocks both sclerostin and DKK1 improved bone 

strength and prevented fat accumulation in the bone marrow. These findings suggest that 

BMAT expansion in CKD is linked to disease progression and circulating factors in the 

blood. Targeting sclerostin and DKK1 may offer a promising strategy to protect bone 

health in CKD.  
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Chapter 1 

Introduction and Background 
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_______________________________________________________________________  
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1.1. Chronic Kidney Disease (CKD) 

1.1.1. Definition, diagnosis and cause of CKD 

Chronic Kidney Disease (CKD) is characterised by longstanding damage to the 

structural and/or functional aspects of the kidneys. Structural anomalies encompass 

tumours, cysts, and any congenital malformations detectable via imaging techniques. An 

alternative operational definition of CKD involves an estimated glomerular filtration rate 

(eGFR) of less than 60 mL/min/1.73 m² persisting for over three months. Such alterations 

diminish the kidneys' capacity to excrete waste products from the bloodstream (Webster 

et al., 2017), which can typically be identified through elevated serum creatinine and 

blood urea nitrogen (BUN) levels. In advanced cases, proteins such as albumin may be 

detectable in the urine of CKD patients. The Kidney Disease Improving Global Outcomes 

(KDIGO) guidelines categorise CKD patients into various stages based on estimated 

eGFR and the degree of albuminuria (Figure 1.1). These parameters are employed for 

classification because eGFR serves as a reliable indicator of renal filtration efficiency, 

while albuminuria indicates glomerular barrier dysfunction. These two metrics are 

inversely correlated and provide dependability in CKD staging (Charles & Ferris, 2013).  

CKD results from various causes that share common pathological processes, 

including glomerulosclerosis, tubulointerstitial fibrosis, ongoing inflammation, and 

progressive nephron loss. Diabetes mellitus, the leading global reason for CKD, causes 

kidney damage through chronic hyperglycaemia, the formation of advanced glycation 

end-products (AGEs), glomerular hyperfiltration caused by altered SGLT2-mediated 

sodium handling, podocyte loss, and transforming growth factor - beta (TGF-β)–triggered 

extracellular matrix protein accumulation and mesangial expansion (Alicic et al., 2017; 

Chagnac et al., 2019; Kumar Pasupulati et al., 2016; Schena & Gesualdo, 2005). 

Hypertension, the second most common cause, leads to glomerular damage by raising 

intraglomerular pressure, causing vascular remodelling, renal ischemia, and activating the 

renin–angiotensin–aldosterone system. This activation increases oxidative stress, 

inflammation, and fibrosis in the kidney (Arendshorst et al., 2024; Costantino et al., 2021; 

Sun et al., 2020). Although these conditions originate differently, they eventually activate 
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similar pathways leading to nephron loss and fibrosis. The diseased kidney results in 

mineral imbalance leading to a myriad of hormonal changes in an attempt to restore 

physiological levels of calcium and phosphate (Pi). This manifestation of CKD is referred 

to as CKD–mineral and bone disorder (CKD-MBD) (Bello et al., 2017) and can lead to 

cardiovascular disease, bone loss and the accumulation of bone marrow adipose tissue  

(Badr et al., 2023; Woods et al., 2018). The bone loss and the accumulation of bone 

marrow adipocytes are the main focus of this study.   

 

Figure 1.1. KDIGO classifies several stages of CKD, followed by decreased GFR and the 
amount of albumin found in urine. Different colours represent different risks of kidney 
dysfunction: green is low risk, yellow is moderately increased risk, orange is high risk, 
and red is very high risk. (Romagnani et al., 2017). 
 

1.1.2.  Impact of CKD on the incidence of osteopenia/osteoporosis 

A systematic study revealed that 697.5 million people worldwide, especially those 

in the ageing population, suffer from CKD, and 1.2 million died with CKD complications 

in 2017 (Bikbov et al., 2020). Moreover, the mortality rate has been predicted to increase 

by 2.2 million by 2040 (Bikbov et al., 2020). Progressive loss of kidney function leads to 

disturbances in mineral metabolism resulting in hyperphosphatemia, secondary 

hyperparathyroidism and increased fibroblast growth factor 23 (FGF23) levels (Moe et 

al., 2006) (section 1.1.4). These changes in circulating factors are recognised indicators 
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for the diagnosis of CKD-MBD which can lead to cardiovascular disease including 

ectopic mineralisation and skeletal complications (Fang et al., 2014).   

Currently, the incidence of osteopenia and osteoporosis in CKD patients (aged 18 

years-of-age and over), is 45.91% and 23.29%, respectively, in both developed and 

developing countries (Tariq & Sulaiman, 2020). In addition, the progression of CKD 

together with ageing increases the incidence of fracture 5-fold compared to non-CKD 

individuals (Naylor et al., 2015). Moreover, sex also affects the incidence of fracture in 

CKD patients which is two-fold higher in women than in men (Pimentel et al., 2021). 

Skeletal abnormalities in patients with CKD are a global problem that needs to be 

addressed. The increased fracture risk leads to poor life quality and potentially death in 

the ageing population. In addition, the financial burden to health services is high and 

therefore further mechanistic insight into the aetiology of the low bone mass observed in 

CKD is required in order that preventative treatments can be identified (Kemmak et al., 

2020).  

1.1.3. Type of bone manifestation of CKD-MBD 

The skeletal defects associated with CKD-MBD, commonly known as renal 

osteodystrophy (ROD), are classified based on a system that assesses bone turnover (T), 

mineralisation (M), and bone volume (V) - collectively called TMV (Ott, 2008). Turnover 

indicates the normal rate of bone remodelling, which involves evaluating bone formation 

and resorption. Bone volume measures the amount of bone in a given volume, while 

mineralisation refers to how osteoid/collagen becomes calcified during bone formation. 

The TMV classification system helps identify several types of bone abnormalities as 

follows (Figure 1.2, (Moe et al., 2006)): 

• Adynamic bone disease (AD) is characterised by low bone turnover with normal 

mineralisation and reduced bone volume. It usually results from excessive 

suppression of parathyroid hormone (PTH), often caused by overuse of calcium-

based phosphate binders, vitamin D analogues, or calcimimetics. Histologically, it 

shows minimal osteoblastic activity and decreased osteoid and bone formation rates, 

contributing to fragile bones (Bover et al., 2014; Moe et al., 2006).  
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• Osteitis fibrosa (OF) features high bone turnover with normal mineralisation, and 

bone volume varies depending on the disease duration. It is usually caused by 

elevated PTH levels, as observed in secondary hyperparathyroidism (SHPT) in CKD 

patients. Histologically, it shows increased osteoclastic and osteoblastic activity, 

resulting in woven bone and marrow fibrosis (Aguilar et al., 2023; Hruska et al., 

2017; Moe et al., 2006) 

• Osteomalacia (OM) is mainly a problem with bone mineralisation. Bone volume can 

vary from low to medium based on the severity, duration, and other influences on 

bone health. It often results from low vitamin D levels, aluminium toxicity, or specific 

medications. Under the microscope, it presents as  a buildup of unmineralised bone 

matrix (osteoid) with inadequate calcium and Pi deposition, causing the bones to 

soften (Moe et al., 2006) 

• Mixed uremic osteodystrophy (MUO) is characterised by both high bone turnover, 

known as osteitis fibrosa, and defective mineralisation (osteomalacia). 

Microscopically, it presents a complex bone pathology with both increased bone 

resorption and impaired mineralisation occurring at the same time (Moe et al., 2006). 

• Mild hyperparathyroid-related bone disease is categorised separately, but it actually 

encompasses a spectrum of abnormalities along a continuum of medium to high 

turnover, with bone volume depending on disease duration (Moe et al., 2006). 

Figure 1.2. The TMV classification system for bone histomorphometry. This visual 
example demonstrates how the TMV system offers more detailed information compared 
to traditional classification methods. Each axis corresponds to a specific descriptor within 
the TMV system: turnover rate (ranging from low to high), mineralization status (from 
normal to abnormal), and bone volume (from low to high) (Moe et al., 2006). 
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1.1.4. Altered bone metabolism in response to CKD  

The cause of the disordered bone metabolism in CKD-MBD is complex and not 

completely understood.  Several organs are involved in the aetiology of the disease, 

including bone, parathyroid gland, gut and kidneys. A decrease in renal function in CKD 

leads to serum Pi accumulation or hyperphosphatemia. The effects of hyperphosphatemia 

on bone structure and integrity are poorly understood, but an association between a high 

level of Pi and risk of fracture in CKD patients has been reported (Block et al., 2004; 

Campos‐Obando et al., 2017). Furthermore, the increased serum Pi concentration 

enhances the production of FGF23 by osteocytes in an attempt to maintain Pi homeostasis 

through increased Pi excretion in the urine (phosphaturia) (Prié et al., 2009) since FGF23 

is known to enhance Pi excretion (Courbebaisse & Lanske, 2018; Gattineni et al., 2009). 

This compensation leads to elevated FGF23 levels, which can promote bone loss by 

several diverse mechanisms. FGF23 can indirectly induce bone loss in CKD-MBD by 

inducing the expression of sclerostin and Dickkopf (DKK1), recognised inhibitors of the 

Wnt-signalling pathway, which is critical for osteoblast differentiation and bone formation 

(Carrillo-López et al., 2016). Moreover, it has been reported that circulating sclerostin and 

osteocyte sclerostin expression are increased in CKD patients (Hernandez et al., 2018).  

Additionally, FGF23 can inhibit the production of calcitriol (1,25-

dihydroxycholecalciferol), the active form of vitamin D in the kidneys leading to a 

decrease in calcium and Pi absorption in the intestine (Dhayat et al., 2016). In addition, 

nephron damage/loss in CKD can also result in decreased calcitriol production (Gal-

Moscovici & Sprague, 2007). The nephron is a source of 1alpha hydroxylase enzyme, 

which is responsible for converting the inactive vitamin D precursor 25-

dihydroxycholecalciferol to active calcitriol (Mac Way et al., 2012).  

The resulting hypocalcaemia,  stimulates the production of PTH, resulting in 

SHPT. SHPT contribute to bone loss by increasing bone resorption and decreasing bone 

formation (Hruska et al., 2017). Several clinical and experimental studies have reported 

that SHPT in CKD is positively correlated to fracture risk, which is caused by decreased 

cortical bone mass and density rather than defects to the trabecular bone (Jadoul et al., 

2006; Marques et al., 2017; Nickolas et al., 2013). However, other studies have reported 
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trabecular and cortical bone defects prior to the onset of SHPT (Bacchetta et al., 2010; 

Metzger et al., 2020). The role of SHPT in the high bone turnover phase of ROD is well 

recognised, but uremic toxins such as indoxyl sulfate (IS), which accumulate in the blood 

of CKD patients, are linked to the earlier, low bone turnover phase of ROD characterised 

by skeletal PTH resistance, as shown in Figure 1.3 (Hsu et al., 2020). Evidence indicates 

that IS directly inhibits bone formation by reducing osteoblast Wnt/β-catenin signalling 

(W. C. Liu et al., 2018; Nii-Kono et al., 2007; Watanabe et al., 2017). Moreover, IS affects 

ROD through effects on mitochondrial dysfunction and mitophagy in osteocytes, which 

can be mitigated with antioxidants and charcoal absorption (Hsu et al., 2025). Similar 

mitochondrial abnormalities are seen in other bone diseases such as osteoporosis (Behera 

et al., 2022; Yan et al., 2023). The evidence also indicates that very low serum PTH levels 

are associated with adynamic bone disease and a higher risk of fractures (Coco & Rush, 

2000; Massy & Drueke, 2017). This growing body of evidence suggests that low bone 

turnover is the primary type of ROD in the early stages of CKD, representing an optimal 

window for implementing targeted therapies (Massy & Drueke, 2017).  

Bone marrow adipose tissue (BMAT) expansion has been observed in various 

skeletal syndromes and ageing, and it has also been detected in ROD (Hardouin et al., 

2016; Hosain & Clinkenbeard, 2024; Li & Rosen, 2023; Woods et al., 2018). The exact 

mechanisms are not fully understood but may involve Wnt/β-catenin signalling, which 

can enhance adipogenesis and the expression of adipocyte-specific genes in white 

adipose tissue (de Winter & Nusse, 2021; Okamura et al., 2009). Recent clinical and 

preclinical studies agree that BMAT increases in CKD and correlates with disease 

severity, while showing an inverse relationship with bone mass and quality indices 

(Hosain & Clinkenbeard, 2024; Moorthi et al., 2015; Woods et al., 2018). However, the 

limitation of most previous studies is that they were cross-sectional, investigated bone 

health only at the end of the study, and were unable to monitor the temporal progression 

of bone loss in CKD-MBD. Accordingly, to observe the temporal pathophysiology of 

bone in CKD, longitudinal studies are required.  
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Figure 1.3. The summary of possible CKD mechanisms that contribute to bone loss or 
osteoporosis. The mechanism involves multiple steps: (A) decreased clearance of 
FGF23; (B) reduced phosphaturic effect of FGF23; (C) inhibition of 1α-hydroxylase in 
the proximal tubule of the kidney; (D) increased renal tubular Pi resorption; (E) induction 
of hypocalcemia, decreased calcitriol levels, increased PTH gene expression, and PTH 
secretion; (F) diminished inhibitory effect due to reduced FGFR1 and kloth protein; (G) 
further inhibition of 1α-hydroxylase; (H) reduced intestinal calcium absorption and 
decreased calcium release from bone; (I) lowered number of VDRs in parathyroid cells, 
weakening its inhibitory effect on the parathyroid gland; (J) increased PTH mRNA levels 
and decreased expression of calcium-sensing receptor (CaSR) in the parathyroid; (K) 
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indoxyl sulfate reduces PTH1 receptor expression; (L) Pi and calcium precipitate 
physicochemically, potentially causing skeletal resistance to PTH; (M) indoxyl sulfate 
promotes CpG hypermethylation of the Kloth gene; (N) P-cresyl sulfate causes 
osteoblastic dysfunction (Hsu et al., 2020). 

 

1.1.5. Current CKD-MBD management 

Management of CKD–MBD currently and the prevention of ROD, focuses on 

correcting disturbances in Pi, calcium, vitamin D, and PTH (Bellorin-Font et al., 2022; 

Hu et al., 2022; Zaimi & Grapsa, 2024). KDIGO recommends lowering elevated serum 

Pi towards the normal range in CKD G3a–G5 (Fig. 1.1), using a combination of dietary 

Pi restriction and Pi-binding agents (Beto et al., 2019). Pi binders are prescribed when 

dietary measures are insufficient. Calcium-based binders (calcium carbonate, calcium 

acetate) have long been standard but can exacerbate hypercalcemia and contribute to 

vascular and valvular calcification (Block et al., 2007; Wilson & Copley, 2017). KDIGO 

therefore advises limiting the dose of calcium-based binders, especially in patients with 

hypercalcemia, low PTH, or extensive vascular calcification (Beto et al., 2019). Non-

calcium binders such as sevelamer and lanthanum carbonate effectively reduce Pi, and 

trials suggest they attenuate coronary and aortic calcification compared with calcium-

based binders and may improve survival in selected subgroups (Jamal et al., 2013; Suki 

et al., 2007). In advanced CKD patients with persistent SHPT, active vitamin D sterols or 

analogues like calcitriol and paricalcitol are used to suppress PTH and improve bone 

health (Coyne et al., 2013; Obi & Kalantar-Zadeh, 2016), but KDIGO recommends 

restricting their use mainly to CKD G4–G5 (Fig. 1.1) with severe SHPT due to risks of 

hypercalcemia, hyperphosphatemia, and oversuppression of bone turnover (Beto et al., 

2019; Han et al., 2013). 

SHPT is a key driver of high-turnover ROD (osteitis fibrosa) (Aguilar et al., 2023; 

Moe et al., 2006). For CKD G5D patients with high or rising PTH, KDIGO recommends 

three PTH-lowering therapies, which are calcimimetics, calcitriol, and vitamin D 

analogues, used alone or together, based on calcium and Pi levels. (Beto et al., 2019). 

Calcimimetics (calcium-sensing receptor agonists) such as cinacalcet and etelcalcetide 
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enhance the sensitivity of the calcium-sensing receptor on parathyroid cells, thereby 

lowering PTH, serum calcium, and often Pi (Akizawa et al., 2016; Pereira et al., 2018; 

Shigematsu et al., 2018). Meta-analyses show that cinacalcet effectively reduces PTH and 

biochemical markers of high-turnover bone disease; clinical trials suggested possible 

reductions in some cardiovascular events, although the primary composite outcome was 

not significantly improved in the intention-to-treat analysis (Block et al., 2004; Chertow 

et al., 2012). Etelcalcetide is as effective as cinacalcet in lowering PTH when given thrice 

weekly post-haemodialysis, potentially boosting adherence (Block et al., 2017). Recent 

data suggest that cinacalcet may reduce cardiovascular events compared with 

conventional therapy, but this confounding cannot be ruled out (Abdelrahman et al., 

2025). Subtotal parathyroidectomy remains a key option for SHPT when other treatments 

fail, enhancing biochemical control, alleviating bone pain, pruritus, and sometimes 

extending survival (Ketteler et al., 2025). For patients with low-turnover or adynamic 

bone disease, the priority is to avoid further PTH suppression treatment to permit a 

moderate rise in PTH while maintaining safe calcium and Pi levels (Ketteler et al., 2025). 

This turnover-directed strategy primarily depends on bone biopsy, but since biopsies are 

often limited by availability and invasiveness, treatment then is usually guided by 

biochemical markers like PTH and bone-specific alkaline phosphatase, along with clinical 

context (Srisuwarn et al., 2024; Thompson et al., 2025).  

Osteoporosis pharmacotherapy is increasingly considered for CKD patients, 

especially those with stages G3–G4 (Figure 1.1) (Hara et al., 2021; Khairallah & Nickolas, 

2018). Bisphosphonates, osteoclast inhibitors, are generally safe and effective in early 

CKD (stages G1-G3), but require careful consideration in advanced stages (G4-G5) due 

to concerns about adynamic bone complications and increased risk of CKD progression 

(Liu et al., 2013; Nitta et al., 2017; Robinson et al., 2021). Denosumab, a receptor 

activator of nuclear factor κB (NF-κB) ligand (RANKL) inhibitor that is not cleared by 

the kidneys, is effective across all CKD stages but has a high risk of hypocalcemia, 

especially in advanced disease (Bird et al., 2024; Cowan et al., 2023; Sun et al., 2025). 

Anabolic agents such as teriparatide (PTH agonist) and romosozumab (sclerostin 

inhibitor) might help certain patients with low-turnover bone disease, although evidence 

for their use in advanced-stage CKD is still limited, as shown by potentially increased risk 
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of hypocalcemia (Brandenburg et al., 2019; Cejka, 2021; Sabaghian et al., 2024). Despite 

existing treatments, the incidence of fractures and vascular calcification remains elevated. 

Currently, most therapies address biochemical irregularities rather than the fundamental 

cellular processes underlying ROD. This emphasises the need for interventions that more 

directly target osteoblast and osteoclast activity, as well as Wnt signalling pathways, such 

as sclerostin and Dkk1 inhibitors 

1.2. Bone structure and (re)modelling 

1.2.1. Bone anatomy and function 

Bone is a highly specialised, dynamic connective tissue that provides mechanical 

support and soft tissue protection, facilitates locomotion, and acts as a reservoir for 

essential minerals such as calcium and Pi. Mammalian bones come in various shapes and 

forms and are characterised as long bones (e.g., femur and tibia), flat bones (e.g., skull 

and sternum), short bones (e.g., carpals (wrist bones) and tarsals (ankle bones), and 

irregular bones (e.g., vertebrae and sacrum). Every bone is composed of two distinct but 

complementary types of tissue, cortical bone and trabecular bone, which differ in 

structure, function, and remodelling dynamics but together maintain skeletal integrity and 

metabolic homeostasis. Cortical bone, also known as compact bone, forms the dense outer 

shell of most bones and accounts for approximately 80% of the total skeletal mass. It 

provides the primary structural support necessary for movement, protection of internal 

organs, and resistance to mechanical stress (Peretti & Domenicucci, 2022). 

Microscopically, cortical bone is organised into structural units called osteons or 

Haversian systems, which consist of concentric lamellae, orientated in alternating 

directions, of mineralised collagen surrounding a central Haversian canal containing 

blood vessels and nerves (Maggiano et al., 2016; Peretti & Domenicucci, 2022) (Figure 

1.4). Lacunae where osteocytes locate are found between the individual lamellae. The 

osteons are interconnected by transverse Volkmann’s canals, forming a vascular network 

that facilitates nutrient delivery and waste removal. This highly organised architecture 

allows cortical bone to resist bending and torsional forces, making it essential for weight-

bearing functions, particularly in the shafts of long bones such as the femur and tibia 
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(Maggiano et al., 2016). In humans and larger mammals, cortical bone undergoes 

remodelling throughout their lives, leading to the development of secondary osteons and 

expansive areas on interstitial lamellae, while, smaller animals like rats and mice lack 

Haversian systems; however, intracortical remodelling still occurs in these species (Barak, 

2024; Lad, 2023; Maggiano et al., 2016). 

Trabecular bone, also known as cancellous or spongy bone, constitutes 

approximately 20% of the skeletal mass but has a disproportionately large role in mineral 

metabolism and mechanical strength (Seeman, 2013). It is predominantly found at the 

ends of long bones, in vertebral bodies, and is involved in active bone remodelling (Peretti 

& Domenicucci, 2022). Structurally, trabecular bone is composed of a three-dimensional 

lattice of rod- and plate-like structures oriented along lines of mechanical stress to 

efficiently absorb and distribute applied forces (Ding et al., 2002; Peretti & Domenicucci, 

2022). Histologically, (Figure 1.4) trabecular bone is organised into lamellae adjacent to 

marrow spaces filled with haematopoietic tissue and mesenchymal stem cells that can 

differentiate into several cell types including osteoblasts, chondrocytes, and adipocytes. 

The trabecular surface is covered by lining cells, osteoblasts, and osteoclasts, where bone 

remodelling occurs to maintain bone strength and mineral homeostasis (Peretti & 

Domenicucci, 2022). Because of its open architecture and high remodelling rate, 

trabecular bone is more responsive—and thus more vulnerable—to systemic hormonal 

fluctuations and metabolic disturbances than cortical bone (Li et al., 2017). 

1.2.2. Bone formation and development 

Bone formation, or ossification, is a tightly regulated process that begins during 

embryogenesis and continues throughout life as part of skeletal growth, maintenance, and 

repair. The vertebrate skeleton develops through two distinct but interconnected 

pathways: intramembranous ossification and endochondral ossification. Both processes 

involve the differentiation of bone mesenchymal stromal cells (BMSCs) into osteogenic 

lineages under the control of multiple signalling pathways, transcription factors, and 

hormonal cues. 
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ossification (Figure 1.5a), BMSCs within a fibrous membrane are loosely arranged to 

form a thin avascular area (Jabalee & Franz-Odendaal, 2015; Zhu et al., 2021). The 

BMSCs inside the condensed area are induced by cytokines such as bone morphogenetic 

proteins (BMPs), which upregulate osteoblast transcription factors, Runt-related 

transcription factor 2 (Runx2) and osterix (Sp7), which differentiate the BMSCs into 

osteoprogenitor cells and subsequently into osteoblasts (Xu et al., 2015; Zhu et al., 2021). 

Mature osteoblasts secrete osteoid, the non-mineralised type I-collagen-rich organic 

matrix of bone, with blood vessels penetrating (Percival & Richtsmeier, 2013; Zhu et al., 

2021). Upon osteoid mineralisation, some osteoblasts become encased within the matrix, 

differentiating into osteocytes. The mesenchymal tissue, rich in blood vessels, condenses 

around the mineralised matrix and eventually forms the periosteum (Percival & 

Richtsmeier, 2013). Beneath the periosteum, the spongy bone is compressed, resulting in 

the formation of compact bone (Zhu et al., 2021). 

In contrast, endochondral ossification involves the replacement of a pre-existing 

cartilage template with bone and is responsible for forming the majority of the axial and 

appendicular skeleton, including long bones such as the femur, tibia, and humerus. The 

process (Figure 1.5b) begins when mesenchymal cells condense and differentiate into 

chondrocytes, forming a cartilage template enriched with collagen type II and 

proteoglycans such as aggrecan (Mwale et al., 2002; Spath et al., 2018).  The chondrocytes 

undergo proliferation and after the cessation of cell division the chondrocytes secrete 

collagen type X and increase their size to ~10x that of the proliferating chondrocytes 

(Cheung et al., 2001; Ionescu et al., 2004). The collagenous matrix surrounding the 

enlarged hypertrophic chondrocytes is mineralised and VEGF produced by the 

chondrocyte attracts blood vessels and osteoprogenitor cells into the cartilage anlage 

(Duan et al., 2015; Horner et al., 1999). Osteoblasts derived from these progenitors then 

deposit collagen type 1 rich bone matrix on the remnants of calcified cartilage, forming 

the primary ossification centre in the diaphysis. Secondary ossification centres later 
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appear in the epiphyses, allowing for longitudinal growth via the epiphyseal growth plate 

until puberty when the growth plate closes (Setiawati & Rahardjo, 2018; Zhu et al., 2021). 

 

Figure 1.5 Embryonic bone development: a) intramembranous ossification process and 
b) endochondral ossification process (Zhu et al., 2021). 

 

1.2.3. Bone remodelling process and associated cells 

Bone modelling and remodelling are two fundamental yet distinct biological 

processes that shape, maintain, and adapt the skeleton throughout life. Both involve the 

coordinated activities of bone-forming osteoblasts and bone-resorbing osteoclasts, but 

they differ markedly in their spatial coordination, timing, and physiological purpose. Bone 

modelling alters the size and shape of bone by forming and resorbing bone on different 

surfaces, allowing the skeleton to grow and adapt to mechanical demands; unlike 

remodelling, these processes are not spatially or temporally coupled (Barak, 2024; 

Roberts et al., 2004). In contrast, bone remodelling is a tightly coordinated renewal 

process in which osteoclasts remove old bone and osteoblasts replace it at the same site, 

preserving bone quality and mineral homeostasis (Henriksen et al., 2009; Kular et al., 

2012; Sims & Martin, 2015). 
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Bone remodelling is a dynamic, lifelong process that maintains skeletal integrity, 

repairs microdamage, and also maintains systemic calcium and Pi homeostasis levels 

(Peterson & Riggs, 2010; Siddiqui & Partridge, 2016). In humans, ~10% of the skeleton 

is remodelled every year (Valdés-Flores et al., 2013). Bone remodelling occurs within 

discrete basic multicellular units (BMUs) composed of osteoclasts, which resorb bone, 

and osteoblasts, which subsequently form new bone in the same location (Andersen et al., 

2009; Raggatt & Partridge, 2010). The process is tightly coordinated to ensure that bone 

resorption and formation remain balanced i.e. the amount of bone removed by osteoclasts 

is replaced by the same amount of new bone by osteoblasts (Raggatt & Partridge, 2010; 

Siddiqui & Partridge, 2016). Disruption of this coupling, whether through hormonal 

imbalance, ageing, disease e.g. CKD-MBD and inflammatory bowel disease and drug 

induced e.g. corticosteroids can lead to net bone loss, thereby compromising bone 

structure and strength (Bolamperti et al., 2022; Feng & McDonald, 2011). Bone 

remodelling is characterised by five sequential but overlapping phases (Henriksen et al., 

2009; Li et al., 2024; Raggatt & Partridge, 2010) (Figure 1.6): 

1. Activation phase: it is currently unclear how osteoclasts are recruited to the 

site of damaged bone but a role for the osteocyte has been proposed.  Osteocyte apoptosis 

in response to fatigue microdamage, and/or endocrine/inflammatory cues release signals 

to neighbouring healthy osteocytes to produce osteoclastogenic cytokines (Al-Dujaili et 

al., 2011; Jilka et al., 2013).  This triggers the recruitment of pre‐osteoclasts (monocytes) 

and the stimulation of a remodelling site (Al-Dujaili et al., 2011). The pre-osteoclasts are 

recruited from the bone marrow or blood vessels to the site of damaged bone – the bone 

remodelling compartment (BRC). The BRC at this stage is still covered by bone lining 

cells (Andersen et al., 2009; Khosla et al., 2010). 

2. Resorption phase: pre-osteoclasts differentiate to mature osteoclasts in 

response of monocyte/macrophage colony-stimulating factor (M-CSF) and RANKL. The 

mature and functional osteoclasts excavate a resorption lacunae (Howships Lacunae) 

removing the damaged area of bone.  This involves the dissolution of inorganic mineral 

via the production of protons and the resulting low pH, whereas the degradation of the 



  
  

17 

organic matrix is mediated by collagenases, gelatinases, cathepsin K and other hydrolytic 

enzymes.  

3. Reversal phase: during this phase, bone resorption ceases and there is a shift 

to bone formation. Reversal cells (including mononuclear cells, bone lining cells) prepare 

the bone surface for new formation, remove debris, and release coupling factors that 

stimulate osteoblast differentiation from BMSCs.  

4. Formation phase: osteoblasts deposit osteoid (unmineralised matrix) which 

subsequently becomes mineralised with carbonated hydroxyapatite. The active bone 

formation continues until the resorption cavity is refilled.  

5. Termination/Quiescence phase: once new osteoid is laid down and 

mineralised, the bone surface becomes quiescent. Some osteoblasts become bone‐lining 

cells, others become osteocytes, or undergo apoptosis. The site remains inactive until the 

next activation cycle. 

In healthy adults, the remodelling of bone ensures that old bone is replaced by new 

bone of similar volume and mechanical competence. However, in various pathologic 

states, including ageing, post-menopausal osteoporosis, and CKD, the coupling between 

resorption and formation is broken. For example, in post-menopausal osteoporosis the 

decrease in circulating oestrogen leads to decreased osteoblastic activity but increased 

osteoclastic activity. This excessive resorption and insufficient formation leads to net bone 

loss and structural weakness (Bolamperti et al., 2022; Thapa et al., 2022). From a 

structural standpoint, the remodelling cycle occurs more rapidly in trabecular bone than 

cortical bone, and the specific architecture of the BMU differs between these 

compartments (Delaisse et al., 2020). Understanding this cycle in detail and specifically, 

endocrine factors, local signalling pathways (e.g., RANK/RANKL/OPG, Wnt/β-catenin, 

sclerostin/Dkk1), osteocyte apoptosis, and cell fate decisions, is crucial for interpreting 

how systemic diseases (such as CKD) disrupt bone homeostasis and increase fracture risk 

(Feng & McDonald, 2011; Raggatt & Partridge, 2010; Wang et al., 2022). 
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Figure 1.6   Bone remodelling composes of 5 distinct phases but overlapping phases. 
Phase 1 (Activation phase): activation of bone remodelling and the formation and  of the 
bone remodelling compartment. Phase 2 (Resorption phase): M-CSF and osteoblasts 
induce osteoclast differentiation to resorb damaged bone together with activating 
osteoblast differentiation. Phase 3 (Reversal phase): bone remodelling process shift from 
resorption to formation. Phase 4 (Formation phase): osteoblasts finish osteoid secretion 
trapping some osteoblasts within the matrix. Phase 5 (Termination phase): osteoid 
mineralises and osteocytes become fully differentiated (Li et al., 2024). 

 

1.2.3.1. Osteoblasts 

Osteoblasts originate from MSCs under the influence of key transcription factors, 

most notably Runx2 and Sp7 (osterix). Runx2 initiates the osteogenic programme, while 

Sp7 drives the maturation of pre-osteoblasts into matrix-synthesising osteoblasts. Several 

morphogenetic pathways (e.g., BMPs, Wnt,) as well as mechanical and 

microenvironmental cues guide the transition from MSCs to pre-osteoblasts and also pre-

osteoblasts to mature osteoblasts (Komori, 2010; Zhu et al., 2024). Histologically, mature 

osteoblasts are a cuboidal shape and attach on the surface of both trabecular and cortical 

bone (Pazzaglia et al., 2014) (Figure 1.7). The active mature osteoblasts synthesise and 
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secrete type I collagen and specialised non-collagenous matrix proteins, such as 

osteocalcin (OCN, vitamin-K dependent Ca binding protein specific to bone), tissue non-

specific alkaline phosphatase (TNAP) and PHOSPHO1 (essential for mineral deposition) 

and osteopontin (OPN) which together with other collagenous and non-collagenous 

proteins constitute the bone extracellular matrix (ECM) (Bala et al., 2013; Schlesinger et 

al., 2020; Zhu et al., 2024). The ECM is first secreted in a form of unmineralised osteoid 

in which the collagen fibrils become mineralised by the incorporation of carbonated 

hydroxyapatite which is composed of mainly calcium and Pi (Bala et al., 2013; Zhu et al., 

2024)(see section 1.2.4). In addition to forming bone, osteoblasts together with osteocytes 

also have the ability to control osteoclast formation and function through distinct 

molecular mechanisms (Kim et al., 2020; Robling & Bonewald, 2020).  

Research has identified three primary pathways through which osteoblasts exert 

this control. First, osteoblasts utilise the RANKL/RANK/osteoprotegerin (OPG) 

signalling axis, where membrane-bound RANKL on osteoblasts interacts with RANK 

receptors on osteoclast precursors to promote their differentiation, while OPG acts as a 

decoy receptor to inhibit this process (Katagiri & Takahashi, 2002; Martin, 2004). The 

RANKL/OPG ratio is an important indicator of normal bone remodelling. Second, direct 

cell-to-cell contact occurs through specific ligand-receptor pairs, such as ephrin/Eph and 

semaphorin/plexin interactions, enabling immediate communication between osteoblasts 

and osteoclasts. Ephrin B2 is expressed on osteoclasts and interacts with the EphB4 

receptor on osteoblasts, enabling bidirectional signalling between these cells. This 

communication pathway regulates bone remodelling by promoting osteoblast 

differentiation through forward signalling (osteoclast to osteoblast) and inhibiting 

osteoclastogenesis through reverse signalling (osteoblast to osteoclast). Osteoclasts also 

express semaphorin 4D on their surface, which binds to plexin-B1 receptor on osteoblasts. 

This signalling pathway negatively regulates bone formation by suppressing osteoblast 

differentiation. (Boyce, 2013; Chen et al., 2018; Kim et al., 2020). Third, osteoblasts 

influence osteoclast activity through the secretion and regulation of cytokines and growth 

factors, including TGF‑β and various inflammatory mediators that modulate osteoclast 

function (Chen et al., 2018). Osteoblasts also respond to systemic hormones (PTH, 1,25-

dihydroxyvitamin D, insulin-like growth factor-1 (IGF-1), oestrogen, glucocorticoids 
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(GC)) and mechanical loading. While PTH and vitamin D stimulate osteoblastic activity, 

GC, inflammatory cytokines, oxidative stress and AGEs can impair osteoblast 

differentiation and function (Iantomasi et al., 2023; Kuriwaka-Kido et al., 2013; Park et 

al., 2021). Mechanical loading induced strain and intermittent PTH down-regulates 

osteocyte-derived sclerostin and thereby releasing a brake on Wnt/β-catenin signalling 

and enhancing osteoblast activity and bone formation (Bellido et al., 2005; Costa et al., 

2011; Turner et al., 2009). Osteoblasts therefore serve as the effector cells of bone 

formation and key nodes in the coupling between formation, resorption and mechano-

sensing.  

After the ECM is secreted by osteoblasts and becomes mineralised, some 

osteoblasts embedded in the mineralised ECM differentiate into osteocytes. Other mature 

osteoblasts that remain on the bone surface transform into quiescent bone lining cells, 

which can be activated into active osteoblasts if needed (Infante & Rodriguez, 2018; Kular 

et al., 2012).  

 

Figure 1.7 A photomicrograph of Masson's trichrome staining of bone showing 
osteoblasts, osteoclasts and osteocytes (Ott, 2017). 
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1.2.3.2. Osteocytes 

Among the diverse cell types that constitute the bone tissue, the osteocyte occupies 

a unique niche. Originating from osteoblasts that become embedded in the mineralised 

matrix (Figure 1.7), osteocytes are the most abundant bone cell type (~95% of all bone 

cells) and form an extensive, interconnected network within the bone matrix (Dallas et 

al., 2013). This transition involves morphological changes, a including reduction of cell 

volume, elongation of dendritic processes, and establishment of the lacunae-canalicular 

network (LCN) that connects them together, with bone surface cells, and with vascular 

spaces (Figures 1.7 and 1.8). The network enables not only structural integration but also 

biochemical and mechanical signalling across the bone tissue (Dallas et al., 2013; 

Kollmannsberger et al., 2017). One of the central roles of osteocytes is mechano-sensing: 

detection of mechanical strain, microdamage, fluid shear within the LCN, and subsequent 

transduction into cellular responses that regulate bone remodelling (Choi et al., 2021). 

The sensing of mechanical strain or micro damage by osteocytes affect the secretion of 

several mediators, including prostaglandins, nitric oxide, Wnt ligands, and others (Cao et 

al., 2020). Through their dendritic processes and gap-junction connectivity, they 

coordinate responses across bone surfaces and deeper matrix zones. Furthermore, 

osteocyte apoptosis (for example, due to unloading or microdamage) triggers recruitment 

of osteoclast precursors and initiation of bone resorption (Bellido, 2014). Thus, osteocytes 

serve as the “orchestrators” of adaptation: responding to mechanical and 

microenvironmental cues to regulate bone formation and resorption for the maintenance 

of maintain skeletal integrity. Beyond mechano-sensation, osteocytes hold a regulatory 

influence over osteoblasts and osteoclasts. In genetically engineered mice in which the 

RANKL gene (Tnfsf11) was globally knockout, there is reduced  osteoclastogenesis, 

resulting in a decrease in bone resorption and osteopetrosis (Kong et al., 1999). In 

addition, osteocytes also secrete RANKL’s decoy receptor OPG to regulate 

osteoclastogenesis and bone resorption (Cao et al., 2020; Kong et al., 1999). Thus, 

osteocytes can initiate targeted bone remodelling through modulation of osteoclast lineage 

activity. In addition, osteocytes produce various osteocyte-derived factors such as 

sclerostin (encoded by Sost), which acts as a potent inhibitor of Wnt/β-catenin signalling 

in osteoblasts, thereby limiting bone formation. Osteocytes also secrete FGF23, which 
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regulates systemic Pi and vitamin D metabolism via renal actions (Dallas et al., 2013). In 

summary, osteocytes integrate mechanical, hormonal and paracrine signals to coordinate 

bone mass and mineral homeostasis which are disrupted in CKD resulting in abnormal 

systemic levels of sclerostin and FGF23 (Agoro et al., 2020; Delgado-Calle & Bellido, 

2022; Laster et al., 2023; Mace et al., 2020) 

 

Figure 1.8 Osteocyte differentiation. (A) The illustration shows the stages that osteoblasts 
pass through as they become mature osteocytes. Throughout this transformation, both cell  
size and the number of organelles are reduced. The numbered labels indicate: 1, 
preosteoblast; 2, osteoblast; 3, embedding osteoblast; 4, osteoid osteocyte; 5, mineralising 
osteocyte; 6 and 7, mature osteocytes. (B) A tetrachrome-stained section from an adult 
mouse tibia highlights various transitional forms between osteoblasts and osteocytes as 
outlined in panel A (scale bar: 25 μm) and modified from (Dallas et al., 2013). 
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1.2.3.3. Osteoclasts 

Osteoclasts are multinucleated (Figure 1.7), highly specialised cells responsible 

for degrading mineralised bone matrix, a process essential for skeletal renewal, 

microdamage repair, and calcium–phosphate homeostasis. Osteoclasts originate from 

haematopoietic stem cells of the monocyte–macrophage lineage (Ikeda & Takeshita, 

2016). Their differentiation (Figure 1.9) is primarily driven by two cytokines: M-CSF, 

which promotes proliferation and survival of precursors, and RANKL, which induces 

commitment to the osteoclast lineage (Boyle et al., 2003). RANKL binds to its receptor 

RANK on osteoclast progenitors, triggering downstream activation of NF-κB, c-Fos, and 

nuclear factor of activated T-cells 1 (NFATc1) — the master regulator of 

osteoclastogenesis (Takegahara et al., 2024). Osteoclastogenesis through the RANKL 

signalling pathway is controlled by OPG, a decoy receptor which is produced mainly by 

osteoblasts and osteocytes, to sequester RANKL (Cao et al., 2020). As differentiation 

proceeds, mononuclear precursors fuse to form multinucleated osteoclasts that adhere 

tightly to bone surfaces. These cells develop a sealing zone composed of actin filaments 

and integrins along with a ruffled border formed by vesicular trafficking, both of which 

enable bone resorption (Luxenburg et al., 2007; Takito & Nakamura, 2020; Touaitahuata 

et al., 2014). Within the resorption lacunae, vacuolar H-ATPases secrete protons to lower 

the pH and dissipate the hydroxyapatite, while cathepsin K and matrix metalloproteinases 

degrade the organic collagenous matrix (Cao et al., 2020; Zaidi et al., 2003). The products 

of resorption are endocytosed, transcytosed in which vesicles internalise, transport across 

the cytoplasm  and release out the other side of the cell, and released into the extracellular 

space, completing the degradation cycle (Cao et al., 2020). Bone homeostasis depends on 

the coupling of osteoclastic resorption and osteoblastic formation. This communication is 

mediated by molecular cross-talk within the BMU (Kim & Kim, 2020; Sims & Martin, 

2015). Osteoblasts and osteocytes regulate osteoclast differentiation through the 

RANKL/RANK/OPG axis, while osteoclasts, in turn, secrete factors known as clastokines 

(e.g., sphingosine-1-phosphate, cardiotrophin-1, and complement C3a) that stimulate 

osteoblast recruitment and differentiation (Kim et al., 2020; Matsuoka et al., 2014). 

RANKL-induced activation of NFATc1 integrates calcium signalling, MAPK, and PI3K–

AKT pathways to orchestrate the expression of osteoclast-specific genes. These pathways 
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also ensure cytoskeletal reorganisation and cell survival  (Lee & Kim, 2003; Moon et al., 

2012; Park et al., 2017). Excessive activation of RANKL or NFATc1 signalling promotes 

pathological bone loss, as seen in osteoporosis and inflammatory bone destruction, 

whereas defective activation results in osteopetrosis and impaired remodelling (Sun et al., 

2021; Teitelbaum, 2007). Thus, osteoclast regulation must remain tightly controlled to 

maintain skeletal integrity. 

Figure 1.9 Multinucleated osteoclasts develop when single-nucleus precursors, 
originating from haematopoietic stem cells, fuse together. This process is driven by 
signals such as M-CSF and the binding of RANKL from neighbouring cells (i.e. osteoblast 
lineage cells and T cells) to RANK receptors on the precursor cell surface. Once formed, 
these multinucleated cells anchor to bone using αvβ3 integrin, creating a sealed area for 
bone resorption. The ruffled border of the osteoclast uses a vacuolar-type H+-ATPase to 
acidify the space beneath it. Enzymes—such as cathepsin K, TRAP, and MMPs—are 
secreted to break down the bone matrix. The breakdown products are taken up by the 
osteoclast, processed inside the cell, and then moved out through the opposite side (Ansari 
& Sims, 2020). 
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1.2.4. Bone mineralisation 

The process of bone mineralisation begins with the secretion of an ECM by 

osteoblasts, followed by the subsequent mineralisation of that matrix through carefully 

orchestrated cellular activities and enzymatic processes (Bourne et al., 2021). The process 

is carried out by osteoblasts, which form osteoid (unmineralised ECM), and the osteoid 

mineralises through a balanced biphasic process.  Osteoblasts initially release matrix 

vesicles (MVs) containing amorphous calcium phosphate(Lovdel et al.)  (Yamada, 1976) 

and/or hydroxyapatite , which serve as nucleation sites for primary mineralisation along 

with other proteins and enzymes. Key components for their function include 

phospholipids, calcium channels, and annexins, as well as essential phosphatases such as 

TNAP and PHOSPHO1 (Dillon et al., 2019; Hessle et al., 2002). The mechanism involves 

PHOSPHO1 generating Pi from membrane-bound phospholipid substrates (Dillon et al., 

2019), and TNAP releasing Pi from inorganic pyrophosphate (PPi), which is transported 

into the MVs by type III Na/Pi co-transporter (PiT-1/SLC20A1/Glvr1) (Yadav et al., 

2016)(Figure 1.10). Lack of either phosphatase alone leads to hypomineralised bones, 

while missing both phosphatases results in embryonic death and total skeletal 

mineralisation failure (Yadav et al., 2011). Calcium ion (Ca2+) enters the MVs via 

annexins A (Genge et al., 1990; Pei et al., 2022) and once Ca2+ and Pi supersaturate within 

MVs, ACP and/or hydroxyapatite nucleation occurs (Figure 1.9) (Hohling et al., 1976; 

Roohani et al., 2022). Hydroxyapatite or ACP bursts out of the MVs and deposits within, 

and on the collagen fibrils, representing secondary mineralisation outside MVs. 

Numerous Ca2+- and Pi-binding proteins facilitate biomineralisation by controlling the 

quantity and size of hydroxyapatite crystals formed (Millan & Whyte, 2016).  

Proper regulation of bone mineralisation relies on two main inhibitors: 

ectonucleotide pyrophosphatase/phosphodiesterase-1 (ENPP1) (Clews et al., 2025; 

Hajjawi et al., 2014; Roberts et al., 2019) and the progressive ankylosis protein (ANK) 

(Kim et al., 2010; Moochhala et al., 2008). ENPP1 generates PPi, a potent inhibitor of 

mineralisation, from adenosine triphosphate (ATP) (Millan & Whyte, 2016). Mutations in 

the ENPP1 gene, have been associated with chondrocalcinosis arthropathy in both humans 

and mice (Babij et al., 2009; Takei et al., 2025). The ANK protein, a transmembrane 
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channel transports PPi from inside the cell into the ECM (Ho et al., 2000) although this 

has recently been disputed (Szeri et al., 2022). As PPi is a substrate for TNAP this 

phosphatase is essential for the regulation of the Pi/PPi ratio which in turn is vital for 

physiological biomineralisation. This process, together with calcium-binding proteins, is 

crucial for bone mineralisation within the ECM. 

Figure 1.10. A schematic illustrating the current understanding of particular 
mineralisation components within MV. The key proteins involved are PHOSPHO1, 
TNAP, and ENPP1 (Clews et al., 2025). 

 

1.3. Bone marrow stromal cells (BMSCs) 

BMSCs are multipotent stromal progenitors residing in the bone marrow 

microenvironment and play a pivotal role in skeletal homeostasis. These cells are capable 

of self-renewal and differentiation into osteoblasts, adipocytes, and chondrocytes, thereby 

serving as a fundamental source of progenitors for osteogenesis and bone marrow 

adipogenesis (Pittenger et al., 2019). Published studies have shown that the BMSC 
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genome has significant overlap in binding sites for key transcriptional regulators like 

RUNX2 and CCAAT/enhancer binding protein beta (C/EBPβ). These sites, which 

decrease epigenetically during differentiation, display high plasticity (Henriquez et al., 

2011; Hochmann et al., 2023). This flexibility allows BMSCs to trans-differentiate 

between adipocytes and osteoblasts. Thus, their lineage fate decisions are central to the 

balance between bone formation and marrow adiposity (Wu et al., 2017). 

BMSCs display surface markers such as CD73, CD90, and CD105, but lack 

endothelial marker CD31 and haematopoietic marker CD45, (Brown et al., 2019). 

Previous studies have reported that all skeletal MSCs differentiating into osteoblasts or 

chondrocytes are marked by Osx1 in neonatal bone (Mizoguchi et al., 2014). In adult 

bone, similar cells express Nestin- an indicator of neural stem cells- and Leptin receptor 

(LepR), which is typically found on adipocytes (Mendez-Ferrer et al., 2010; Zhou et al., 

2014). Moreover, the entire marrow adipocyte population derives from overlapping 

groups of cells expressing Prx1, Osx1, LepR, and adiponectin (Ambrosi et al., 2017; Y. 

Liu et al., 2013; Zhou et al., 2017; Zhou et al., 2014). Thus, identifying the defined 

population of skeletal stem cells could help gain more understanding of BMSC 

differentiation lineages.  

Recent advances in single-cell RNA sequencing (scRNAseq) have offered a 

deeper understanding of the heterogeneity in the bone marrow microenvironment and the 

variety of cell types within subpopulations of all stem cells (Baccin et al., 2020; Baryawno 

et al., 2019; Tikhonova et al., 2019; Wolock et al., 2019). Lineage-tracing mouse models 

have identified the specific population and localisation of BMSCs that differentiate into 

osteoblasts, chondrocytes, and adipocytes within the bone marrow environment. For 

example, Mouse strains carrying Cre recombinase driven by lineage-specific promoters 

(Vav1 for hematopoietic cells; Cdh5 and Tek/Tie2 for endothelial cells; Prx1 and PDGFRα 

for mesenchymal cells; and AdipoQ for adipocytes) were bred with the mTmG reporter 

line, which expresses membrane-localized tdTomato and GFP. Following Cre-dependent 

recombination, the tdTomato cassette is removed, resulting in a switch to green 

fluorescent protein (GFP) expression. (Ambrosi & Schulz, 2017; Ambrosi et al., 2017; 

Ambrosi et al., 2021; Chan et al., 2015). In the postnatal long bones of mice, there are at 
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surface protein expression patterns. (A) Shows the SSC lineage tree of the osteochondral 
SSC (ocSSC), which generates bone, cartilage, and stromal cells. (B) Depicts the lineage 
tree of the perivascular SSC (pvSSC), which can give rise to bone, cartilage, adipose 
tissue, and stromal cells. Abbreviations: BCSP (bone cartilage stroma progenitor), CP 
(cartilage progenitor), APC (adipogenic progenitor cell), Pre-Ad. (pre-adipocyte), and 
OPC (osteochondrogenic progenitor cell). Modified from (Ambrosi et al., 2021). 
 

When BMSCs commit to the osteoblast lineage, a complex network of signalling 

pathways and transcriptional regulators is engaged. A key early regulator is the 

transcription factor Runx2 widely regarded as the “master” osteogenic regulator: its 

expression is up-regulated during BMSC commitment and is required for osteoblast 

differentiation (Pierce et al., 2019; Zhu et al., 2024). Downstream of Runx2 is another 

essential factor, Sp7 (osterix), which further drives the osteoblast phenotype (matrix 

production and mineralisation) (Komori, 2017; Nakashima et al., 2002). Mutation of both 

Runx2 or Sp7 genes leads to poor skeletal development (Baek et al., 2014; Nakashima et 

al., 2002). Among signalling pathways regulating osteoblast differentiation, the canonical 

Wnt/β-catenin pathway is central (Figure 1.12) (Hill et al., 2005; Rossini et al., 2013). 

Activation of Wnt ligands (e.g., Wnt10b) binding to Frizzled/LRP5/6 receptors leads to 

β-catenin stabilisation and nuclear translocation, where it cooperates with TCF/LEF 

transcription factors and interlocks with Runx2/Sp7 expression to drive 

osteoblastogenesis (MacDonald & He, 2012; McCarthy & Centrella, 2010; Rodda & 

McMahon, 2006), while simultaneously suppressing adipogenesis underscoring the 

reciprocal nature of the lineage decision (Huang et al., 2024; M. Wu et al., 2017). Another 

major pathway is the BMP/TGF‑β signalling pathway particularly BMP2 and BMP4 

among the BMP family, which engage SMA and MAD protein (SMAD)1/5/8 

phosphorylation, bind SMAD4, and enhance osteoblast differentiation (Chen et al., 2012; 

Nishimura et al., 1998). The mechanical/actin cytoskeleton–RhoA/ROCK axis and 

mTOR pathway are also contributing pathways for osteogenesis through cytoskeletal 

tension and mechano-transduction (Arnsdorf et al., 2009; Lewis et al., 2020; Wang et al., 

2012). During matrix production, osteoblasts express a characteristic set of proteins 

including type I collagen, osteocalcin, TNAP, osteopontin and bone sialoprotein (Dacic et 

al., 2001; Komori, 2019). 
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In contrast, when BMSCs commit to the adipocyte lineage, a different set of 

transcriptional regulators is activated. The nuclear receptor peroxisome proliferator-

activated receptor gamma (Pparg), together with the  C/EBP family (Cebpa, Cebpb, 

Cebpg, and Cebpd), orchestrate the adipogenic programme (Hardouin et al., 2016; Qian 

et al., 2010), driving the formation of cytoplasmic lipid droplets in adipocytes and 

expressing a number of genes related to lipid storage (i.e., Plin1, Fabp4), fatty acid 

metabolism (i.e., Fasn, Pnpla2 and Lipe), and adipocyte function as adipokines (i.e., 

Adipoq and Lep) (Pierce et al., 2019; Tencerova et al., 2018). In addition, they can also 

induce each other’s expression and can each act independently to promote fat cell 

differentiation (Madsen et al., 2014; Rosen et al., 2002). Inhibiting Pparg in the BMS2 

bone marrow stromal cell line hinders the formation of fat cells but enhances the 

differentiation into osteoblasts (Gimble et al., 1996). In mouse models, lacking Pparg 

leads to defective development of adipose tissue when exposed to a high-fat diet (Jones 

et al., 2005). It has also been demonstrated that an isoform of Cebpb, which lacks the 

transcriptional binding domain, can activate Runx2 and stimulate osteogenesis in mouse 

BMSCs (Hata et al., 2005). Additionally, mice deficient in C/EBP exhibit reduced 

adipogenesis and decreased insulin sensitivity (Linhart et al., 2001; Rosen et al., 2002; 

Zuo et al., 2006). Moreover, Cebpb-deficient mice present with lower bone mineral 

density (BMD) and fewer trabeculae compared to control mice (Staiger et al., 2009; 

Zanotti et al., 2009). These results highlight the critical involvement of C/EBPs in the 

early stages of mesenchymal stem cell differentiation and commitment (Tominaga et al., 

2008). 

Notably, many of the osteogenic signalling pathways act as reciprocal inhibitors 

of adipogenesis. For example, Wnt/β-catenin activation suppresses Pparg and Cebpa, 

thereby inhibiting adipocyte differentiation (Kang et al., 2007; H. X. Li et al., 2008). On 

the other hand, inhibition of Wnt/ β-catenin via antagonists such as DKK1 and sclerostin 

promotes adipogenic differentiation (Figure 1.12) (Christodoulides et al., 2006; Fairfield 

et al., 2018). This is a crucial conceptual framework, “see-saw” model of BMSC fate: 

promotion of osteogenesis tends to suppress adipogenesis and vice versa (Atashi et al., 

2015; James, 2013).  This “see-saw” fate of BMSC differentiation may drive bone loss 

and BMAT accumulation noted in CKD patients and experimental models of CKD 
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bones (Figure 1.13) (Scheller et al., 2015). During the expansion of haematopoietic tissue, 

the fat cells within red bone marrow are reduced whereas in the yellow bone marrow the 

number of fat cells remain constant (Craft et al., 2018). Moreover, during haematopoietic 

cell depletion, rBMAT but not cBMAT are decreased (Tavassoli, 1976). These pieces of 

evidence suggest that rBMAT is more labile while cBMAT is more stable when compared 

to each other. Furthermore, cBMAT spontaneously develops and accumulate after the 

postnatal developmental period in vertebrates whereas rBMAT volume gradually increase 

with ageing (Li et al., 2018; Zhang et al., 2024).  Also, the fat cells of cBMAT are larger 

and more densely packed than those of rMBAT (Craft et al., 2018; Scheller et al., 2014). 

Functionally, rBMAT, located among several cell types such as haematopoietic, 

endothelial and bone cells, are thought to be involved in energy production to support 

their neighbouring cells (Ziru Li et al., 2022; Robles et al., 2019). While cBMAT is also 

recognised as an energy providing tissue there is a limited number of surrounding cells to 

support. In addition, they have been proposed as the last energy storage during the final 

stages of starvation (Devlin, 2011; Zhou et al., 2017). Indeed, BMAT have been defined 

as an endocrine organ that can secret several adipokines including leptin and adiponectin.  

These are essential for metabolic homeostasis (Jennifer H. Stern et al., 2016). 

Figure 1.13 Graphical and histological picture representing subtypes of BMAT; rBMAT 
and cBMAT in human and mouse bone. rBMAT; regulated BMAT, cBMAT; constitutive 
BMAT. Adapted from Scheller et al., 2015. 
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1.4.2. BMAT and its regulators 

It is well recognised that PPARγ is a master signalling regulator of adipogenesis 

and contributes to BMAT development (Hardouin et al., 2016; Tencerova & Kassem, 

2016). There is supporting evidence that Pparg ablation reduces BMAT numbers and 

increases bone mass in mice, with the researchers stating that its deletion “largely 

recapitulates high–bone mass phenotypes” (Li et al., 2022). Pharmacological use of the 

PPARγ antagonist, bisphenol‐A‐diglycidyl ether, also significantly increased bone 

volume and improved bone quality, accompanied by decreased marrow adiposity in 

mature male mice (Duque et al., 2013). In contrast, the overexpression of Pparg results in 

more BMAT and less bone (Tencerova & Kassem, 2016). In addition, there are other 

transcription factors and secreted products that are crucial for bone marrow adipogenesis, 

such as fatty acid binding protein 4 (Fabp4), leptin and adiponectin (Tencerova & 

Kassem, 2016). 

Leptin and adiponectin are primarily secreted by adipocytes and can regulate 

adipogenesis (Kajimura et al., 2013; Turner et al., 2013). An in vitro study demonstrated 

that leptin suppresses adipogenesis while promoting osteoblastogenesis in human marrow 

stromal cells (Thomas et al., 1999). Conversely, mice lacking leptin (ob/ob) and those 

deficient in LepR (db/db) show increased bone marrow fat accumulation and reduced 

bone density (Turner et al., 2013). The main effects of leptin on bone are centrally 

mediated through the sympathetic nervous system (Ducy et al., 2000), as shown by the 

fact that selective inhibition of the LepR in osteoblasts has no effect on bone mass, 

whereas its inhibition in the hypothalamus results in a phenotype similar to that of ob/ob 

mice (Shi et al., 2008). Furthermore, leptin inhibits the activity of extramedullary 

adipocytes, impairing their ability to respond to insulin, metabolise lipids, and reducing 

lipogenesis (Harris, 2014). Circulating adiponectin levels rise during caloric restriction 

(CR) in both animals and humans (Coppola et al., 2009; Delporte et al., 2003), and this 

increase was found to be secreted from BMAT rather than peripheral white adipose tissue 

(Cawthorn et al., 2014). This indicates that BMAT significantly contributes to circulating 

adiponectin, as BMAT expands during CR (Cawthorn et al., 2014). Adiponectin 

suppresses the differentiation of BMSC into adipocytes (Yokota et al., 2002), promotes 
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osteoblast differentiation, proliferation, and maturation through a cyclooxygenase 2 

(Cox2)-dependent pathway and inhibits osteoclast formation (Lee et al., 2009; Oshima et 

al., 2005). Nevertheless, the in vivo effects of adiponectin on bone mass are more 

complex. Adiponectin has opposing effects on bone metabolism: it inhibits osteoblast 

proliferation and promotes apoptosis locally, while reducing sympathetic tone via 

hypothalamic neurons to increase bone mass (Kajimura et al., 2013). 

Moreover, there are several endocrine regulators that can modulate BMAT 

development. GC are a class of steroid hormones produced by the adrenal gland that can 

increase BMAT and enhance bone loss after administration of cortisol or corticosterone 

(Suchacki et al., 2016). In agreement, BMAT is increased in Cushing’s patients who have 

excessive GC production by the adrenal glands (Maurice et al., 2018). On the other hand, 

administration of leptin prevents the expansion of BMAT by decreasing adipocyte size 

and number (Ambati et al., 2010). It has also been proposed that leptin may attenuate the 

effect of GC leading to decreased BMAT accumulation (Perry et al., 2014). Furthermore, 

removing the GC receptor from bone marrow adipocytes has a minor effect on bone 

health, and this receptor is not necessary for BMAT accumulation during CR (Schill et al., 

2024). Moreover, PTH administration in men and postmenopausal women can decrease 

the expansion of BMAT (Cohen et al., 2013; Fan et al., 2017; Yang et al., 2016). 

Additionally, in animal models, PTH administration and also the overexpression of the 

PTH receptor in transgenic mice can suppress BMAT accumulation (Calvi et al., 2001; 

Costa et al., 2019). A recent study discovered a novel pathway where PTH regulates 

osteogenesis and suppresses adipogenesis through the production of Zfp467 in a feed-

forward, PTH receptor 1(PTH1R)-cyclic AMP pathway-dependent manner in 

mesenchymal progenitor cells (Figure 1.14) (Liu et al., 2023). These data emphasise the 

importance and ability of various regulators to control adipocyte formation and BMAT 

modulation.  However, the underlying mechanism(s) involved in BMAT development are 

still unclear in both physiological and pathological conditions including CKD that might 

contribute to bone loss.   
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Figure 1.14 PTH regulates osteogenesis and suppresses adipogenesis through Zfp467 in 
a feed-- forward, PTH1R-- cyclic AMP-dependent manner in mesenchymal progenitor 
cells (Liu et al., 2023).  

 

1.4.3. BMAT and bone metabolism 

Bone and BMAT are products of the same skeletal stem cells (Bianco & Robey, 

2015). It has been proposed that BMAT may provide mechanical support to bone but it 

may also play a role in facilitating bone formation as shown in the armadillo where 

fluctuations in BMAT positively associated with bone formation (Craft & Scheller, 2017; 

Simkin, 2018). However, as BMAT and bone are differentiated from the same skeletal 

stem cells, any increase of adipocyte formation could have a negative effect on osteoblast 

formation which may result in reduced bone formation and increased fracture incidence. 

Most studies report an inverse relationship between BMAT and bone in both healthy and 
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disease conditions (Veldhuis-Vlug & Rosen, 2018). For example, the inverse relationship 

between BMAT and bone mass has been shown in healthy white women aged 18-80 years 

(Shen et al., 2007). Additionally, longitudinal studies have reported that higher BMAT 

levels contribute to age-related bone loss in elderly women. (Griffith et al., 2011). 

Postmenopausal women with osteoporosis have demonstrated an increase in BMAT (in 

size and amount of adipocytes) while a decrease in BMD (Beekman et al., 2019). In 

addition, the clinical relationship between osteoporosis and BMAT accumulation has also 

been investigated. Bisphosphonates and oestrogen not only improved bone quality but 

also decreased BMAT in osteoporotic women and men (Fan et al., 2017; Yang et al., 2016) 

as well as in animal models (Costa et al., 2019). Moreover, the increase in BMAT has also 

been associated with poor bone integrity and increased fracture risk (Schellinger et al., 

2001). Furthermore, a preclinical study found that BMAT depletion increases local bone 

formation and protects mice from CR- and OVX-induced bone loss (Li et al., 2022). 

Whilst the inverse relationship between bone mass and BMAT volume is well accepted, 

the underlying mechanisms need to be further investigated. Additionally, there was a study 

in elderly people (both sexes, average age around 80 years old) reported that the increase 

in saturated BMAT is associated with negative bone outcomes such as reduced BMD and 

increased risk of  both existing and future vertebral fractures. In contrast, unsaturated 

BMAT is linked to better bone health and reduced fracture risk of vertebral bone. These 

findings indicate that saturated and unsaturated BMAT exert distinct, independent and 

opposing influences on bone health which will need further investigation on the 

underlying mechanism  (Woods et al., 2022).  Recently, several studies have reported that 

factors secreted by bone marrow adipocytes can modulate osteoblast and osteoclast 

differentiation and function. For example, BMAT secreted extracellular vesicles contain 

adipogenic RNA that can attenuate osteoblast function (Sulston & Cawthorn, 2016). 

Additionally, BMAT can secrete signalling molecules, including RANKL and CXCL1; 

molecules that can contribute to osteoclast differentiation and result in increased bone 

resorption (Fan et al., 2017; Sulston & Cawthorn, 2016). 
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1.4.4. Relationship between BMAT and bone mass in humans or experimental 

animals with CKD 

Recently, an accumulation of BMAT in CKD patients in comparison to healthy 

adults has been reported, and this elevation was associated with the severity of CKD 

(Moorthi et al., 2015; Woods et al., 2018). In addition, children with CKD have increased 

BMAT and a high bone turnover rate (high serum concentration of PTH and TNAP 

activity). The inverse relationship between a reduced bone formation rate and an increased 

adipocyte number was also found in CKD children with high bone remodelling 

(Sirimongkolchaiyakul et al., 2021). Moreover, patients with advanced CKD (G4-5) who 

received  one healthy kidney transplant have higher BMAT amounts  after one year of 

transplantation which was inversely correlated to bone health (Hernandez et al., 2018). In 

experimental studies, the induction of CKD by nephrectomy and dietary adenine resulted 

in the elevation of BMAT (Ni et al., 2019; Wang et al., 2017). These data have led to the 

hypothesis that BMAT accumulation in CKD may be a result of altered bone marrow-

derived skeletal stem cell differentiation which would lead to compromised bone 

formation. However, the underlying mechanism of BMAT accumulation together with 

bone loss in CKD is poorly understood and requires further investigation.  

1.5. Possible mechanisms of dietary adenine-induced CKD in animal models 

There are a number of experimental animal models available to study the aetiology 

of CKD (Yang et al., 2024).  These include   5/6 nephrectomy (Lair et al., 2024; Vaziri et 

al., 2013; Watanabe et al., 2013) diabetic nephropathy (Alicic et al., 2017; Reidy et al., 

2014; Wada & Makino, 2013), hypertension-induced renal injury (Ku et al., 2019; Udani 

et al., 2011), primary glomerular nephropathy (Arif et al., 2016; Bertani et al., 1986) and 

adenine-induced CKD (Hsu et al., 2025; Lair et al., 2024; Yokozawa et al., 1986) which 

was used in this thesis. The adenine-induced CKD model has been used for several years 

and is a well-established non-invasive technique to induce CKD in animals, including 

mice and rats. This model exhibits higher serum levels of PTH, FGF23, Pi, creatinine and 

BUN which reflect the malfunction of the kidney in adenine-treated mice compared to 

controls (Diwan et al., 2018; Hsu et al., 2022; Hsu et al., 2025; Rahman et al., 2018). 
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Table 1. Summary of advantages and disadvantages of CKD animal models. (Bao et al., 

2018; Liang & Liu, 2023) 

Models Advantages Disadvantages References 
5/6 nephrectomy - Mimic 

progressive 
glomerulosclerosi
s and interstitial 
fibrosis 

- Common model 
for renal failure 

- Highly invasive 
technique 

- High mortality rate 
- Not ideal for 

studying early stages 
of CKD 

Lair et al., 2024; 
Vaziri et al., 
2013; Watanabe 
et al., 2013  

Diabetic 
nephropathy 

- Gene modified 
- Commercially 

available 

- Expensive 
- Confounding effect 

of diabetes 
- Take long time to 

develop advanced 
CKD 

Alicic et al., 
2017; Reidy et 
al., 2014; Wada 
& Makino, 2013 

Hypertension-
induced renal 
injury 

- Genetic modified 
- Useful to study 

angiotensin II 
effect over 
kidney 

- Confounding effect 
of hypertension 

- High cost 
- Slow CKD 

progression 

Ku et al., 2019; 
Udani et al., 
2011 

Primary 
glomerular 
nephropathy 

- Widely used 
- Induce podocyte 

injury 

- Highly depends on 
species and strains 

- Toxic for most other 
cells (drug induced) 

- Resistant in C57BL6 
mice 

Arif et al., 2016; 
Bertani et al., 
1986 

Adenine-
induced CKD 

- Mimics human 
chronic 
tubulointerstitial 
nephropathy 

- produces  the 
range of CKD 
stages 

- non-invasive 
technique 

- causes severe animal 
weight loss 

- not a direct model of 
genetic CKD 

Hsu et al., 2025; 
Lair et al., 2024; 
Yokozawa et al., 
1986 

The adenine-induced model offers specific benefits not found in other models. 

Firstly, adenine is a nucleobase and purine derivative that provides an environmentally 

safe option and poses no risk during standard laboratory procedures. Unlike the 5/6 

nephrectomy model, adenine induction is delivered through simple methods such as 

gavage or dietary feeding, making it a non-surgical and non-invasive procedure for the 
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animal. Third, the adenine induction technique enables the creation of a range of CKD 

severity from mild to severe, which exhibit a consistent progression of the disease and are 

produced with a high success rate, with outcomes influenced by the dosage of adenine 

and the length of treatment (Diwan et al., 2018; Diwan et al., 2013). The adenine model 

consistently replicates the progression of kidney disease in both male and female animals, 

providing valuable insights into gender-specific differences that reflect the clinical 

presentation of CKD affecting both sexes (Bairey Merz et al., 2019; Diwan et al., 2014; 

Melsom et al., 2022). Nevertheless, the adenine-induced model of chronic kidney disease 

has certain limitations. One such limitation is the uncertainty regarding adenine's effects 

on reproductive and other organ systems, as no specific biomarkers for adenine-induced 

CKD have been identified. Additionally, although this model primarily damages renal 

tubules, the detailed molecular and biochemical pathways responsible for nephron injury 

caused by adenine remain unclear. 

 There are several lines of evidence that support the mechanisms by which 

supplementary dietary adenine can induce CKD progression. In the gastrointestinal tract, 

adenine is absorbed and normally metabolized by adenine phosphoribosyltransferase to 

form adenosine monophosphate, which serves as a precursor for several purine 

metabolites, including adenosine, inosine monophosphate, hypoxanthine, and xanthine. 

Xanthine is subsequently converted into uric acid, which is eliminated by the kidneys. 

Adenine can also be metabolized by xanthine oxidase, producing 2,8-dihydroxyadenine, 

a compound excreted in urine, which can be highly accumulated in the kidney after 

prolong administration (Yang et al., 2024). The 2,8-dihydroxyadenine can cause kidney 

tubulointerstitial fibrosis as indicated by renal histopathology and the upregulation of 

inflammatory and fibrotic genes in adenine-treated mice, leading to CKD (Jia et al., 2013; 

Yang et al., 2024).  Inroads have been made towards an understanding of the cellular 

mechanisms responsible for the observed renal interstitial fibrosis in adenine-induced 

mice (Jia et al., 2013; Yuan et al., 2021). Autophagy of tubular epithelial cells has been 

proposed as the underlying mechanism for the development of interstitial fibrosis which 

is reliant on the mechanism Transcription Factor EB (TFEB) (Yuan et al., 2021). TFEB 

protein is increased in renal tubular epithelial cells of adenine-fed mice, and this leads to 

a cascade of downstream effects on regulators of the autophagy process, which include 
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Beclin-1, the autophagy activator of phagophore formation and LC3, an autophagosome 

membrane-associated protein (Ren et al., 2024; Yuan et al., 2021). Interestingly, the 

expression of TFEB and LC3 proteins are also upregulated in renal tubular epithelial cells 

of CKD patients (Nakamura et al., 2020).  This evidence strongly supports a role for TFEB 

and autophagy induced tubulointerstitial fibrosis in the aetiology of CKD in the dietary 

adenine mouse model (Yuan et al., 2021). 

1.6. Project Rationale and Objectives 

Although a few studies have reported an increase in BMAT in CKD patients and 

animal models, the cell and molecular mechanisms in how BMAT accumulation relates 

to bone loss in CKD are unclear. Moreover, a previous RNA-seq study in my host 

laboratory has revealed that in CKD mouse bone the expression of genes associated with 

bone formation were decreased whereas genes associated with adipocyte formation were 

increased (Hsu et al., 2025). These data suggest that BMAT may increase in CKD mice 

due to the mesenchymal stem cells switching from osteoblast differentiation to adipocyte 

differentiation.  

In addition, previous publications report cross-sectional data that cannot inform 

on disease progression and associated bone loss and BMAT accumulation. Therefore, to 

identify the factors contributing to BMAT accumulation, analysis of tissues with 

increasing CKD severity would be beneficial. Such mechanistic information will 

potentially benefit intervention strategies and drug development that may prevent bone 

loss in CKD patients by inhibiting adipogenesis in the bone marrow.  

Therefore, in this study, I set out to examine the hypothesis that bone deterioration 

in CKD mice may be the result of an imbalance between adipogenesis and 

osteoblastogenesis, leading to BMAT accumulation in this mouse model. To address this 

hypothesis, the specific aims for my PhD research were: 

Aim 1: To establish a CKD mouse model by feeding adult male mice a diet supplemented 

with 0.2% adenine and analyse blood and tissues taken at early (1 week), mid (3 weeks) 

and advanced (5 weeks) stages of CKD.  
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Aim 2: To evaluate the bone phenotype and BMAT accumulation in experimental CKD 

progression in relation to systemic levels of PTH, FGF23, adiponectin, leptin, and 

corticosterone. 

Aim 3: To evaluate, via in vitro experimentation, the ability of PTH, FGF23, indoxyl 

sulfate, sclerostin and Pi to differentiate BMSC to the osteoblast or adipocyte lineages  

Aim 4: To determine if bone loss and BMAT accumulation in experimental CKD can be 

prevented with a bispecific antibody to sclerostin and DKK1. 
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2.1. Reagents and solutions 

Chemicals were acquired from Sigma Aldrich (Dorset, U.K.) unless specified 

otherwise. Tissue culture flasks, cell culture plates, and reagents were obtained from 

Thermo Fisher Scientific (Northumberland, U.K.), unless otherwise specified. PCR 

primers were obtained from Primerdesign (Camberley, UK) and Sigma-Aldrich (Dorset, 

UK).  

2.2. Animals and tissue collections 

Male C57BL/6J strain mice were purchased from Charles River Laboratories 

(Margate, Kent, UK) and used in all studies. Male mice were used throughout this study 

to avoid potential variability associated with the oestrous cycle in females, which could 

introduce hormonal influences on bone remodelling and metabolism. All animal studies 

were approved by the Roslin Institute’s named veterinary surgeon (NVS) and named 

animal care and welfare officer (NACWO), with animals maintained in accordance with 

the Home Office code of practice (for the housing and care of animals bred, supplied or 

used for scientific purposes).  The number of animals used in each experiment was 

determined based on previous studies (Hsu et al., 2025). All mice were maintained at the 

Roslin Institute BRF, University of Edinburgh, unless otherwise stated. 

2.2.1. Study 1: BMAT accumulation and bone phenotypes in different stages of CKD 

A group of 36 seven-week-old mice were acclimatised for 1 week after arrival and 

then randomly assigned to either a CKD (n=18) or a control (n=18) group. The mice in 

the CKD group were fed a casein-based diet containing 0.6% calcium, 0.9% Pi, 1.5% 

Vitamin Mix (AIN-76A, containing vitamin D3), and 0.2% adenine (Envigo, Teklad Co. 

Ltd, Cat# TD.140290). Control mice received the same diet without adenine 

supplementation (Envigo, Teklad Co. Ltd, Cat# TD.138898). Body weights were recorded 

every 2 days until termination.  

Six control and CKD mice were sacrificed after 1, 3 and 5 weeks of  CKD 

induction. Blood was collected by cardiac puncture under anaesthesia for evaluation of 

biochemistry (calcium, Pi, BUN, and creatinine) and hormone levels (PTH, FGF23, 

leptin, adiponectin, and corticosterone). Tibiae and femora were collected, processed and 
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stored accordingly. Left tibiae were collected and fixed with 10% neutral-buffered 

formalin (NBF) to evaluate BMD and also trabecular and cortical bone architecture by 

using micro computed tomography (μCT) (section 2.6). Thereafter, the bones were stained 

with osmium tetroxide to allow the quantification of adipocyte accumulation inside bone 

marrow (section 2.5). Right tibiae and femora were dissected and the proximal and distal 

epiphysis was cut apart to remove the articular and growth plate cartilage. The bones were 

placed in a cut-pipette tip inserted in a 1.5 mL Eppendorf and centrifuged at 13,000 rpm, 

1 minute at 4 °C to separate bone marrow tissue and bone. Bone marrow and bone tissue 

of tibiae and femora were flash-frozen in liquid nitrogen and stored at -70 °C and analysed 

separately to evaluate the expression of genes that are recognised to be involved in 

osteoblast and bone marrow adipocyte differentiation (sections 2.10.2). 

2.2.2. Study 2: Food intake and body composition evaluation by Time-Domain 

Nuclear Magnetic Resonance (TD NMR)  

Sixteen seven-week-old mice were used in this study. Mice were acclimatised for 

1 week and then singly housed and assigned to either the control (n=6) or CKD (n=10) 

groups. The mice were fed ad lib according to their respective diet for 5 weeks. Food and 

water intake were monitored and recorded every day. This study was conducted at the 

Little France, University of Edinburgh, animal facility.   

The plan for this study was to evaluate body composition (fat, muscle and bone) 

at baseline, 1, 3 and 5 weeks after CKD induction by using the TD NMR (section 2.3). 

Unfortunately, after two weeks of induction, the adenine-fed mice lost more than 30% of 

their initial weight, and, considering welfare grounds, this study was terminated. 

Therefore, only baseline and 1-week-old data were obtained. 

2.2.3. Study 3: BMSCs, osteoblast (OPC) and adipocyte (APC) precursor cells 

populations in the early stages of CKD (1 and 2 weeks of CKD induction) 

Twenty-four seven-week-old male mice were used in this study. The mice were 

acclimatised for 1 week after arrival before being randomly assigned to either a CKD or 

a control group. The CKD and control mice were fed with their respective diets for 1 or 2 

weeks and the body weight of each mouse was recorded every 2/3 days. 
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Blood was collected by cardiac puncture under anaesthesia for the quantification of BUN 

and creatinine levels. Peripheral white adipose tissue (WAT), including inguinal and 

gonadal WAT, was collected and weighed. To collect the marrow cells, the tibiae and 

femora were dissected and the proximal and distal epiphysis was cut apart to remove the 

articular and growth plate cartilage. The bones were placed in a cut-pipette tip inserted in 

a 1.5 mL Eppendorf and centrifuged at 13,000 rpm, 1 minute at 4 °C. The marrow cells 

from the tibia and femur of each mouse were pooled together for flow cytometry analysis 

to evaluate the BMSC, APC, and OPC populations (section 2.7). 

2.2.4. Study 4: Pair-feeding study 

This study was conducted over three separate trials. The first trial involved 26 

seven-week-old male mice. The mice were acclimatised for one week after arrival prior 

to being single housed and randomly assigned to either control, CKD, or pair-fed groups. 

The control (n=6) and CKD mice (n=10) were fed ad-libitum with normal and adenine 

diets, respectively whereas the pair-fed mice (n=10) received the same amount of normal 

diet that their “paired” CKD mouse consumed the previous day. These mice were expected 

to be treated with their respective diets for more than three weeks. Unfortunately, the CKD 

mice lost over 30% of their initial body weight during the first week of induction. 

Consequently, the study was terminated on animal welfare grounds and no results were 

obtained. This rapid loss of bodyweight was also seen in the single-housed CKD mice of 

study 2, and after discussions with our NVS and NACWO, it was considered that single 

housing was causing extra stress, leading to excess body weight loss.  Therefore, in a 2nd 

study, male mice aged six weeks were acclimatised in the rodent facility at the Roslin 

Institute, for one week in group housing and then for another week in single housing. They 

were then randomly assigned to control, CKD, and pair-fed groups, but the CKD mice 

again lost more than 30% of their initial body weight within the first two weeks of 

induction. As a result, this study was also terminated without any results.  

Although group housing is not ideal for a pair-fed study, it was judged that housing 

2 mice in one cage may be a compromise and workable solution. Therefore, the final trial 

was performed by housing 2 mice/cage. Twenty-six seven-week-old male mice were used 

in this study. They were acclimatised for 1 week after arrival before being housed in pairs 



  
  

46 

and randomly assigned to control (n = 6, 3 pairs), CKD (n = 10, 5 pairs) or pair-fed (n = 

10, 5 pairs) groups. Control and CKD mice were fed ad-libitum with normal and adenine 

diet, respectively whereas the pair-fed group were fed the same amount of normal diet 

consumed by its paired cage (CKD cage) the previous day. The mice were fed their 

respective diets for 3 weeks and body weight was recorded every day. After the sacrifice, 

the tibiae were collected and BMAT was stained with osmium and evaluated by μCT.  

2.2.5. Study 5: Potential differentiation of BMSCs to either adipocyte or osteoblast 

lineages of CKD mice 

 Eight male mice at 7-weeks of age were used in this study. The mice were 

acclimatised for 1 week and then randomly assigned equally to either a CKD group or a 

control group. CKD mice were fed an adenine-supplemented diet, while control mice 

received the same diet without adenine supplementation. The mice were maintained on 

their respective diets for 4 weeks to induce CKD. The study was terminated at this point 

because CKD mice had lost nearly 30% of their initial body weight. At the termination 

date, the mice were sacrificed, and the tibiae, femora, humeri, and iliac bones were 

isolated. The adhering muscle and connective tissues were quickly removed and the 

cleaned bones were subjected to BMSCs isolation as described in section 2.9.1.  

2.2.6. Study 6: Effect of sclerostin and DKK1 antibodies neutralisation on bone 

phenotype and BMAT accumulation  

Forty 7-week-old male mice were used in this study. The mice were acclimatised 

for 1-week and then randomly assigned to either a CKD group, which were fed with an 

adenine-supplemented diet ad-libitum, or a control group, which were fed the same diet 

ad-libitum without adenine supplementation. In this study, the CKD induction regimen 

was modified from the standard protocol in which an adenine supplemented diet was 

offered 7 days per week to a 5 days on/2 days off protocol.  In summary, the CKD mice 

were fed the adenine diet for 5 days and then switched to a normal diet for the remaining 

2 days of each week.  Control mice were fed a normal diet throughout the study period.   

This protocol was continued for 6-weeks and no mouse lost more than 30% bodyweight. 

This modification of the previous protocol was based on the studies of Lair and colleagues 

and introduced to induce CKD but avoid pathological weight loss (Hsu et al., 2022; Lair 
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et al., 2024) Each of the 10 mice in both the control and CKD groups was treated with 

either vehicle (phosphate-buffered saline, PBS) or Sclerostin/Dkk1 antibody (rbsAb). 

This antibody is a bispecific antibody that binds specifically to both sclerostin and Dkk1 

proteins. It was kindly provided by Angitia Biopharmaceuticals, Guangzhou, China. The 

control and CKD mice received intraperitoneal injections of either PBS or rbsAb at a dose 

of 30 mg/kg body weight on days 0, 7, 14, 21, 28, and 35. Their body weights were 

recorded every other day.  

After 6 weeks, the mice were sacrificed, and blood was collected by cardiac 

puncture under anaesthesia for the quantification of serum levels of calcium, Pi, BUN, 

creatinine, PTH, sclerostin and DKK1. Gonadal WAT (gWAT), inguinal WAT (iWAT), 

tibiae, femora and lumbar vertebrae 4 (L4) were dissected, processed and stored 

accordingly. gWAT and iWAT were measured and normalised to their respective body 

weights. The left tibiae were used to evaluate bone structure and mineral density using 

μCT. Thereafter, they were decalcified and stained with osmium tetroxide for BMAT 

evaluation by μCT. The right tibiae were used for proteomics analysis (n = 5), and the 

other half of the group (n = 5) was used for RT-qPCR gene expression in cortical bone 

and bone marrow tissue. The right femora were used for 3-point bending analysis. L4 

were collected for structural analysis by μCT and compression testing.  

2.3. Time domain nuclear magnetic resonance (TD-NMR) 

The TD-NMR (Bruker) measurement offers details on mice body fat, lean mass, 

and free fluid. It enables non-invasive body composition analysis using radio-frequency 

energy, allowing the entire sample volume to be analysed without harm. Mice are placed 

in plastic tubes supplied by Bruker, then gently pushed to the end with an inserter that 

locks onto the tube to ensure safety. The tube is inserted into the TD-NMR machine for 

about 20-30 seconds. After scanning, the results for body fat, lean mass, and free fluid are 

displayed as absolute masses. The tube is then removed from the scanner and opened 

above the cage to release the mouse. 

2.4. Blood biochemistry  
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Heparin-coated tubes were used to collect the blood, approximately 0.5-0.9 ml 

from each mouse. Plasma was obtained by centrifugation at 2500 x g for 10 min at 4°C. 

The plasma was aliquoted (200 µL) into micro Eppendorf tubes and creatinine, BUN, Pi 

and calcium concentrations were evaluated immediately using a chemical analyser 

(Beckman Coulter AU480, Olympus). This service was done by colleagues at Easter Bush 

Pathology, The Royal (Sadick et al.) School of Veterinary Studies, University of 

Edinburgh. The remaining plasma was stored at -80 °C.  

2.5. Enzyme-linked immunosorbent assay (Bacchetta et al.) 

ELISA kits were used to quantify PTH (Immutopics, Cat# 60-2305), FGF23 

(Kainos Laboratories, Inc. Japan, Cat# CY4000), adiponectin (Sigma-Aldrich, Inc., Cat# 

A6354), leptin (R&D, Cat# MOB00), corticosterone (Enzo, Cat# ADI-900-097), 

sclerostin (R&D, Cat# MSST00) and DKK1 (R&D, Cat# MKK100) in each plasma 

sample. All ELISAs used in this study were colorimetric competitive enzyme 

immunoassays, and each ELISA was performed following the manufacturer’s 

instructions. 

2.6. Osmium tetroxide staining 

 Tibiae were fixed in 10% NBF for 24 hours before μCT scanning for the analysis 

of bone structure (section 2.7). The bones were then decalcified in 10% 

ethylenediaminetetraacetic acid (EDTA, pH 7.4) at 4°C with constant agitation for 14 

days. The EDTA solution was changed every 2-3 days. The decalcified bones were washed 

with Sorensen’s buffer and stored in a 1.5 mL Eppendorf tubes containing 400 µL of 

Sorensen’s buffer.  To stain the decalcified bones, 400 µL of 2% osmium tetroxide 

(Clinisciences Ltd, Cat# 23310-10) was added to each tube, and then 400 µL of Sorensen’s 

buffer was added to make a final concentration of 1% osmium tetroxide. The decalcified 

bones were incubated at room temperature for 48 hours and thereafter the bones were 

washed for 1 hour with 2-3 changes of Sorensen’s buffer. The 1% osmium solution and 

all the plastics that came into contact with osmium were deactivated with corn oil before 

normal cleaning or disposal. As osmium tetroxide is a very toxic reagent, the entire 

osmium staining process was done in a fume hood following the standard operating 



  
  

49 

procedure. The stained bones were stored in Sorensen’s buffer at 4°C, and the BMAT was 

quantified by μCT. 

2.7. Micro computed tomography (μCT) 

 The calcified (tibia and L4 vertebrae) and decalcified osmium stained bone were 

scanned by μCT (Skyscan 1172 X-ray microtomography, Bruker, Kontich, Belgium) to 

quantify bone architecture and BMAT accumulation. Briefly, these samples were scanned 

at high resolution with an isotropic voxel size of 5 μm (60 kV, 167 μA and 0.5 mm filter, 

0.6° rotation angle). Next, the slices acquired from the scanner were reconstructed using 

the NRecon 1.7.3.0 program (Bruker, Kontich, Belgium). Then, CTAn software 1.15.4.0 

(Skyscan) was used to visualise and evaluate bone structural parameters and BMAT 

volume from the reconstructed image sets. Three-dimensional (3D) images were created 

using CTVol software (Skyscan).  

 To analyse tibia architecture, each bone was aligned along its longitudinal axis and 

the volume of interest (Bellorin-Font et al.) of the whole bone was selected. The trabecular 

(Tb) VOI in the proximal tibial metaphysis was selected from the bottom of the growth 

plate, excluding cortical bone and extended distally 50 slides (250 μm) from the growth 

plate. A total of 250 slices beneath this slice were selected to analyse trabecular bone to 

obtain the following parameters using CTAn software (Skyscan, Belgium); trabecular 

bone volume/tissue volume (BV/TV; %), trabecular thickness (Tb. Th; mm), trabecular 

number (Tb. N; 1/mm), trabecular separation (Tb. Sp; mm), and trabecular connectivity 

density (Tb. Conn Dn; 1/mm3). Hydroxyapatite phantoms of known hydroxyapatite 

densities - 0.25 and 0.75 g/cm3 - were scanned and reconstructed as described, allowing 

the calculation of BMD. For the analysis of tibial cortical bone, 2D analysis of the entire 

tibia (10-90% of the whole bone length, Figure 2.1) was conducted by using CTAn 

software (Skyscan, Belgium), and the following parameters were measured; cortical bone 

area (B.Ar; mm2), thickness (mm), maximum moment of inertia (MMI max; mm4), 

minimum MMI (MMI min; mm4), polar MMI (J; mm4), medullary area (Med.Ar; mm2), 

periosteal perimeter (P.Pm; mm), endosteal perimeter (E.Pm; mm) and porosity (%). The 

data from the diaphysis (10 – 90% of the tibial length, Figure 2.1) was analysed using R 

Studio (Bourne et al., 2024; Javaheri et al., 2020).  
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 To analyse the structure of the L4 vertebra, a 300-slice section through the middle 

of the vertebral body was examined. The analysis included calculating trabecular 

parameters i.e. BMD (g/cm3), bone volume/tissue volume (BV/TV; %), thickness (Tb. Th; 

mm), number (Tb. N; 1/mm), and separation (Tb. Sp; mm) and cortical parameters 

including BMD (g/cm3), bone volume (BV; mm3), and thickness (Th; mm).  

 To analyse BMAT volume, osmium-stained bones were scanned and aligned along 

their longitudinal axis. The distribution of BMAT along the tibia length (10 - 90% of tibia 

length, Fig. 2.1) was examined with (Chapter 3 and 5) /without (Chapter 5) normalisation 

to the marrow cavity by R Studio (Bourne et al., 2024; Javaheri et al., 2020). Moreover, 

the tibia was divided into three anatomical regions to analyse the distribution of BMAT 

in the proximal epiphysis, which is from the top of the proximal bone to the growth plate 

(Proxi Epi), the growth plate to tibia/fibula junction (GP to T/F J), which contains 

regulated BMAT (rBMAT) and the tibia/fibula junction to the end of the distal bone (T/F 

J to End) which contains constitutive BMAT (cBMAT). BMAT volume in each region of 

the bone was analysed and normalised with the size of the bone marrow cavity (Chapters 

3 and 5). Bones and BMAT accumulation in Chapter 5 (Study 6: Sclerostin and DKK1 

antibody neutralisation) were scanned with the new μCT (NeoScan N80, Mechelen, 

Belgium) under the same conditions as described above. All slides of all the samples were 

reconstructed with the NRecon 1.7.3.0 program (Bruker, Kontich, Belgium) under the 

same conditions. 3D images were created using the Neoscan80 software package 

(NeoScan).  

Figure 2.1 Image of the whole length of a decalcified tibia stained with osmium. This 
figure shows the three anatomical regions of the diaphysis (10- 90 % of the entire tibial 
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length) in which BMAT accumulation was analysed - . the top of the proximal bone to the 
growth plate (Proxi Epi); the growth plate to tibia/fibula junction (GP-T/F J); and the 
tibia/fibula junction to the end of the distal bone (T/F J-End). 

2.8. Flow cytometry 

 BMSCs were isolated from the tibiae and femora of control and CKD mice at 1 

and 2 weeks post-CKD induction, as described in section 2.2.3. Cells from each mouse 

were pooled and suspended in 1 mL of cold cell-suspension buffer containing 2% foetal 

bovine serum (FBS) and 100 U/mL penicillin/streptomycin (P/S) in PBS. Hematopoietic 

cells were depleted using ammonium-chloride-potassium lysis buffer for 5 minutes. The 

cells were then resuspended in cell-suspension buffer and blocked for 30 minutes with 

2% rabbit serum in PBS to prevent non-specific binding. Subsequently, the cells were 

incubated for 1 hour with fluorochrome-conjugated monoclonal antibodies (from Thermo 

Fisher Scientific, UK): anti-CD45 (Cat# 11-0451-82), CD31 (Cat# 11-0311-82), Sca1 

(Cat# 17-5981-82), Pa (Cat# 12-1401-81), and CD24 (Cat# 47-0242-82). Zombie Violet 

(BioLegend, USA, Cat# 423113) served as a dead cell marker. A fluorescence minus one 

(FMO) control was used for each antibody to establish gating boundaries. Flow cytometry 

was conducted on a BDLRSFortessa™ instrument, and cells were identified with FlowJo 

software based on the following surface marker profiles: BMSC (CD31–CD45–

Sca1+Pa+CD24+), APC (CD31–CD45–Sca1+Pa+CD24–), and OPC (CD31–CD45–

Sca1–Pa+) (Ambrosi et al., 2021). 

2.9. Mechanical property analysis 

2.9.1. Three-point bending analysis 

Three-point bending tests were performed on the femur diaphysis using an LS5 

Lloyds materials testing machine equipped with NEXYGEN Plus software (Ametek, 

Leicester, UK) and a 100 N load cell. The goal was to assess bone stiffness and breaking 

strength. The testing setup involved placing the femora on an anvil in a consistent 

anteroposterior orientation, with a span length of 10 mm. The crosshead pressed down 

perpendicular to the bone at a speed of 10 mm/min. Data collection commenced after each 

increment of 0.2 N in load and 0.1 mm in displacement. The bones were subjected to load 

until they fractured. For each sample, a load-displacement curve was plotted and analysed. 
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Key biomechanical parameters such as stiffness, maximum load, yield load, work to 

fracture, and post-yield displacement were calculated, as illustrated in Figure 2.2. 

2.9.2. Compression analysis 

For compression testing, the spinal processes were removed from the vertebral 

body and prepared to have flat and parallel ends, which were obtained using a polishing 

wheel. It was then bonded to a fixed bottom plate with cyanoacrylate glue. A 500N load 

cell, moving downward at a speed of 10 mm/min, compressed the vertebra until it 

permanently broke. The load-displacement curve was generated, and data were recorded 

after every 0.2 N change in load until bone deformation occurred.  The load-displacement 

curve for each bone was analysed and calculated to obtain the following parameters: 

stiffness, maximum load, yield load, work to fracture and post-yield displacement as 

shown in Fig. 2.2. 

Figure 2.2 The illustration of a typical load-displacement curve used to assess the 
biomechanical characteristics of a single bone in a three-point bending test and 
compression. The force at the initial point of damage (Suchacki et al.) indicates the 
maximum strength of the bone under elastic conditions, while Fu represents the minimum 
load required to break the bone, reflecting its structural strength. The grey square area 
denotes the energy needed to fracture the bone. The displacements shown include dl 
(Suchacki et al.), which is the maximal elastic deformation at the yield point, and dl (Fu), 
the deformation at fracture. Stiffness is determined from the linear section of the curve, 
calculated as the ratio of load to displacement (Pawlak et al., 2016). 



  
  

53 

2.10. In vitro study 

2.10.1. Primary mesenchymal stromal cells culture and maintenance 

Primary BMSCs were collected from tibiae, femora and iliac bones of normal male 

mice aged 8-9 weeks old to assess the ability of CKD-associated systemic factors (i.e. Pi, 

PTH, FGF23, sclerostin and IS) to directly influence the differentiation of BMSCs to the 

adipocyte or osteoblast phenotype. Primary BMSCs from study 5 were isolated from the 

tibiae, femora, humeri and ilia of CKD and control mice after 4 weeks on their respective 

diets. For BMSCs isolation, the proximal and distal ends of the bones were removed and 

placed in a cut-pipette tip inserted into a 1.5 ml Eppendorf tube containing BMSC basal 

media [minimum essential medium alpha (αMEM, Life Technologies, Cat# 22561021), 

10% foetal bovine serum (FBS, Life Technologies, Cat# 10500064), and 1% 

penicillin/streptomycin (P/S; Life Technologies, Cat# 11528876)]. The bones were then 

centrifuged at 10,000 rpm for 1 minute at room temperature to pull down the BMSC into 

the culture media. and the pipette tips and bone were discarded. A 1 ml syringe fitted with 

a 25 G needle was used to disperse any clump of cells. The mix of BMSCs and 

haematopoietic cells was expanded in BMSC basal media in T175 flasks (Thermo 

Scientific, Cat# 159910) at 37 °C with 5% CO2 for 48 hours. Next, cells were trypsinised 

with 0.25% trypsin-EDTA (Thermo Scientific, Cat# 25-200-056) under agitation at 37 °C 

for 5 minutes. BMSCs (250,000 cells) were plated in 6-well plates (Corning B.V Life 

Sciences, Cat# 3516) and maintained until they reached 80-90 % confluence for further 

experiments. Culture media was changed every other day during maintenance. 

2.10.1.1.  BMSC culture in differentiation media 

Upon confluency (designated as day 0), the BMSC basal medium was replaced 

with either osteogenic or adipogenic differentiation media, depending on the intended 

lineage commitment. For osteogenic differentiation, confluent BMSCs were cultured for 

21 days in osteogenic medium comprising 8 mM L-ascorbic acid and 1 mM β-

glycerophosphate (βGP) in BMSC basal medium. The osteogenic medium was refreshed 

every two to three days. Following confluence, BMSCs were exposed to adipocyte 

induction medium (AIM), comprising 0.5 mM 3-isobutyl-1-methylxanthine (IBMX), and 
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1 µM dexamethasone in adipocyte basal medium (ABM; 10% FBS, 1% 

penicillin/streptomycin, 20 µM Rosiglitazone, and 2µM insulin in high-glucose 

Dulbecco’s Modified Eagle Medium (DMEM)), for 48 hours. This medium was then 

replaced with fresh AIM for an additional 48 hours. On day 4, the AIM was substituted 

with ABM, and the cells were maintained in ABM until day 7, with medium changes every 

other day (Maridas et al., 2018). 

2.10.2. MLO-Y4 cell line culturing and maintaining 

MLO-Y4 cell line (a kind gift from Lynda Bonewald) is a murine late 

osteoblast/preosteocyte cell line that is usually used to investigate the osteoblast-to-

osteocyte differentiation, mineralisation processes, and the effects of mechanical loading 

on bone cells, contributing significantly to our understanding of bone biology and related 

pathologies.  

All flasks and multi-well plates used to culture the MLO-Y4 cells were coated 

with sterile collagen (rat tail type I collagen, Sigma-Aldrich, Cat# C3876). The collagen 

powder was dissolved in 0.02M acetic acid to prepare a working solution at a 

concentration of 0.15 mg/mL. This solution was then used to coat all the flasks and plates 

before conducting the experiments. All plates and flasks were coated for 1 hour at room 

temperature, and after removing the collagen solution, the plates were dried at room 

temperature under sterile conditions.  The coating solution was kept at 4 °C and can be 

reused 6 times. The dried plates/flasks can be kept for 1-2 months at 4 °C. Prior to culture, 

the dried plates/flasks were rinsed with PBS.  

A cryovial of MLO-Y4 cells were quickly thawed after removal from liquid 

nitrogen and cultured at 37 °C in the media, αMEM containing 5% heat-activated (at 56°C 

for 30 mins) FBS, 5% heat-activated (at 56°C for 30 mins) bovine calf serum (CS: Thermo 

Scientific, Cat# 26010074) and 1% P/S for 1-2 days. Thereafter, the cells were changed 

to maintenance media (αMEM media containing 2.5% heat-activated FBS, 2.5 % heat-

activated CS and 1 % P/S) in a T75 flask at 37 °C with 5% CO2 until cells were fully 

confluent. Cells were then expanded in T175 flasks and finally seeded in 6-well plates for 

the experiments with an initial density of 1.0 × 104 cells/cm2. Culture media was changed 
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every 2-3 days until cells reached full confluence (day 0). After this point, experimental 

treatments were applied for each experiment.  

2.11. RNA extraction  

2.11.1. Isolation of RNA from primary BMSCs and MLO-Y4 

Following completion of the challenge experiments, the culture media was 

removed and the cells were rinsed with 1 mL of PBS. Cells were then scraped into 1 ml 

of Qiazol reagent (Qiagen, Cat# 79306) and homogenized using a Rotor-Stator 

Homogenizer (Ultra-Turrax T10). The homogenates were incubated at room temperature 

for 5 minutes to facilitate the dissociation of nucleoprotein complexes. Subsequently, 200 

µl of chloroform (Scientific Laboratory Supplies, Cat# che1576) was added to each 

sample, followed by thorough mixing to promote optimal phase separation. Samples were 

centrifuged at 13,000 rpm for 15 minutes at 4°C. This process generated three distinct 

layers: an upper aqueous phase containing RNA, an interphase, and a lower organic phase. 

The upper aqueous phase (~500 µl) was carefully collected to minimise cross-

contamination. RNA was then isolated and purified using the Qiagen RNeasy Mini Kit 

(Qiagen, Cat# 74106) in conjunction with RNase-Free DNase I treatment (Qiagen, Cat# 

79254), according to the manufacturer’s protocol. RNA purification relied on a specialised 

buffer system and silica membrane technology. Ethanol (70%) was added to facilitate 

RNA binding, and contaminants were eliminated through sequential washes and 

centrifugation steps. RNA concentration (A260/A280) and purity (A260/A230) were 

assessed using a NanoDrop spectrophotometer (ND-1000; Thermo Fisher Scientific, 

Loughborough, UK). 

2.11.2. Isolation of RNA from mouse tissues 

Tissues were pulverized in RNase-free 2 ml microtubes (VWR, Part of Avantor, 

Cat# 0030120094) containing 1 ml of cold Qiazol lysis reagent (Qiagen, Cat# 79306) 

using a Rotor-Stator homogenizer, applying three cycles of 10-second homogenization. 

Total RNA was isolated, purified and concentration determined as described in section 

2.11.1.  
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2.11.3. Reverse transcription of RNA  

Prior to reverse transcription, the concentration of RNA in each sample was equal 

to the lowest concentration among all samples using RNase-free water. Reverse 

transcriptase was employed to synthesise complementary DNA (cDNA) from the diluted 

RNA templates. For each reaction, 10 µL of RNA was combined with 2 µL of random 

primers (50 ng/µL) and incubated in a Dyad PCR system DNA Engine Peltier thermal 

cycler (MJ Research) at 70°C for 10 minutes. Subsequently, a master mix consisting of 4 

μL 5X First-Strand Buffer (Life Technologies, Cat# 18064-014), 2 μL dithiothreitol (DTT; 

0.1 M, Life Technologies, Cat# 18064-014), 1 μL deoxyribonucleotide triphosphate 

(dNTP; 10 mM, Life Technologies, Cat# 18427-013), and 1 μL Superscript II RNase 

reverse transcriptase (Life Technologies, Cat# 18064-014) was prepared. An aliquot of 8 

μL of this master mix was added to each sample. Reverse transcription was performed on 

the Dyad PCR thermal cycler under the following conditions: 25°C for 10 minutes, 42°C 

for 50 minutes, 70°C for 15 minutes, and a final hold at 4°C. Resulting cDNA samples 

were diluted to 5 ng/µL with RNase-free water and stored at −20°C until subsequent 

analyses. 

2.11.4. Real-time quantitative polymerase chain reaction (qPCR) and quantification  

Each sample was prepared by combining 10 µL of SYBR Green reagent 

(appropriate for Stratagene platforms and Agilent Aria 2.1 system, Primerdesign, Cat# 

PPLUS-MX-SY, or Biosystems, Cat# PB20.15-51), 1 µL of primer mix, and 4 µL of 

RNase-free water. For each quantitative PCR reaction, 15 µL of the master mix was 

combined with 5 µL of diluted complementary cDNA. Gene expression analysis was 

conducted using SYBR Green detection chemistry on a Stratagene Mx3000P real-time 

qPCR system (Agilent Technologies, Santa Clara, USA) for the data reported in chapters 

3 and 4 and an Agilent Aria 2.1 real-time qPCR system (Agilent Technologies, Cheadle, 

UK) for the data reported in chapter 5.  

The qPCR thermal cycling protocol began with an initial denaturation at 95°C for 

2 minutes. This was followed by 40 cycles, each comprising: 60°C for 1 minute, 95°C for 

1 minute, 55°C for 30 seconds, and 95°C for 30 seconds. Reactions were performed in 
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duplicate using separate RNA samples. Negative controls included reactions with 5 μL of 

nuclease free water and 15 μL of master mix instead of cDNA. Gene expression was 

quantified relative to the housekeeping gene Ppia (Sigma-Aldrich). Primer specificity was 

verified by a single peak in the melting curve. Data analysis used standard curves and 

amplification plots, which showed fluorescence intensity versus cycle number, with the 

baseline normalised to the ROX dye. Relative expression levels were calculated using the 

∆∆Ct method (Livak & Schmittgen, 2001) and reported as fold changes relative to 

housekeeping genes. The primer sequences used in this thesis are listed in Appendix I. 

2.12. Cell-based assays and staining 

2.12.1. Alkaline phosphatase (Cohen et al.) activity and alizarin red staining (ARS)  

The osteogenic differentiation potential of primary BMSCs from CKD mice 

(Chapter 3) was evaluated using an ALP activity assay kit (Sigma-Aldrich, Cat# 

MAK447) and alizarin red staining. After 21 days of differentiation into osteoblasts, the 

cells were washed with PBS and lysed with 0.2% Triton X-100 to extract both the 

intracellular ALP enzyme and total protein. The ALP activity was measured according to 

the manufacturer’s protocol, utilizing p-nitrophenyl phosphate as the substrate, with the 

resulting p-nitrophenol detected by absorbance at 405 nm  (Mushtaq et al., 2002). After 

cell lysis for ALP, the mineralised cell layer in each well was stained with 1 mL of 2% 

ARS solution at pH 4.2 at room temperature for 5 minutes with gentle agitation. 

Afterwards, the stain was removed and the wells were rinsed several times with distilled 

water until the water ran clear. The calcium-bound stain was then solubilised in 10% 

cetylpyridinium chloride, and the optical density of the resulting eluted solution was 

measured using a BioTek Synergy Microplate Reader at 570 nm (Hsu et al., 2022). 

2.12.3. Oil red O (ORO) staining  

The adipogenic differentiation potential of primary BMSCs from CKD mice 

(Chapter 3) was assessed by ORO staining. Cells were fixed in 10% neutral buffer 

formalin at room temperature for 30 minutes. The fixed cells were rinsed with distilled 

water and incubated in 60% isopropanol (in distilled water) for 5 minutes at room 

temperature. The adipocytes were stained with ORO working solution (a mixture of 3 
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parts of 0.35% ORO in isopropanol with 2 parts of 60% isopropanol) for 5 minutes at 

room temperature under gentle agitation. The stained adipocytes were washed 3 times 

with distilled water. The bound stain was solubilised in isopropanol and 

spectrophotometric measurement of the eluate's optical density was performed at a 

wavelength of 490 nm (Maridas et al., 2018). 

2.13. Protein methods 

2.13.1. Protein extraction from primary cells  

After ORO staining, cells were rinsed with PBS and cellular proteins were 

extracted with fixed-cell lysis buffer containing 300 mM Tris-HCl (pH 8), 2% SDS, 2X 

protease and phosphatase inhibitor cocktail (Kawashima et al., 2014; Sadick et al., 2016). 

The amount of total cellular protein from adipocytes (after ORO staining) and osteoblasts 

(total lysate after ALP activity, Section 2.11.1) was determined by the Quick Start 

Bradford protein assay (Bio-Rad, UK, Cat# 5000201) according to the manufacturer’s 

instructions. The total protein was used to normalise ALP activity, ARS and ORO staining 

in their respective groups. 

2.13.2. Protein extraction from tissue and proteomic analysis  

Protein phenotypes of bone and bone marrow tissue from CKD and CKD treated 

with rbsAb were determined by proteomic analysis. Both proximal and distal ends of the 

right tibial bone (n=5) were cut and placed into a cut pipette tip inserted within a 1.5 mL 

Eppendorf tube, and subjected to centrifugation at 13,000 rpm for 5 minutes at 4°C to 

separate bone marrow from bone. Tibial cortical bone and bone marrow tissue were 

homogenised separately by a Rotor-Stator Homogeniser in 100 µL of lysis buffer 

containing 5% sodium deoxycholate, 100 mM Tris-HCl (pH 8.5), 1 mg/mL 

chloroacetamide, and 1.5 mg/mL tris(2-carboxyethyl)phosphine. The lysates were 

subsequently heated at 95°C for 15 minutes. Protein capture and digestion from plasma, 

bone and bone marrow lysates were performed according to a previously published 

protocol (Batth et al., 2019), using an automated KingFisher Flex system (Thermo Fisher 

Scientific). Proteins were captured using MagReSyn HILIC magnetic microspheres (MR-

HLC002, ReSyn Biosciences). Protein-bound beads were then digested with 0.5 µg of 
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MS-grade trypsin (90057, Thermo Fisher Scientific) in 50 mM triethylammonium 

bicarbonate buffer (18597, Sigma-Aldrich) at 37°C. The tryptic peptides were 

sequentially washed with 95% (v/v) acetonitrile (ACN) and 70% ethanol. Digestion was 

terminated by acidification with 2% formic acid. Peptides were subsequently desalted 

using a C18-based desalting procedure, eluted with 0.1% trifluoroacetic acid (TFA) in 

50% ACN, and dried by speed vacuum. Thereafter, dried peptides were reconstituted in 

0.1% TFA for subsequent mass spectrometry analysis. 

One microgram of peptide was subjected to electrospray ionisation for mass 

spectrometry (MS) analysis using an Orbitrap Fusion Lumos mass spectrometer (Thermo 

Fisher Scientific). Liquid chromatography was performed using mobile phase A (0.5% 

acetic acid and 2% ACN in LC-MS grade water) and mobile phase B (0.5% acetic acid 

and 80% ACN in LC-MS grade water). For MS1 acquisition, the scan range was set to 

200–2,000 m/z, with a normalised automatic gain control (AGC) target of 1000% and an 

injection time of 50 ms. For MS2 acquisition, the scan range was set to 350–1,650 m/z, 

with a resolution of 120,000, an AGC target of 1000%, and an IT of 60 ms. Data 

acquisition employed higher-energy collisional dissociation with a normalised collision 

energy of 28. The data were analysed utilising DIA-NN 2.0 software, where spectral 

matching was carried out against the Mus musculus UniProt protein database (Demichev 

et al., 2020). Normalisation was achieved by assessing the total peptide abundance across 

different LC-MS runs. Gene Set Enrichment Analysis (GSEA) was performed using 

GSEA software version 4.4.3 from the Broad Institute, USA. The proteomics data 

including raw files and search results have been deposited to the ProteomeXchange 

Consortium via the PRIDE partner repository with the dataset identifier PXD 069117.  

2.13 Statistics 

 Data is presented as mean ± standard error of the mean (S.E.M.). The precise 

number (n) is indicated in the relevant figure legends. The correlation between the 

individual parameters was conducted by using Pearson’s correlation. Statistical analysis 

was performed using a Student’s t-test, one-way analysis of variance (ANOVA) followed 

by Tukey’s range test, or two-way ANOVA, as appropriate. Non-normally distributed data 

were analysed using the Mann–Whitney test with Bonferroni correction for multiple 
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comparisons. Statistical analysis was performed using GraphPad Prism software 

(GraphPad Software, Inc., USA), and statistical significance is denoted as follows: * p < 

0.05, ** p < 0.01, and *** p < 0.001. For the analysis of the proteomic differential 

expression, data processing was carried out using Perseus software (Tyanova et al., 2016). 

The data underwent log₂ transformation, and missing values were estimated by assuming 

a normal distribution. To compare groups, pairwise two-sample t-tests were performed. 

Proteins were deemed significantly different if they had a p-value below 0.05 and a fold-

change exceeding 1.5.   
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Introduction 

CKD affects more than 10% of the global population, accounting for 

approximately 800 million individuals worldwide (Kovesdy, 2022). In 2017 alone, an 

estimated 1.2 million people died as a result of CKD (Bikbov et al.,2020). Without 

effective intervention, the global mortality burden is projected to rise to nearly 2.2 

million deaths by 2040 (Bikbov et al., 2020). CKD is an irreversible, progressive 

disorder characterised by structural abnormalities and a gradual decline in renal function. 

Clinically, CKD is defined by an eGFR below 60 mL/min/1.73 m². To differentiate CKD 

from acute kidney injury, reduced eGFR and/or elevated urinary albumin excretion must 

persist for at least 90 days in repeated assessments (Kovesdy, 2022). 

The progression of CKD disrupts systemic mineral and hormonal homeostasis—

particularly involving calcium, Pi, PTH, and FGF23, which collectively contribute to 

skeletal complications. This altered mineral status, known as CKD-MBD, includes ROD 

and is characterised by low bone density (osteopenia) that can progress to osteoporosis 

(Sprague et al., 2016). The prevalence of osteopenia and osteoporosis in CKD patients 

has been reported to be approximately 45% and 23%, respectively, across both developed 

and developing regions (Tariq & Sulaiman, 2020). Furthermore, as CKD advances, 

particularly in older adults, the risk of bone fracture increases nearly fivefold compared 

with age-matched individuals without CKD (Naylor et al., 2015). Fractures in CKD 

patients represent a major clinical concern, as they significantly compromise quality of 

life and elevate mortality risk (Hsu et al., 2020). 

The mechanisms underlying CKD-MBD are complex and multifactorial. 

Impaired renal function in CKD often results in Pi retention and subsequent 

hyperphosphatemia. Although the direct impact of hyperphosphatemia on bone structure 

remains unclear, several clinical studies have demonstrated a positive correlation 

between elevated serum Pi levels and increased fracture risk in CKD patients (Geoffrey 

A. Block et al., 2004; Campos‐Obando et al., 2017). In response to hyperphosphatemia, 

osteocytes increase the secretion of FGF23, promoting Pi excretion through the kidneys 

and thereby attempting to maintain Pi balance (Prié et al., 2009). However, excessive 

FGF23 contributes to bone deterioration by upregulating DKK1, a potent Wnt/β catenin 
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signalling inhibitor that suppresses osteoblast differentiation (Carrillo-López et al., 

2016). Sclerostin, another Wnt/β catenin signalling inhibitor, is also found to be 

increased in CKD condition (Moe et al., 2015; Neto et al., 2021). Prolonged 

hypocalcemia also ensues in the presence of elevated FGF23 due to the down regulation 

of hormonally active vitamin D3 (1,25-dihydroxycholecalciferol) and this stimulates 

PTH secretion, leading to SHPT, a condition that accelerates bone resorption and 

diminishes bone formation (Hruska et al., 2017). Several clinical and experimental 

investigations have demonstrated a positive association between SHPT and increased 

fracture risk in CKD patients (Jadoul et al., 2006; Marques et al., 2017; Nickolas et al., 

2013). 

BMAT has been recognised for decades as a distinct and metabolically active fat 

depot within the bone microenvironment. Its formation is primarily driven by the 

transcription factor PPARγ, a key regulator of adipogenic differentiation (Akune et al., 

2004). Other adipogenic markers, including C/EBPα, Fabp4, and adiponectin, also 

contribute to the regulation of BMAT expansion (Tencerova & Kassem, 2016). Several 

endocrine factors strongly influence BMAT development under various physiological 

and pathological conditions. For instance, glucocorticoid excess, as seen in Cushing’s 

syndrome, promotes BMAT accumulation (Maurice et al., 2018), and the administration 

of cortisol or corticosterone in animal models produces similar effects (Suchacki et al., 

2016). Notably, elevated circulating glucocorticoids have also been reported in CKD 

patients and animal models (Sagmeister et al., 2022; Uslar et al., 2025). Conversely, 

leptin and PTH have been shown to suppress BMAT expansion (Ambati et al., 2010; 

Costa et al., 2019). 

Beyond serving as a fat reservoir, BMAT is increasingly recognised as an 

endocrine organ that secretes adipokines such as leptin and adiponectin, which play key 

roles in systemic metabolic regulation (J. H. Stern et al., 2016). Factors released by 

marrow adipocytes can also influence local bone remodelling processes. For example, 

BMAT-derived extracellular vesicles carrying adipogenic RNAs have been shown to 

suppress osteoblast function (Sulston & Cawthorn, 2016). Moreover, bone marrow 

adipocytes can produce RANKL and C-X-C motif chemokine ligand 1 (CXCL1), both 
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of which stimulate osteoclast differentiation and increase bone resorption (Cawthorn et 

al., 2016; Fan et al., 2017). 

It’s well known that BMSCs possess multipotent differentiation potential, giving 

rise to osteoblasts, chondrocytes, myoblasts, and adipocytes (Bianco & Robey, 2015). 

Osteoblast and adipocyte lineages are thought to share a reciprocal, “seesaw-like” 

relationship in which activation of one lineage suppresses the other (James, 2013). 

Consequently, enhanced adipogenic differentiation of BMSCs often occurs at the 

expense of osteogenesis, contributing to reduced bone formation. Numerous studies have 

documented this inverse relationship between BMAT accumulation and bone mass in 

metabolic conditions such as ageing, diabetes, and caloric restriction (Ali, Tencerova, et 

al., 2022; Bredella et al., 2009; Devlin et al., 2010; Guimaraes et al., 2024; Justesen et 

al., 2001) (Veldhuis-Vlug & Rosen, 2018). Importantly, and relevant to the work of this 

thesis, several clinical and experimental studies have also reported increased BMAT 

content in CKD, which correlates positively with disease severity (Moorthi et al., 2015; 

Woods et al., 2018). In paediatric CKD, an inverse relationship between bone formation 

rate and marrow adipocyte number has been observed, particularly in children with high 

bone turnover (Sirimongkolchaiyakul et al., 2021). Moreover, both lower eGFR and 

decreased bone mineral density have been shown to correlate inversely with BMAT 

volume in CKD patients (Borelli et al., 2023). Experimental CKD induced by 

nephrectomy or adenine-supplemented diets consistently demonstrate BMAT expansion 

alongside bone loss (Ni et al., 2019; Wang et al., 2017). 

Collectively, this evidence suggests that BMAT accumulation in CKD may 

contribute to skeletal deterioration either by skewing mesenchymal stem cell 

differentiation toward adipogenesis at the expense of osteoblastogenesis, or through 

direct paracrine effects that promote bone resorption. Despite growing recognition of 

this relationship, the mechanistic basis underlying BMAT expansion and its interaction 

with bone metabolism during CKD progression remains poorly defined. Furthermore, 

most existing studies have been cross-sectional, providing only static snapshots rather 

than capturing the temporal sequence of bone and BMAT changes. To address this gap, 

the present study was designed to investigate the mechanistic link between BMAT 
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development and bone pathology during the progression of adenine-induced CKD in 

mice, employing a longitudinal experimental design to better reflect the dynamic nature 

of bone alterations in CKD.  

The published paper from this study had a number of co-authors who contributed 

to the laboratory work and writing. However, I can confirm that I wrote the first draft of 

the paper and completed all laboratory work. I was assisted by Soher N. Jayash and Aine 

Pears on the in vitro experiments and flow cytometry, respectively. Lucie E. Bourne 

kindly helped me with whole cortical bone analysis using R Studio, and I have adapted 

her technique for my own work.  
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Conclusion 

This study investigated the underlying mechanisms responsible for BMAT 

accumulation during CKD progression and its contribution to bone loss by using the 

adenine-induced CKD mouse model. Male mice were used in this study and were fed an 

adenine diet for up to 5 weeks. CKD mice were then assessed for BMAT accumulation, 

bone morphometry, osteogenic and adipogenic gene expression in bone and bone 

marrow tissue and circulating hormones that may influence BMAT expansion, such as 

adiponectin, leptin, and corticosterone. Additionally, the populations of BMSCs, APCs, 

and OPCs at the onset of CKD were also assessed, along with the potential differentiation 

of BMSCs from CKD mice into either adipogenic or osteogenic lineages. Furthermore, 

this study investigated whether BMAT accumulation in this CKD model was a 

consequence of either caloric restriction or progression of the disease. According to the 

results of this study, the conclusions that could be drawn are as follows:  

1. Adenine-induced CKD in these mice was successfully established as a disease model, 

as demonstrated by increased levels of BUN, creatinine, FGF23, and PTH from 3 

weeks of induction.  

2. BMAT accumulation began to rise at 3 weeks, preceding trabecular bone loss, which 

occurred after 5 weeks in CKD mice.  

3. Regulated BMAT accumulation was significantly increased at 5 weeks post-CKD 

induction and was associated with lower trabecular bone volume fraction.  

4. Circulating adiponectin and corticosterone levels increased, whereas leptin levels 

decreased in CKD mice; however, only adiponectin levels were associated with 

BMAT accumulation.  

5. There were limited changes in the expression of osteoblast transcription factors and 

osteoblast markers in CKD mice.  Only Osterix (Sp7) expression in the cortical bone 

of CKD mice was reduced after 3 weeks of induction.  

6. The expression of adipogenic transcription factors increased in the bone marrow 

tissue and BMSCs of CKD mice.  

7. The BMSC population decreased, while the APC and OPC populations remained 

unchanged at the onset of CKD.  
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4.1. Introduction 

Clinically, individuals with CKD-MBD exhibit a marked increase in skeletal 

fragility and fracture risk, along with an elevation in BMAT, suggesting a complex 

pathophysiological phenotype (Hosain & Clinkenbeard, 2024; Moe et al., 2006).  At the 

cellular level, BMSCs - multipotent progenitors capable of differentiating into osteoblasts, 

adipocytes and chondrocytes – may be directly influenced by elevated levels of CKD-

MBD associated systemic factors including Pi, FGF23, PTH, sclerostin and uremic toxins. 

The influence of these factors on BMSC differentiation could contribute to the 

observations in Chapter 3, where BMSCs from CKD mice were found to have enhanced 

adipogenic potential in vivo. This interplay could potentially lead to impaired osteogenesis 

and heightened marrow adiposity characteristic of CKD. 

Hyperphosphatemia, a hallmark of CKD, has been shown to directly trigger 

elevations in FGF23, a hormone with detrimental effects on bone health. Evidence 

suggests that FGF23 actively promotes bone loss by upregulating the Wnt-signalling 

pathway inhibitor DKK1, leading to a significant reduction in bone formation (Carrillo-

López et al., 2016). Research employing nephrectomy and parathyroidectomy in CKD rat 

models fed a high-Pi diet revealed notable results: decreased serum FGF23 levels, 

diminished bone formation rates, and compromised osteoblast activity (Ferreira et al., 

2013). These findings imply a Pi-mediated mechanism responsible for bone loss that 

operates independently of PTH (Batista et al., 2010).  This raises the compelling 

hypothesis that an elevated Pi concentration may exert a direct influence on the 

differentiation and functional capacity of osteoblasts. Supporting this assertion, in vitro 

studies have demonstrated that heightened Pi levels actively promote the differentiation 

of human bone marrow-derived mesenchymal stem cells into osteoblasts (Lin et al., 2021; 

Rui et al., 2022). Nevertheless, the potential effects of high Pi on the differentiation of 

mesenchymal stem cells into adipocytes remain conspicuously underexplored. 

While the intermittent administration of PTH (teriparatide (1–34 fragment of 

PTH)) is widely recognised to enhance bone formation (Thomas, 2006), 

hyperparathyroidism in the context of CKD typically manifests in the early stages of the 

disease and persists throughout its progression (Metzger et al., 2025). Prolonged exposure 
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to elevated PTH levels has been implicated in diminishing osteoblast responsiveness and 

promoting bone resorption through mechanisms involving osteoblast-mediated osteoclast 

differentiation (Metzger et al., 2025; Silva & Bilezikian, 2015). While several studies have 

highlighted the capacity of intermittent PTH treatment to stimulate mesenchymal stromal 

cells differentiation into osteoblasts while simultaneously inhibiting adipogenesis 

(Rickard et al., 2006; Yang et al., 2019), the long-term implications of elevated PTH on 

adipose differentiation remains a topic that warrants further investigation. 

Furthermore, the accumulation of uremic toxins, such as p-cresyl sulfate (PCS) 

and IS - toxic by-products that build up in CKD patients and preclinical animal models, 

has been implicated in deleterious effects on bone metabolism (Hsu et al., 2025; Watanabe 

et al., 2017). Uremic toxins disrupt the delicate equilibrium of bone formation and 

resorption, effectively suppressing osteoblast function and the formation of mineralised 

bone nodules. This is mediated by the downregulation of essential osteogenic 

transcription factors and phenotypic markers such as osterix, osteocalcin, and BMP2 

(Watanabe et al., 2017). Moreover, IS has been found to adversely affect the activity and 

function of adipose-derived mesenchymal stem cells (Thi Do et al., 2016). Despite this 

growing body of evidence, the direct effects of IS on mesenchymal stromal cells are yet 

to be thoroughly investigated. 

Cumulatively, the multitude of factors associated with CKD may create a bone 

marrow microenvironment that skews the differentiation of mesenchymal stromal cells 

toward adipogenesis at the expense of osteoblastogenesis. Such multifaceted interactions 

may lead to impaired bone formation and an increase in marrow adiposity, thereby 

exacerbating skeletal fragility. To effectively unravel the complexities of CKD-MBD and 

to foster the development of targeted therapeutic strategies, a comprehensive 

understanding of the individual effects of these diverse factors on BMSC differentiation 

is paramount. 

Osteocytes play a pivotal role as central regulators of bone modelling and 

remodelling, orchestrating the intricate activities of osteoblasts and osteoclasts through 

the secretion of various signalling molecules, notably sclerostin, RANKL, and OPG 

(Bellido, 2014). Among these signalling molecules, sclerostin has garnered particular 
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attention due to its inhibitory effect on Wnt/β-catenin signalling, which is critical for 

osteoblastogenesis. The association of CKD with elevated levels of sclerostin represents 

another layer of complexity in the landscape of bone metabolism and poses significant 

implications for bone health, particularly in terms of low bone turnover and compromised 

bone formation (Moysés & Schiavi, 2015).  

In addition to its inhibitory influence on bone formation via impairment of 

osteoblast Wnt-signalling pathways (Fairfield et al., 2017) it can also promote adipogenic 

differentiation from mesenchymal stem cells, fostering the accumulation of adipose tissue 

within the bone marrow (Fairfield et al., 2018). Conversely, treatment with sclerostin-

neutralising antibodies can enhance osteogenic potential and restore mesenchymal stem 

cell function even in detrimental skeletal conditions such as skeletal unloading 

(Shahnazari et al., 2012). 

Recent investigations have identified hyperphosphatemia and IS, as key 

contributors to the upregulation of osteocytic sclerostin production. In rodent models of 

CKD, dietary Pi intake has been shown to elevate osteocytic sclerostin levels, leading to 

diminished bone formation and impaired mineralisation (Ferreira et al., 2013). Moreover, 

extracellular Pi has been demonstrated to function as a signalling entity within bone cells, 

whereby osteoblasts respond to increased Pi levels by downregulating the expression of 

Sost and Dkk1 (Rendenbach et al., 2014).The accumulation of IS in CKD patients has 

been associated with enhanced expression of sclerostin in osteocytes (Liu et al., 2018). 

Previous studies have also found that IS increased the expression of Sost and Dkk1, in 

osteocytes (Chen et al., 2024). The direct influence of elevated Pi and IS on Sost 

expression by osteocytes, however, remains underexplored, and such knowledge may help 

elucidate the individual impact of these CKD-related factors on disease progression. 

Collectively, the systemic factors raised in CKD-MBD may have the potential to 

enhance osteocytic sclerostin production and suppress osteoblastogenesis and promote 

adipogenesis from their precursor BMSCs.  This would ultimately result in impaired bone 

formation, increased marrow fat accumulation, and heightened skeletal fragility. Animal 

models and in vitro studies have consistently corroborated these mechanisms, establishing 

a robust framework for further mechanistic investigation. A comprehensive understanding 
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of the individual contributions of these factors on BMSC differentiation may be helpful 

for the development of targeted therapeutic strategies aimed at restoring bone health in 

patients with CKD. 

4.2. Hypothesis and aims 

Several systemic factors are increased during CKD progression and are recognised 

to be critical for CKD-MBD manifestation i.e. FGF23, PTH, Pi, IS and sclerostin. These 

factors may contribute to altered BMSC differentiation. This hypothesis was tested by 

completing the following aims: 

I. Evaluate the ability of CKD associated systemic factors (i.e. Pi, 

PTH, FGF23, sclerostin and IS) to directly affect the differentiation 

of BMSCs to the adipocytes or osteoblast phenotype.  

II. Evaluate the effect of high Pi and IS on sclerostin secretion by 

MLO-Y4 osteocyte-like cells.  

4.3. Materials and methods 

4.3.1. Primary BMSCs 

Primary BMSCs were isolated from long bones of wild-type 8-9 weeks old male 

mice as described in section 2.10.1. For the individual study, 250,000 cells/well were 

plated into 6-well plates and cultured in BMSC basal medium until confluency.  Culture 

media was changed every other day (described in section 2.10.1). 

4.3.2. Differentiation media for BMSC culture during treatment with Pi, FGF23, 

PTH, sclerostin or IS. 

On confluency (day 0), the BMSC basal medium was replaced with either 

osteogenic or adipogenic differentiation media, depending on the targeted lineage, as 

detailed in section 2.10.1.1.  

4.3.2.1. BMSCs differentiation: influence of PTH treatment 

Recombinant human PTH fragment 1-34 was utilised in this study. A stock 

solution (stock 1) was prepared by reconstituting PTH in PBS at a concentration of 1 
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mg/mL. For further dilution, 1 µL of stock 1 was added to 999 µL of distilled water to 

produce stock 2, yielding a concentration of 1 µg/mL. Stock 2 or distilled water was 

freshly diluted in culture medium to generate final PTH working concentrations of 0, 0.5, 

1, and 5 ng/ml, informed by relevant preclinical studies with primary osteoblasts (Hsu et 

al., 2022). Upon reaching confluency, BMSCs were cultured in either osteogenic or 

adipogenic media, each supplemented with the designated concentration of PTH. For 

osteogenic differentiation, the media was replaced every other day for 21 days as 

described in section 2.10.1.1. For adipogenic differentiation, media changes were 

performed as described in Section 2.10.1.1 over a 7-day period. 

4.3.2.2. BMSCs differentiation: influence of Pi treatment 

Culture medium contains ~ 1mM Pi and 10% FBS contains ~ 0.33 mM Pi (Lee et 

al., 2023). To achieve the desired experimental concentrations of Pi, sodium dihydrogen 

phosphate (NaH2PO4 was resuspended in sterile distilled water to prepare a 20 mM stock 

solution. At confluency, either 20 mM stock solution or PBS was freshly combined with 

osteogenic or adipogenic culture medium to achieve final supplementary Pi 

concentrations of  0, 1, 3, and 5 mM and maintained as outlined in Section 2.10.1.1., All 

mentions in the text and figures to the amount of Pi present in individual cultures refer to 

the amount of additional Pi added and do not include the ~1.33 mM present in the FBS-

supplemented basal medium.   

4.3.2.3. BMSCs differentiation: influence of FGF23 treatment 

Recombinant human FGF23 was employed in this study. The growth factor was 

first reconstituted in PBS containing 0.1% FBS to generate a primary stock solution at a 

concentration of 100 µg/ml. A secondary stock solution (1 µg/mL) was prepared by 

diluting 10 µL of the primary stock with 990 µL of PBS. For each experimental condition, 

either the secondary stock or PBS was freshly combined with osteogenic or adipogenic 

culture medium to achieve final FGF23 concentrations of 0, 1, 10 and 50 ng/ml. The 

treated cells were maintained according to the procedures outlined in Section 2.10.1.1. 

The chosen concentration range was informed by previous studies (Hsu et al., 2022). 

4.3.2.4. BMSCs differentiation: influence of sclerostin treatment 
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Recombinant human sclerostin was utilised in this study. The protein was initially 

reconstituted in sterile PBS to prepare a primary stock solution with a concentration of 

200 µg/ml. Subsequently, 5 µL of this primary stock was diluted with 995 µL of PBS to 

generate a secondary stock solution at 1 µg/mL. At confluency, BMSC cultured in either 

osteogenic or adipogenic media were supplemented with PBS or with 1 ug/mL sclerostin 

to achieve final concentrations of 0, 0.5, 1, and 5 ng/mL. The cells were maintained as 

described in Section 2.10.1.1. The selected concentration range was informed by prior 

preclinical studies (Fairfield et al., 2018; Ferreira et al., 2013). 

4.3.2.5. BMSCs differentiation: influence of IS treatment  

IS was tested at concentrations of 0, 0.25, 0.5, and 1 mM in this study. This 

concentration range was informed by prior publications and was not found to be toxic to 

osteoblasts (Hsu et al., 2025). Due to the protein-bound nature of IS, it was initially 

resuspended in bovine serum albumin (BSA; 1 mg/ml) and dimethyl sulfoxide (DMSO) 

before being further diluted in culture media formulated for either osteogenic or 

adipogenic differentiation. Control cultures received an equivalent final concentration of 

DMSO (1:4000 dilution) as the experimental groups. Confluent BMSCs were exposed to 

the conditioned osteogenic or adipogenic media containing IS and maintained as 

described in Section 2.10.1.1. 

4.3.3. Osteocyte cell line: Sost expression in response of high Pi and IS treatment 

MLO-Y4 osteocyte-like cells were used in this experiment. Cells were cultured 

and maintained as described in section 2.10.2. 250,000 cells/well were plated in 6-well 

plates for Pi and IS treatment. The amount of supplementary Pi and IS used to treat MLO-

Y4 cells was as described in sections 4.3.2.2 and 4.3.3.5, respectively. Cells were 

maintained in their respective media for 2 weeks, and fresh media were changed every 

other day. 

4.3.4. RNA extraction and quantitative polymerase chain reaction 

At the end of each study, RNA was extracted from cultured primary BMSCs as 

described in section 2.11.1. RNA was reverse transcribed and gene expression was 
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quantified using the SYBR green detection as described in Section 2.11.3 and 2.11.4, 

respectively. 

4.3.5. Statistical analysis 

All quantitative results are presented as mean ± S.E.M., with a minimum of three 

independent biological replicates included in each experimental group. Statistical 

comparisons were carried out using one-way ANOVA, followed by Tukey’s post hoc test 

where appropriate. Analyses were conducted using GraphPad Prism software. Statistical 

significance was defined as p < 0.05 and denoted by *. More stringent significance levels 

were indicated as follows: ** for p < 0.01, *** for p < 0.001, and **** for p < 0.0001. 

4.4. Results 

4.4.1. Effect of PTH on adipogenic and osteogenic gene expression of BMSCs 

Under adipogenic differentiation conditions, PTH treatment did not alter the 

expression levels of key adipogenic marker genes, including Pparg2, Cebpa, Adipoq, and 

Pnpla2, compared with the control group (no PTH). Although a reduction in Fabp4 

expression was observed at the lowest PTH concentration tested, the expression of other 

adipogenic genes remained unchanged. These data indicate that PTH at the concentrations 

tested does not significantly influence adipocyte differentiation of BMSCs (Figure. 4.1A). 

In contrast, under osteogenic conditions, PTH treatment resulted in a significant 

upregulation of osteogenic marker genes. The expression levels of Sp7, Runx2, Alpl, and 

Tnfrsf11b gradually increased up to 1 ng/ml PTH, whereas gene expression when 

challenged with 5 ng/ml PTH was comparable to control levels. Additionally, Tnfsf11 

expression was elevated only at the lowest PTH concentration, with no changes observed 

at higher concentrations (Figure 4.1B). These findings suggest that low concentrations of 

PTH can promote osteogenic differentiation of BMSCs. 
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4.4.2. Effect of supplemented Pi on adipogenic and osteogenic gene expression of 

BMSCs 

Under adipogenic differentiation conditions, increasing concentrations of Pi 

resulted in a progressive, dose-dependent decrease in the expression of key adipogenic 

marker genes, including the transcription factor, Pparg2 and the adipokine gene, Adipoq, 

compared to the control group (no additional Pi). Fabp4 gene expression also 

demonstrated a similar downward trend, reaching statistical significance only at the 

highest Pi concentration tested. In contrast, the expression levels of Cebpa and Pnpla2 

were not affected by supplementary Pi (Figure 4.2A). These results suggest that high 

extracellular Pi may impair adipogenic differentiation of BMSCs, potentially through the 

downregulation of critical components of the adipogenic transcriptional network.  

Conversely, when BMSCs were cultured under osteogenic conditions, increased 

Pi concentrations did not significantly alter the expression of osteogenic marker genes, 

including Sp7, Runx2, and Alpl. Furthermore, high Pi treatment did not affect the 

expression of Tnfsf11 (RANKL), a gene involved in osteoblast-mediated osteoclast 

differentiation, but led to an upregulation of Tnfrsf11b (OPG), which acts to neutralise 

RANKL activity (Figure 4.2B). These findings indicate that while elevated Pi 

concentrations suppress adipogenic differentiation, they do not directly enhance 

osteogenic gene expression in BMSCs. 

4.4.3. Effect of FGF23 on adipogenic and osteogenic gene expression in BMSCs 

When BMSCs were cultured in adipogenic differentiation medium, treatment with 

FGF23 had no significant impact on the expression of early adipogenic transcription 

factors Pparg2 and Cebpa. Expression levels of the downstream adipocyte-associated 

genes, Fabp4 and Adipoq, also remained stable across all FGF23 concentrations tested, 

although a modest increase in Adipoq was observed at the highest dose. Pnpla2 exhibited 

a comparable pattern (Figure 4.3A). Similarly, the expression of osteogenic marker genes 

remained unchanged in response to FGF23 treatment (Figure 4.3B). Collectively, these 

findings indicate that FGF23 has little or no direct ability to alter adipogenic and 

osteogenic gene expression during BMSC differentiation.  
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4.4.4. Effect of sclerostin on adipogenic and osteogenic gene expression of BMSCs 

When BMSCs were cultured under adipogenic conditions, the mRNA levels of 

key adipocyte transcription factors, Pparg2 and Cebpa, as well as the adipocyte-

associated genes Fabp4 and Pnpla2, remained similar between sclerostin-treated and 

control (0 ng/ml) groups. A significant increase in Adipoq expression was observed at the 

lowest sclerostin concentration tested, but no changes were detected at higher 

concentrations (Figure 4.4A). These findings indicate that sclerostin does not substantially 

influence the adipogenic differentiation potential of BMSCs. 

During osteogenic differentiation, a significant upregulation of Tnfsf11 mRNA 

was detected only at the highest concentration of sclerostin tested. Expression levels of 

other osteogenic markers, including Sp7, Runx2, Alpl, and Tnfrsf11b, did not differ 

between sclerostin-treated and control (0 ng/ml) groups (Figure 4.4B). Overall, these 

results suggest that sclerostin does not significantly affect the osteogenic differentiation 

of BMSCs. 

4.4.5. Effect of IS on adipogenic and osteogenic gene expression in BMSCs 

When BMSCs were cultured in adipogenic differentiation medium containing IS, 

a dose-dependent inhibition of adipogenesis was observed. This was evidenced by the 

downregulation of key adipogenic marker genes, including Pparg2, Cebpa, Fabp4, 

Adipoq, and Pnpla2. Although statistically significant decreases in Cebpa and Pnpla2 

expression were only detected at the highest IS concentration tested, all markers showed 

a consistent trend towards reduced expression, indicating a direct inhibitory effect of IS 

on adipogenic differentiation (Figure 4.5A). 

Under osteogenic differentiation conditions, IS treatment suppressed 

osteoblastogenesis, as demonstrated by reduced mRNA expression levels of Sp7, Runx2, 

and Alpl across all IS concentrations compared to control (0 ng/ml) treated cells. Notably, 

IS exposure led to an upregulation of Tnfsf11 (RANKL) but did not affect the expression 

of Tnfrsf11b (OPG) (Figure 4.5B). These findings suggest that IS not only impairs 

osteogenic differentiation of BMSCs but also promotes the expression of genes involved 

in osteoclastogenesis, potentially enhancing bone resorption. 







  
  

102 

4.4.6. Sost gene expression in MLO-Y4 in response to high Pi or IS treatment 

Treatment of MLO-Y4 cells with either supplementary Pi or IS had no significant 

effects on Sost expression.  This was observed at all Pi and IS concentrations tested 

(Figure 4.6A and B). This results suggest that 2-weeks treatment with supplementary Pi 

and IS has no direct effect on Sost gene expression by this osteocyte cell line. 

Figure 4.6 Effect of high Pi or IS on Sost gene expression in MLO-Y4 osteocyte-like 
cells. Sost gene expression by MLO-Y4 cells cultured in medium supplemented with 
different concentration of (A) Pi or (B) IS. The data are represented as the mean ± SEM 
(n = 3). 
 

4.5. Discussion 

This study examined if key CKD associated systemic factors such as PTH, Pi, 

FGF23, sclerostin, and IS could influence the lineage commitment of BMSCs towards 

adipogenic and osteogenic fates. These regulatory factors are critical indicators of CKD 

progression that are tightly linked to mineral metabolism and skeletal homeostasis in this 

disease (Hsu et al., 2020). Understanding how these systemic factors directly affect 

BMSC differentiation provides insight into the mechanisms driving the imbalance 

between osteogenesis and marrow adiposity commonly observed in CKD-associated bone 

disorders.  

Exposure of BMSCs to PTH under adipogenic differentiation conditions did not 

substantially alter adipogenic commitment or maturation. The expression of canonical 

adipocyte-associated transcription factors and structural genes such as Pparg2, Cebpa, 

A B 
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Adipoq and Pnpla2, remained stable. This observation suggests that, at least under the 

present in vitro conditions, PTH exerts minimal influence on adipogenic lineage 

specification. These findings differ from reports demonstrating an anti-adipogenic role of 

PTH when administered intermittently. Specifically, intermittent PTH (1-34) exposure (1 

hour per day) has been shown to decrease adipocyte number and downregulate the 

expression of PPARγ and LPL (lipoprotein lipase) in human mesenchymal stem cells (Fan 

et al., 2017; Rickard et al., 2006). Similar inhibitory effects on adipogenesis have been 

reported in rodent models, in which more frequent intermittent dosing of PTH reduced 

adipogenic markers in LepR⁺ mesenchymal progenitors (Yang et al., 2019), and daily PTH 

administration diminished marrow adipocyte number and size in caloric restricted mice 

(Maridas et al., 2018). The discrepancies between the results of my studies and those of 

others may be attributed to differences in dosing frequency, exposure duration, or cell 

maturity stage. The modest reduction of Fabp4 expression observed at the lowest PTH 

concentration in the present study may represent a minor effect on terminal adipocyte 

maturation rather than on the early transcriptional activation of adipogenic genes.  

Interestingly, previous studies have also shown that PTH can influence lipid 

metabolism in mature adipocytes rather than in undifferentiated progenitors. In co-culture 

systems of mature adipocytes and osteoblast progenitors, PTH promotes lipid transfer 

from adipocytes to osteoblasts, thereby facilitating osteogenic energy metabolism 

(Maridas et al., 2018). Taken together, these findings suggest that PTH may act more 

prominently on mature adipocyte function and intercellular metabolic coupling, rather 

than directly altering BMSC differentiation toward the adipogenic lineage.  

In contrast to the lack of effect of PTH on adipogenesis, PTH exerted a marked 

stimulatory effect on osteogenic differentiation of BMSCs. Under osteogenic conditions, 

expression of Sp7, Runx2, Alpl, and Tnfrsf11b increased significantly in a dose-dependent 

manner up to 1 ng/ml PTH. This observation is consistent with the well-established 

anabolic actions of PTH, which has been reported to enhance osteoblast differentiation 

and function through activation of cAMP/PKA–PKCδ signalling cascades (Kuo et al., 

2017) and engagement of the Wnt co-receptor LRP6 (Yu et al., 2012). The diminished 

response observed at 5 ng/ml PTH may reflect a dose threshold beyond which the anabolic 
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effect plateaus or transitions toward a catabolic response, a phenomenon consistent with 

the biphasic nature of PTH signalling (Locklin et al., 2003). Moreover, the transient 

upregulation of Tnfsf11 (RANKL) at the lowest PTH concentration likely represents an 

early remodelling cue associated with osteoblast-osteoclast coupling. Previous studies 

have reported that PTH-induced anabolic remodelling involves increased osteoblast-

derived RANKL expression to transiently activate osteoclastogenesis, which facilitates 

subsequent bone formation (Walker et al., 2012).  

The osteo-anabolic effects of PTH in this study was a little surprising as the nature 

of the PTH administration described in this study e.g. continual exposure for 21 days, 

most closely represents a continuous exposure to PTH.   Such prolonged and continuous 

exposure to PTH (as commonly experienced in CKD) has been reported to model the 

catabolic effects of PTH (Ishizuya et al., 1997; Liu et al., 2012) and alter the expression 

of Alpl, Phospho1 and Smpd3; osteoblast genes critical for matrix mineralisation (Houston 

et al., 2016).  Due to the 10 -12h half-life of bovine PTH, however, it is possible that a 

lack of PTH biological activity after 1 – 2 days of culture may represent a pseudo-

intermittent PTH dosing regimen.  Indeed, it may mimic in vitro studies which set out to 

model the effects of intermittent PTH, whereby cell culture media is supplemented with 

PTH for 1–6 h per 24-h or 48-h incubation cycle (Ishizuya et al., 1997; Lotinun et al., 

2002). Systemically, the study in CR mice receiving intermittent PTH have demonstrated 

increased bone mass by shifting the lineage allocation toward osteoblast differentiation. 

This effect was accompanied by enhanced lipolysis in mature marrow adipocytes rather 

than a suppression of adipocyte differentiation. The resulting reduction in bone marrow 

adiposity may augment the anabolic actions of PTH by increasing osteoprogenitor 

availability and providing energy substrates that support osteoblast function during bone 

formation (Maridas et al., 2018). 

Collectively, these results indicate that PTH preferentially promotes osteogenic 

differentiation of BMSCs at low physiological concentrations without significantly 

altering adipogenic gene expression. This selective responsiveness underscores the 

capacity of PTH to bias mesenchymal lineage allocation toward osteoblastogenesis, 

thereby contributing to bone anabolic remodelling. The findings further suggest that the 
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context of PTH exposure, particularly dose, timing, and differentiation stage, is critical in 

determining its regulatory outcome on mesenchymal lineage balance within the bone 

marrow microenvironment. 

It was found that increasing extracellular Pi progressively suppressed the 

expression of Pparg2, Adipoq, and, at the highest concentration, Fabp4, indicating that of 

the many cellular functions attributed to Pi including physiological and pathological 

mineralisation (Qin et al., 2025), there is also a role for Pi acting as a signalling molecule 

capable of reprogramming BMSC transcriptional networks. Although direct 

investigations of Pi effects on BMSC adipogenesis are limited, the findings of this study 

are indirectly supported by in vivo evidence showing that Pi restriction in mice 

significantly increases (BMAT compared to controls (Ko et al., 2016). Mechanistically, 

Pi deprivation induces adipogenic differentiation of CXCL12-abundant reticular (CAR) 

cells by upregulating key adipogenic transcription factors Pparg and Cebpa (Ko et al., 

2021). This process has been linked to impaired mTORC1 signalling, which diverts bone 

marrow stromal cells from the osteogenic to the adipogenic lineage, as confirmed by 

lineage tracing studies (Ko et al., 2021). Taken together, these observations suggest a 

reciprocal relationship between Pi availability and adipogenic potential. Low Pi impairs 

osteogenic signalling and promotes adipogenic differentiation, whereas high Pi exerts the 

opposite effect by suppressing adipogenic gene expression. In the present study, high Pi 

did not significantly affect osteogenic marker expression, although there was a modest 

non-significant trend towards upregulation at the highest Pi concentration tested (5 mM). 

This is consistent with previous findings that reported the ability of Pi to promote 

osteoblast differentiation and mineralization of human BMSCs within a range of 4–10 

mM during short-term culture (up to 10 days) (Lin et al., 2021). The lack of strong 

osteogenic induction in the long-term (21- days) cultures of the present study suggests 

that Pi is unable to trigger osteoblast differentiation at low concentrations Mechanistically, 

the observation of increased Tnfrsf11b (OPG) expression is consistent with classical 

findings showing that elevated extracellular Pi upregulates OPG in bone cells, thereby 

inhibiting osteoclast differentiation and shifting the RANKL/OPG balance towards 

reduced bone resorption (Kanatani et al., 2003). Given the central role of the 

RANKL/OPG axis in bone (re)modelling, a Pi -induced increase in OPG provides a 
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plausible mechanism for altered bone coupling without a primary increase in early 

osteogenic markers. Collectively, these data suggest that while high extracellular Pi 

suppresses adipogenesis, its influence on osteogenesis may depend on culture duration 

and concentration thresholds, with long-term or low-dose exposure exerting minimal 

stimulatory effects on BMSC differentiation towards the osteoblast lineage. 

The results of this study indicated that FGF23 treatment does not significantly 

alter the adipogenic or osteogenic differentiation potential of BMSCs under in vitro 

conditions. Despite its well-characterised role as a Pi-regulating hormone primarily 

secreted by osteocytes and osteoblasts (Shimada et al., 2004; Shimada et al., 2001), 

FGF23 did not influence the expression of early adipogenic transcription factors Pparg2 

and Cebpa, nor did it have a major effect on downstream adipocyte markers Fabp4, 

Adipoq, or Pnpla2 during adipogenic induction. The small significant increase in Adipoq 

and Pnpla2 expression at the highest FGF23 concentration tested (50 ng/ml) suggests a 

limited or indirect influence on mature adipocyte function rather than on adipogenic 

commitment itself. Similarly, the expression of osteogenic marker genes remained 

unchanged in FGF23 treated BMSC, suggesting that FGF23 does not directly modulate 

osteoblastic differentiation pathways in BMSCs. 

These findings are consistent with prior studies reporting that FGF23 primarily 

acts in an endocrine manner on target organs such as the kidney and parathyroid gland, 

where it regulates Pi and vitamin D metabolism (Bär et al., 2019; Shimada et al., 2004). 

Although FGF23 receptors (FGFR1–4) are expressed in mesenchymal and bone-lineage 

cells, effective FGF23 signalling requires the co-receptor Klotho (Urakawa et al., 2006), 

which is minimally expressed in BMSC (Li et al., 2013). This likely explains the absence 

of a significant direct effect of FGF23 on BMSC lineage commitment observed in the 

present study. In the absence of Klotho, FGF23 may have only weak paracrine or autocrine 

actions through noncanonical signalling, which appear insufficient to modify 

transcriptional programs governing adipogenic or osteogenic differentiation (Richter & 

Faul, 2018).  Future experiments should study the effects of FGF23 on the differentiation 

of BMSC in the presence of Klotho.  
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Interestingly, emerging evidence suggests that elevated circulating FGF23 levels, 

as seen in CKD, may indirectly affect bone and marrow homeostasis through systemic 

mechanisms such as altered Pi handling, secondary hyperparathyroidism, and suppression 

of vitamin C synthesis (Aguilar et al., 2023; Wolf, 2012). These systemic disturbances 

could contribute to the imbalance between osteogenesis and adipogenesis observed in 

CKD bone, even if FGF23 itself does not exert direct effects on BMSCs. Therefore, while 

the present in vitro data indicate that FGF23 alone is not a potent regulator of BMSC 

differentiation, it may act in concert with other CKD-associated factors such as PTH, Pi, 

or inflammatory cytokines, to influence bone marrow niche dynamics in vivo. 

Collectively, these results suggest that FGF23 influence on bone marrow adiposity and 

osteogenesis is likely mediated through indirect or systemic pathways rather than direct 

modulation of BMSC differentiation per se. 

Sclerostin and its effects on BMSC differentiation were examined under both 

adipogenic and osteogenic conditions. The lack of change in Pparg2 and Cebpa 

expression, key transcriptional regulators of adipogenesis, implies that sclerostin does not 

markedly influence lineage commitment toward adipocytes. The slight increase in Adipoq 

expression at the lowest sclerostin concentration tested may represent a subtle 

enhancement of adipokine production during terminal differentiation rather than a 

genuine shift in adipogenic programming. This mild, non-linear response suggests that 

physiological levels of sclerostin may fine-tune differentiation signalling, whereas higher 

doses exert minimal or no effect. Previous studies have reported inconsistent outcomes: 

recombinant sclerostin promoted adipogenesis in 3T3-L1 preadipocytes and mouse 

BMSCs through Wnt inhibition (Fairfield et al., 2018; Kim et al., 2017). Such 

discrepancies likely reflect variations in species, cell source, differentiation potency, and 

experimental context. However, the strong adipogenic induction by AIM in the present 

study may have saturated the transcriptional response, limiting any observable effects of 

exogenous sclerostin. Moreover, sclerostin may exert its regulatory influence primarily 

through paracrine or post-transcriptional mechanisms, affecting lipid metabolism or 

protein-level signalling, rather than transcriptional control of adipogenic genes. 
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Under osteogenic differentiation, sclerostin similarly showed little impact on the 

transcription of canonical osteogenic markers (Runx2, Sp7, Alpl, and Tnfrsf11b), 

suggesting limited direct inhibition of osteogenic differentiation in isolated BMSCs. Only 

Tnfsf11 (RANKL) expression was elevated by the highest concentration of sclerostin 

tested (5 ng/ml), indicating a possible role in promoting osteoclastogenic signalling rather 

than suppressing osteoblastogenesis. This observation aligns with sclerostin’s established 

function as an osteocyte-derived Wnt antagonist that regulates RANKL and OPG balance 

to control bone (re)modelling (Wijenayaka et al., 2011). Sclerostin’s inhibitory actions on 

bone formation are well documented in vivo, where it binds LRP5/6 to suppress Wnt/β-

catenin signalling in osteoblasts (Iwamoto et al., 2022; Wijenayaka et al., 2011). However, 

these effects depend on the mechanical and paracrine context of the bone 

microenvironment. In the simplified culture conditions used in this study, where potent 

osteogenic stimuli such as ascorbic acid and βGP drive differentiation, sclerostin alone is 

unlikely to override such induction. Thus, while sclerostin may fine-tune osteoblast–

osteoclast coupling via RANKL upregulation, it does not appear to directly alter 

osteogenic commitment of BMSCs in vitro. Collectively, these findings indicate that 

sclerostin has limited direct effects on BMSC differentiation but may act indirectly 

through modulation of bone (re)modelling signals in vivo. 

Under adipogenic conditions, IS reduced the expression of early transcriptional 

regulators Pparg2 and Cebpa, as well as downstream adipocyte-associated markers 

Fabp4, Adipoq and Pnpla2. Although statistically significant suppression was most 

evident at the highest concentrations tested, the consistent downward trend across all 

genes suggests a direct inhibitory influence of IS on adipogenic commitment and 

maturation. This finding was the first study (to the best of my knowledge) to evaluate the 

effect of IS on BMSCs differentiation toward adipocytes. Nevertheless, it has been 

reported that IS exerts anti-proliferation and anti-migration effects of adipose-derived 

mesenchymal stem cells, resulting in decreased cell function (Thi Do et al., 2016) and 

also increased cellular senescence in human umbilical cord MSCs (Wang et al., 2016). 

The present data extend these findings by showing that IS also perturbs the adipogenic 

potential of BMSCs, suggesting that its deleterious actions on the bone marrow 

microenvironment may involve broad suppression of mesenchymal lineage 
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differentiation. This inhibition of adipogenesis contrasts with the in vivo phenotype of 

CKD, where marrow adiposity is often increased in humans and preclinical models  and 

as also reported in the data of Chapter 3 (Sirimongkolchaiyakul et al., 2021; Woods et al., 

2018). The discrepancy may be due to secondary systemic alterations in CKD, such as 

increased Pi, PTH, and altered Wnt signalling, rather than a direct pro-adipogenic effect 

of uremic toxins themselves. 

The IS induced reduced expression of osteogenic transcription factors Runx2 and 

Sp7, as well as the mature osteoblast protein Alpl, indicates impaired osteoblastogenesis. 

This aligns with previous studies showing that IS impairs osteoblast differentiation and 

mineralisation (Hsieh et al., 2024; Kamprom et al., 2021; Kim et al., 2013). A particularly 

intriguing finding in the present study is that IS upregulated Tnfsf11 (RANKL) expression 

while leaving Tnfrsf11b (OPG) levels unchanged, suggesting an enhanced RANKL/OPG 

ratio that favours osteoclastogenesis. This observation aligns with earlier reports that IS 

promotes osteoclast differentiation and bone resorption (Liu et al., 2020). Increased 

RANKL expression from osteoblast-lineage cells could amplify osteoclast activation in 

the bone microenvironment, contributing to the increased bone turnover and increased 

cortical porosity characteristic of CKD-related bone disease (Metzger et al., 2024; 

Metzger et al., 2021; Moe et al., 2014). Thus, IS may exacerbate skeletal fragility not only 

by inhibiting bone formation but also by indirectly promoting bone resorption through 

altered paracrine signalling.   

The effects of IS on BMSC differentiation as reported in this study could also be 

a result of cellular toxicity and while not examined in this study, previous work has shown 

that concentrations of IS of ≤ 2 mM were not found to be toxic to murine primary 

osteoblasts cultured for up to 7 days (Hsu et al., 2025).  Also, IS and other uremic toxins 

are known to have many adverse effects on cells which could influence the differentiation 

potential of BMSC.   Specifically, uremic toxins can induce oxidative stress via 

mitochondrial oxygen free radical production (Popkov et al., 2019; Watanabe et al., 2017).   

In a recent study on cultured murine osteoblasts, both IS and PCS increased mitolysosome 

(degraded mitochondrial components within lysosomes which is an index of mitophagy 

(McWilliams et al., 2016). number and mitochondria with distorted morphology (Hsu et 
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al., 2025). These unfavourable effects on osteoblasts and osteoclasts are likely to disrupt 

bone quantity and quality.  

In the present study, treatment of MLO-Y4 osteocyte-like cells with either high Pi 

or IS at various concentrations did not result in significantly altered expression of Sost 

compared with the untreated control. This finding suggests that neither elevated 

extracellular Pi nor IS exerts a direct regulatory effect on Sost gene expression in this 

osteocyte cell line. One possible explanation for the absence of change in Sost expression 

is the inherently low or undetectable basal expression of this gene in the MLO-Y4 cell 

line.  Several studies have highlighted that MLO-Y4 cells, although exhibiting osteocyte-

like morphology and expressing certain osteocytic markers such as E11/gp38 and Dmp1, 

do not consistently express Sost or Fgf23 under conventional two-dimensional culture 

conditions (Brady et al., 2022; Zhang et al., 2019). Consequently, the dynamic range for 

transcriptional modulation of Sost expression in these cells may be very limited. Recent 

reports demonstrate that Sost expression becomes evident only when MLO-Y4 cells are 

cultured within a three-dimensional mineralised matrix or hydroxyapatite-containing 

scaffold that mimics the osteocytic lacuno-canalicular environment (Brady et al., 2022). 

Therefore, the control levels of Sost expression in Pi or IS challenged BMSC observed in 

this study are likely attributable to the intrinsic characteristics of the model rather than a 

true absence of responsiveness to the tested stimuli. Another possibility is that the 

magnitude or nature of the Pi and IS exposures was insufficient to elicit transcriptional 

regulation of Sost. The concentration and duration of treatment may not have achieved 

thresholds necessary to activate intracellular signalling pathways that influence Sost 

expression. Moreover, both Pi and IS might exert their effects on osteocytes indirectly 

through systemic or paracrine mechanisms rather than by directly modulating gene 

transcription within osteocytes. For example, high Pi levels can alter osteoblast–osteocyte 

differentiation or induce oxidative stress, whereas IS is a known ligand of the aryl 

hydrocarbon receptor (AhR), affects bone (re)modelling through downstream 

inflammatory and Wnt-inhibitory pathways (Chen et al., 2024; Shyu et al., 2021). Such 

pathways may require interactions among multiple cell types or the presence of hormonal 

cofactors absent in this simplified culture system. Using other osteocyte models may be 

an alternative way to see their effects. Chen et al. (2024) demonstrated that IS challenged 
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differentiated IDG-SW3 osteocytes significantly increased the expression of Sost and 

Dkk1 in a dose-dependent manner, suggesting that IS can enhance Wnt inhibition and 

suppress bone formation in more mature osteocytes (Chen et al., 2024). The discrepancy 

between their findings and the present results likely reflects differences in osteocyte 

maturity, as IDG-SW3 cells progress through a mineralising stage and express high basal 

levels of Sost. In contrast, MLO-Y4 cells represent an early, less mature osteocytic 

phenotype. Similarly, with respect to Pi treatment, Miyagawa et al. (2014) reported that 

while high Pi concentrations induced Dmp1 expression, it did not alter Sost expression in 

primary osteocytic cultures, aligning with the current observation that Pi alone may not 

directly regulate Sost transcription in vitro (Miyagawa et al., 2014). These results provide 

useful insight into the molecular responsiveness of osteocytes to uremic and Pi -related 

stimuli and underscore the importance of selecting an appropriate in vitro model when 

investigating osteocytic gene regulation. 

However, this study has several limitations. As this was my first in vitro 

experiment, there may have been some minor deviations from standard procedures. In 

addition, protein expression analyses and staining assays (Oil Red O and Alizarin Red) 

and ALP activity should have been performed to further validate the observed changes. 

Unfortunately, these experiments could not be conducted due to an insufficient number of 

BMSC obtained, which may have resulted from the challenges inherent to primary BMSC 

isolation or cell death during culture. In this study, I followed BMSC isolation and 

differentiation protocols described for both adipogenic and osteogenic media (Maridas et 

al., 2018). However, the same group recently updated their protocol (Liu et al., 2024), 

refining the concentrations of several media supplements that could be harmful to 

BMSCs. Therefore, applying this updated method in future experiments may help achieve 

more consistent and reliable results. Overall, despite these limitations, this experience 

provided me with valuable practical insight and has strengthened my confidence to repeat 

and improve this experiment in the future as I continue my research career. 

In summary, this study reveals that CKD-associated systemic factors differentially 

regulate BMSC fate and bone-related signalling pathways: PTH and Pi favour 

osteogenesis or suppress adipogenesis, whereas IS broadly impairs both processes. FGF23 
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and sclerostin act mainly through indirect or contextual mechanisms. These findings 

provide new insight into how CKD disturbs the balance between bone formation and 

marrow adiposity. However, it is important to consider that, in biological systems, these 

factors rarely act independently. Instead, they often interact or work together in complex 

ways. Such interactions can lead to synergistic or additive effects, meaning that the 

combined influence of two or more factors may be greater or different from what would 

be expected from their individual actions alone. Recognising these potential interactions 

is crucial for fully understanding the overall impact of CKD on BMSC differentiation and 

offers a foundation for future work aimed at identifying therapeutic strategies to preserve 

skeletal integrity in CKD. 
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Introduction 

The progressive decline in kidney function characteristic of CKD leads to 

profound dis turbances  in  minera l  and hormonal  homeostas is ,  inc luding 

hyperphosphatemia, hypercalcemia, SHPT, and elevated circulating FGF23 levels (Moe 

et al., 2006). These systemic alterations emerge early in CKD progression and lead to 

CKD-MBD complications which has prevalence of osteoporosis up to 32% in CKD 

patients (Abdalbary et al., 2022). These complications associated with bone disorders, 

characterised by abnormalities in bone turnover, mineralisation, and volume, are known 

as ROD (Fang et al., 2014; Graciolli et al., 2017).  There are two subtypes of  bone 

pathology in ROD: high-turnover lesions, such as osteitis fibrosa and mixed uremic 

osteodystrophy, and low-turnover lesions, including adynamic bone disease and 

osteomalacia (Salera et al., 2025). Enhanced osteoclastic activity, often driven by 

persistently elevated PTH, leads to excessive bone resorption and the formation of 

immature and poorly mineralised bone tissue (Graciolli et al., 2017; Hou et al., 2018; 

Jadoul et al., 2006; Nickolas et al., 2013). While SHPT is commonly associated with 

high-turnover bone disease in advanced CKD, low-turnover lesions have become 

increasingly recognised, especially in the early stages of CKD, where suppressed PTH 

levels correlate with reduced bone remodelling and an increased risk of fragility fractures 

(Coco & Rush, 2000; Massy & Drueke, 2017). This observation has significant clinical 

implications, as low bone turnover disease is now considered the predominant form of 

ROD in early CKD, representing a critical window for intervention before irreversible 

skeletal damage occurs (Massy & Drueke, 2017). 

The mechanisms underlying the transition toward low bone turnover remain 

incompletely understood but may involve elevated serum Pi, increased FGF23, and the 

accumulation of protein-bound uremic toxins (Campos‐Obando et al., 2017; Dhayat et al., 

2016; Jayash et al., 2025). A previous study using nephrectomy and parathyroidectomy 

in CKD rat models on a high- Pi diet revealed reduced bone formation rates and impaired 

osteoblast activity (Ferreira et al., 2013). These results suggest a Pi-driven pathway that 

causes bone loss, acting independently of PTH (Batista et al., 2010). Uremic toxins have 

been shown to impair osteoblast function by inducing skeletal resistance to PTH, 
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oxidative stress, and mitochondrial dysfunction in osteoblasts and osteocytes (Bover et 

al., 1999; Hsu et al., 2025; Lee et al., 2015; Nii-Kono et al., 2007; Watanabe et al., 2017). 

In addition, CKD is associated with elevated circulating concentrations of sclerostin, an 

osteocyte-derived inhibitor of Wnt/β-catenin signalling. Numerous clinical and 

experimental studies have demonstrated that serum sclerostin levels rise progressively as 

kidney function declines and are inversely correlated with eGFR (Behets et al., 2017; 

Cejka et al., 2014; Evenepoel et al., 2015; Fang, Ginsberg, Sugatani, et al., 2014; Kanbay 

et al., 2014; Laster et al., 2023; Moe et al., 2015; Neto et al., 2021; Pelletier et al., 2013; 

Sabbagh et al., 2012). Importantly, this increase often precedes elevations in PTH and 

FGF23, suggesting that disrupted Wnt/β-catenin signalling may represent an early 

molecular event in CKD-MBD pathogenesis. Consistent with these reports, Chapter 3 of 

this thesis also demonstrated an increase in circulating sclerostin levels in adenine-

induced CKD mice, coinciding with bone loss and BMAT expansion. 

The role of another Wnt/β-catenin pathway antagonist, DKK1, in CKD remains 

less well defined, with conflicting reports of unchanged (Behets et al., 2017; Cejka et al., 

2011), decreased (Forster et al., 2020; Neto et al., 2021), or increased (Fang, Ginsberg, 

Sugatani, et al., 2014 et al., 2014; Moe et al., 2015) serum levels. Nevertheless, both 

sclerostin and DKK1 act to suppress canonical Wnt/β-catenin signalling, thereby 

impairing osteoblast differentiation and bone formation. Disruption of this pathway 

contributes to the low bone mass and poor skeletal quality characteristic of ROD. 

Although Sost-deficient (Sost⁻/⁻) mice display high bone mass, they are only partially 

protected from nephrectomy-induced cortical and trabecular bone loss (Cejka et al., 2016; 

Kaesler et al., 2018), suggesting that compensatory mechanisms, potentially involving 

DKK1, may limit the skeletal benefits of sclerostin deficiency. 

Therapeutically, neutralisation of sclerostin using monoclonal antibodies such as 

romosozumab has been shown to increase bone mineral density and reduce fracture risk 

in postmenopausal women and men with osteoporosis (Cosman et al., 2014; Lewiecki et 

al., 2018; McClung et al., 2014; Saag et al., 2017). Limited clinical evidence in CKD 

patients supports similar trends: romosozumab improved BMD at multiple skeletal sites 

and reduced new vertebral fractures in postmenopausal women with mild-to-moderate 
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CKD (Miller et al., 2022; Miyauchi et al., 2022). However, in preclinical models of 

progressive CKD, administration of sclerostin-neutralising antibodies provided only 

modest protection of bone architecture and failed to improve biomechanical properties 

(Moe et al., 2015). These findings suggest that compensatory upregulation of DKK1 

following sclerostin inhibition (Adami et al., 2025; Florio et al., 2016; Holdsworth et al., 

2018; Moe et al., 2015; van Lierop et al., 2014) may attenuate the anabolic efficacy of 

sclerostin antibody (Scl-Ab) therapy. Indeed, elevated DKK1 levels have been observed 

in patients with sclerosteosis, van Buchem disease, and after prolonged romosozumab 

treatment, underscoring a potential feedback mechanism that limits Wnt/ β-catenin 

pathway activation (Adami et al., 2025; van Lierop et al., 2014). 

In addition to bone deterioration, CKD is also associated with abnormal 

accumulation of BMAT in both animal models (Ni et al., 2019; Promruk et al., 2025; 

Wang et al., 2017) and patients (Moorthi et al., 2015; Woods et al., 2018). Chapter 3 of 

this thesis demonstrated that BMAT expansion occurs early in the progression of CKD, 

preceding bone loss, and that this process is independent of BMSCs’ commitment in the 

onset of CKD but is rather driven by intrinsic alterations in the BMSC lineage 

commitment, which are affected by CKD severity. Chapter 4 further revealed that CKD-

associated systemic factors, such as PTH, Pi, FGF23, sclerostin, and the uremic toxin 

indoxyl sulfate, differentially regulate osteogenic and adipogenic signalling of BMSCs, 

even though the results were difficult to interpret and further in vitro studies using 

combination of two and more CKD-associated systemic factors are required. Notably, 

sclerostin and DKK1, through their suppression of Wnt/β-catenin signalling, may 

represent key molecular mediators that shift BMSC differentiation toward adipogenesis 

at the expense of osteogenesis. 

Consistent with this hypothesis, inhibition of sclerostin using Scl-Ab has been 

shown to reduce BMAT accumulation in various experimental contexts, including 

ovariectomy (Li et al., 2019), irradiation (Costa et al., 2021), diabetes (Yee et al., 2016), 

and rosiglitazone-induced adipogenesis (Farrell et al., 2021). However, these effects were 

modest, again suggesting compensatory DKK1 upregulation may blunt the therapeutic 

benefit of sclerostin inhibition alone. 
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Given these findings, it is plausible that simultaneous blockade of both sclerostin 

and DKK1 function would more effectively restore Wnt/β-catenin signalling, thereby 

enhancing osteogenesis, reducing BMAT accumulation, and improving overall skeletal 

health in CKD. Therefore, in this chapter, it was hypothesised that treatment with a rodent 

bispecific antibody (rbsAb) targeting both sclerostin and DKK1 would confer superior 

protection against bone loss and BMAT expansion in an experimental model of CKD. 

All experiments were conducted by myself, except the vertebral phenotype µCT 

data analysis, performed by Soher N Jayash, and the proteomics analysis, carried out by 

Chartinun Chutoe and his supervisor Alexander von Kriegsheim. I had no prior experience 

in either of these two types of analysis but I worked closely with my colleagues during 

the data analysis to learn both techniques.  The first draft of the manuscript was written 

by myself. 
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Abstract   
Chronic kidney disease (CKD) leads to bone loss and bone marrow adipose tissue 

(BMAT) accumulation.  Sclerostin and dickkopf-1 (DKK1) are two inhibitors of Wnt 

signalling, which suppress bone formation, promote bone marrow adipogenesis, and are 

elevated in CKD.  However, therapies targeting sclerostin have shown limited efficacy 

in improving bone health in CKD animal models. Herein, we explored whether dual 

inhibition of sclerostin and DKK1 via a rodent bispecific antibody (rbsAb) could prevent 

bone loss and suppress BMAT accumulation in a CKD mouse model.  CKD was induced 

using an adenine-supplemented diet in male mice, with CKD and control mice treated 

weekly for 6-weeks with vehicle or 30 mg/kg body weight of rbsAb.  Circulating 

sclerostin and DKK1 were ~2- and ~3-fold higher, respectively, in CKD mice compared 

to controls.  Proteomic profiling by LC-MS/MS and functional enrichment analysis 

suggested that in CKD mice, adipogenesis, osteoclast differentiation and bone resorption 
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were increased whereas osteoblast differentiation was inhibited.  These changes were 

prevented by antibody treatment.  MicroCT revealed that long bones of CKD mice were 

characterised by lower bone mineral density, trabecular and cortical bone, and impaired 

biomechanical properties, but their vertebrae were unaffected.  RbsAb treatment 

prevented cortical and trabecular bone loss and restored biomechanical properties.  

BMAT, as visualised by microCT imaging of osmium-stained bones, was elevated in 

CKD but reduced to control levels by rbsAb treatment.  In conclusion, dual inhibition of 

sclerostin and DKK1 improved bone integrity and suppressed BMAT in experimental 

CKD, suggesting a promising therapeutic avenue for renal osteodystrophy.  

Introduction  

The progressive loss of kidney function that occurs in chronic kidney disease (CKD) 

leads to disturbed mineral metabolism, with CKD patients commonly presenting with 

hyperphosphatemia, hypercalcemia, hyperparathyroidism and increased fibroblastic 

growth factor-23 (FGF23) levels [1]. These systemic changes are the primary indicators 

for the diagnosis of CKD–mineral bone disorder (CKD–MBD), which develops in the 

early stages of CKD. Disease progression results in a myriad of complications including 

vascular calcification and a wide spectrum of bone disorders characterised by 

abnormalities in bone quantity and quality, and generally referred to as renal 

osteodystrophy (ROD) [2, 3].  The prevalence of osteoporosis in CKD patients ranges 

from 18 – 32% and fracture incidence of patients with end-stage kidney disease is 8-fold 

higher than that of the general population [4].  

A histopathological classification system based on abnormalities in bone turnover, 

volume and mineralisation is used to diagnose ROD and categorise it into various 

diseases states. These include high turnover with either fibrosis (osteitis fibrosa) or 

abnormal mineralisation (mixed disease), and low turnover with either normal (adynamic 

bone disease) or abnormal mineralisation (osteomalacia) [5].  The stimuli for increased 

bone remodelling are unclear, but enhanced osteoclastic bone resorption in response to 

elevated parathyroid hormone (PTH) is associated with a net loss of bone mass despite 

an accelerating bone turnover [6-8].  Rapid remodelling also results in bone that is both 



  
  

121 

immature and poorly mineralised [3].  Nevertheless, while high-turnover bone lesions 

induced by secondary hyperparathyroidism are common in late-stage CKD, alternative 

causative mechanisms are likely as very low serum PTH levels correlate with adynamic 

bone disease and an increased fracture rate [9, 10].  This is clinically important, as 

accumulating evidence suggests that low bone turnover disease is the dominant form of 

ROD in the early stages of CKD, making it an ideal period to develop targeted 

therapeutic interventions [10].     

The factors contributing to the development of low bone turnover disease are unclear but 

may include elevated levels of phosphate, FGF23 and/or protein-bound uremic toxins 

[11-14].  Uremic toxins can induce skeletal resistance to PTH and oxidative stress and 

mitochondrial dysfunction in osteoblasts/osteocytes [15-19].  Circulating concentrations 

of sclerostin, a Wnt/β-catenin antagonist, are also increased in CKD patients and animal 

models, and these changes, which are inversely correlated to estimated glomerular 

filtration rate in CKD patients, are increased during adynamic bone disease and prior to 

rises in circulating PTH and FGF-23 [20-29].    The relationship between CKD and 

another Wnt/β-catenin inhibitor, dickkopf-related protein 1 (DKK1), is less clear, with 

studies reporting unchanged [28, 30] decreased [29, 31] or increased [26, 27] serum 

levels.  

Disturbed Wnt/β-catenin signalling may contribute to the low bone mass characteristic 

of ROD. Although Sost-deficient (Sost−/−) mice have increased bone mass, they have 

limited protection against nephrectomy-induced cortical and trabecular bone loss [32, 

33]; however, the high bone mass of Sost−/− mice at baseline may confound the 

interpretation of these data. Therefore, approaches using a sclerostin-neutralising 

antibody (Scl-Ab) such as romosozumab, which is widely recognised to increase bone 

mineral density (BMD) and reduce fractures in healthy men and postmenopausal women, 

may be more informative and offer potential therapeutic options to prevent bone loss in 

CKD [34-37].  

Studies on CKD patients are limited. Two studies reported that romosozumab improved 

BMD at the lumbar spine, total hip, and femoral neck and reduced the relative risk of 

new vertebral fractures in postmenopausal women with osteoporosis and mild-moderate 



  
  

122 

CKD [38, 39].  However, in a preclinical rat model of progressive ROD, administration 

of a Scl-Ab provided limited protection to the architecture of the long bones and no 

improvement in their biomechanical properties [26]. Interestingly, DKK1 serum levels 

are raised with prolonged romosozumab treatment and also in patients with sclerosteosis 

and van Buchem disease [40, 41].  Similarly, Sost-/- mice and mice administered 

sclerostin antibody also present with a compensatory increase in the expression of DKK1 

[26, 42, 43] raising the possibility that elevated DKK1 may attenuate the anabolic effects 

of sclerostin inhibition and negate major improvement in skeletal health in Scl-Ab-

treated mice [26].    

In addition to bone loss, CKD can also lead to bone marrow adipose tissue (BMAT) 

accumulation in animal models [44-46] and humans [47, 48].  The mechanism(s) 

responsible are unclear but may also involve Wnt/β-catenin signalling, which can inhibit 

adipogenesis and adipocyte-specific gene expression in white adipose tissue [49-51]. 

Congruently, Scl-Ab treatment reduced BMAT accumulation in ovariectomised rabbits 

[52] and irradiated [53], diabetic [54] and rosiglitazonetreated [55] mice; however, the 

changes were modest, suggesting that additional mechanisms may be involved and/or a 

compensatory increase in DKK1 may blunt the neutralising effects of the Scl-Ab.   

The increased DKK1 expression in response to Scl-Ab treatment may limit the ability of 

the antibody to protect bone health in CKD mice and decrease BMAT accumulation.  

Therefore, in this study we tested whether a rodent bispecific antibody (rbsAb) against 

sclerostin and DKK1 can improve bone health and decrease BMAT accumulation in an 

experimental model of CKD.  

 

Results  

Disease profile is similar in vehicle- and rbsAb-treated CKD mice   

We first confirmed the development of the CKD-MBD phenotype in the experimental 

mice.  Dietary adenine-supplementation led to a loss of bodyweight within the first week 
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and by end of the study the CKD mice were ~40% lighter than control (CTRL) mice.  

This was reflected in a decreased mass of the inguinal and gonadal white adipose tissue 

depots (iWAT and gWAT, respectively) of the vehicletreated CKD mice (Figs. 1A - C).  

The CKD mice also presented with hyperphosphatemia and increased BUN, creatinine 

and calcium (Figs 1D - F).  Similar effects were observed between CTRL and CKD mice 

administered the rbsAb. The rbsAb treatment also modestly decreased iWAT and gWAT 

masses and increased serum phosphate in CTRL mice (Figs 1B, C, G).  Plasma PTH 

levels were similar in vehicletreated CTRL and CKD mice but were raised in both CTRL 

and CKD mice with the rbsAb administration (Fig. 1H).  

Plasma DKK1 and sclerostin levels are elevated in CKD mice  

The ability of the rbsAb to reduce circulating levels of sclerostin and DKK1 was next 

investigated. In vehicle-treated mice, plasma levels of sclerostin were higher in CKD 

compared to CTRL mice (Figs. 1I).  Sclerostin concentrations in rbsAb-treated mice 

were extremely high, reaching supraphysiological concentrations and with no evidence 

of antibody-mediated neutralisation (Fig. 1I). This is likely due to the antibody-sclerostin 

complex having cross-reactivity with the sclerostin ELISA, as reported previously [26, 

41].  In vehicle-treated mice, CKD increased median DKK1 concentrations by almost 

3fold. However, the unadjusted P value for this relatively large effect (P =0.0297) was no 

longer below the significance threshold after adjusting for multiple comparisons (Fig. 

1J).  Moreover, treatment with the rbsAb strongly and significantly decreased DKK1 

concentrations in both CTRL and CKD mice to levels that were indistinguishable from 

each other (Fig. 1J). This demonstrates effective DKK1 neutralisation by the rbsAb.  

Plasma sclerostin and DKK1 levels of vehicle treated CTRL and CKD mice were not 

correlated to plasma PTH levels (Suppl Figs. 1A, B).  

RbsAb treatment prevents tibial bone loss in CKD mice  

Given that CKD causes bone loss [17, 56], we next tested if rbsAb treatment was able to 

prevent bone loss in the tibia and vertebrae of CKD mice. Trabecular structure and BMD 

of the tibia were compromised in vehicle- but not rbsAb-treated CKD mice (Figs 2A – 

F).  Moreover, while rbsAb administration increased trabecular BMD, bone volume 
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fraction, thickness and number in the tibia of CTRL mice, these rbsAb effects were even 

greater in the CKD mice.  This resulted in higher values for these skeletal properties in 

rbsAb-treated CKD mice compared to similarly treated CTRL mice (Figs 2B - E).  The 

decrease in trabecular separation in rbsAb-treated CTRL and CKD mice showed a 

similar effect (Fig 2F).  In cortical bone of vehicle-treated CKD mice, bone area, 

thickness, periosteal perimeter and polar moment of inertia were reduced whereas 

medullary area, endosteal perimeter and porosity were increased when compared to the 

tibia of vehicle-treated CTRL mice (Figs 2G - N).  RbsAb treatment increased bone area, 

thickness, periosteal perimeter, porosity and polar moment of inertia but reduced 

medullary area and endosteal perimeter along the tibial length in both CTRL and CKD 

mice.   The cortical bone changes in response to rbsAb treatment were similar in CTRL 

and CKD mice and accordingly the magnitude of differences noted between vehicle-

treated CTRL and CKD mice were maintained in the rbsAb-treated mice (Figs 2G - N).  

This suggests that, within long bones, CKD alters the skeletal effects of sclerostin and 

DKK1 in a bone-type-specific manner.  Furthermore, the influence of CKD and/or rbsAb 

treatment on cortical architecture appeared to be site dependent.  For example, 

differences in cortical porosity were greater in the proximal tibia (Fig. 2N) whereas more 

marked differences in cortical thickness were noted in the distal tibia (Fig 2I).  Neither 

plasma sclerostin or plasma DKK1 had any correlation with trabecular BV/TV (Suppl 

Figs. 1C, D).  

In L4 vertebrae, CKD also had significant effects on trabecular and cortical BMD and 

bone architecture (Figs. 3A-H).  In vehicle-treated mice, only cortical thickness was 

decreased by CKD, whereas the effects of CKD were more pronounced in rbsAb-treated 

mice (Figs. 3A-H). RbsAb administration increased trabecular BMD, bone volume 

fraction, thickness and number whereas trabecular separation was unaffected (Figs. 3A – 

E).   Similarly, cortical BMD, volume and thickness were also increased in response to 

the rbsAb (Figs. 3F – H).  However, the anabolic effects of the rbsAb on vertebral 

trabecular and cortical bone differed between CTRL and CKD mice: for trabecular bone, 

the rbsAb had a stronger anabolic effect in CKD than in CTRL mice (Figs. 3A, B, D, E), 

while the rbsAb effects on cortical bone were stronger in CTRL than in CKD mice (Figs. 
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3F - H).   This bone-type specific response, within the vertebrae, to rbsAb treatment is 

similar to that observed in the tibia (Fig. 2).  

RbsAb treatment improves tibiae and vertebrae biomechanical 

properties of CKD mice  

As bone structure and geometry influence biomechanical properties, we next examined 

the response of the femur and L4 vertebrae to mechanical loading.  Femur stiffness, 

maximum load and work to fracture were all lower in vehicle-treated CKD mice when 

compared to their respective CTRLs (Figs.  3I, J, L).  All biomechanical properties apart 

from post-yield displacement were increased in rbsAbtreated CTRL and CKD mice and, 

in all cases, the values from the rbsAb-treated CKD mice remained lower than similarly 

treated CTRL mice (Figs 3I - M) and reflect the structural changes observed in the 

cortical bone of the tibia (Figs. 2G – M).  In contrast, compression loading of L4 

vertebrae revealed that stiffness, maximum load, yield load and work to fracture were 

similar in vertebrae from vehicletreated CTRL and CKD mice (Figs. 3N - Q) and reflect 

their similar trabecular and cortical architecture (Figs. 3A – H).  Similarity in 

biomechanical properties was also observed in vertebrae from rbsAbadministered CTRL 

and CKD mice, albeit all were increased when compared to their respective 

vehicletreated mice (Figs 3N - Q).   

Gene and proteomic profiling of cortical bone reveals rbsAb-

mediated prevention of CKD-induced dysregulation of osteoblast 

di@erentiation   

To further understand the cellular events responsible for bone loss in CKD mice and its 

prevention by rbsAb administration, we performed gene expression and proteomic 

analyses of cortical bone.  The expression of osteoblast/osteocyte genes was similar in 

tibial cortical bone of vehicle-treated CTRL and CKD mice (Figs. 4A - J), while the 

effects of rbsAb treatment were variable: it increased the expression of Sost in both 

CTRL and CKD mice (Fig. 4I); increased Sp7, Bglap, Alpl, Col1a1 and Dkk1 in tibiae of 
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CTRL mice but not CKD mice (Figs. 4B – E, J); and increased Tnfrsf11b expression in 

CKD mice only (Fig. 4H).     

The proteomic analysis by LC-MS/MS revealed that 199 proteins were down regulated 

and 189 proteins were upregulated in bone from vehicle-treated CKD mice compared to 

vehicle-treated CTRL mice (Fig. 5A, C).  Moreover, in CKD mice, the expression of 123 

proteins was downregulated and 336 proteins were upregulated in bone by the 

administration of rbsAb compared with vehicle (Fig. 5B, D).  To identify the 

osteoblast/osteocyte-related pathways implicated in the aetiology of ROD, we performed 

functional enrichment analysis.  From the top 8 ontology terms, the osteoblast 

differentiation pathway was depleted, whereas both bone resorption and bone 

remodelling pathways were enriched in vehicle-treated CKD mice (Fig. 5E). The 

enrichment analysis of CKD mice further indicated that the rbsAb was able to prevent 

the defective osteoblast differentiation and excessive bone resorption and bone 

remodelling which is consistent with the increased cortical bone mass observed in the 

rbsAb-treated mice (Figs. 2G – L).  Given that the osteoblast differentiation pathway 

was notably affected by CKD and rbsAb treatment, we further assessed the expression 

patterns of some of the significantly altered proteins associated with this pathway (Figs 

5F – M).  The expression of COL1A1 and TNAP, were both down regulated in vehicle-

treated CKD mice but the osteoblast transcription factor, SP7 was unchanged (Figs 5F – 

H).  With regard to Wnt signalling, the expression of LRP5, LRP6 and sclerostin, but not 

CTNNB1 and DKK1, was decreased in vehicle-treated CKD mice (Figs 5I – M).  The 

rbsAb increased TNAP, SOST and DKK1 expression which is in accord with the gene 

expression results (Figs 4 D, I, J).  

RbsAb treatment prevents BMAT accumulation in CKD mice  

We next quantified BMAT along the tibial length as visualised by microCT imaging of 

osmium-stained bones to determine if the accumulation of BMAT that occurs in CKD 

animal models and patients was prevented by rbsAb treatment [44, 46, 48]. Total BMAT 

area, or BMAT area normalised to bone marrow area, of vehicle-treated CKD mice was 

increased compared to vehicle-treated CTRL mice (Figs. 6A - C).  RbsAb treatment 

reduced BMAT accumulation along the entire length of both CTRL and CKD tibiae 
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(Figs. 6A - C).  Moreover, rbsAb treatment of CKD mice decreased the relative BMAT 

volume to levels similar to those observed in vehicle-treated CTRL mice (Fig. 6C).   

Correlation analysis revealed an inverse relationship between rBMAT and trabecular 

BV/TV, which is in agreement with previous studies [46] (Fig. 6D).  Bone marrow 

adiposity can be decreased by PTH [57, 58], but no correlation was found between 

plasma PTH and rBMAT (Suppl Fig. 1E); this is in broad agreement with prior 

observations [47, 59].  Similarly, neither plasma sclerostin nor plasma DKK1 had any 

correlation with rBMAT (Suppl Figs. 1F, G).  

Bone marrow adipocyte and osteoclast gene and protein 

expression are dysregulated in CKD but normalised by rbsAb 

treatment  

We next investigated the cellular and molecular mechanisms responsible for the 

accumulation of BMAT in CKD and its prevention by the rbsAb. To do so, we assessed 

the expression of key adipocyte transcription factors and phenotype-specific genes and 

proteins in bone marrow from CTRL and CKD mice, both with and without rbsAb 

treatment.  In comparison to vehicle-treated CTRL mice, the expression of Pparg2 and 

Adipoq, but not Cebpa, Fabp4 or the lipase-encoding genes, Pnpla2 and Lipe, was 

increased in vehicle-treated CKD mice (Figs. 6E - J).  RbsAb treatment down regulated 

Pparg2 and Adipoq expression in CKD mice, resulting in similar levels to those in rbsAb 

-treated CTRL mice; this is consistent with the effects on relative marrow adiposity (Fig. 

6C).  Fabp4 expression was also down regulated by antibody treatment of both CTRL 

and CKD mice (Fig. 6H).  Sclerostin can promote the differentiation of bone marrow 

stem cells into osteoclasts; thus, we also quantified the expression of osteoclast 

transcription factors and mature osteoclast genes. The expression of the master 

transcription regulator of osteoclast differentiation, Nfatc1, was similar in CTRL and 

CKD samples and was not affected by rbsAb treatment (Fig. 6L).  In contrast, the 

expression of Ctsk, Mmp9, Acp5 and Tnfsf11 was increased by CKD in vehicle-treated 

mice and rbsAb treatment reduced Tnfsf11 and Ctsk expression in CKD samples 

resulting in similar expression levels between CTRL and CKD mice (Figs. 6K - O).  
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We further interrogated these bone marrow effects using proteomics. The volcano plots 

(Figs. 7A, B) and Venn diagrams (Figs. 7C, D) illustrate the global proteomic alterations 

observed under CKD conditions and the modulatory effects of rbsAb treatment in CKD 

mice. Functional enrichment analysis of the top 6 ontology terms disclosed that, under 

vehicle treatment, adipogenesis, osteoclast differentiation and signalling, and bone 

resorption pathways were enriched in CKD vs CTRL mice (Fig. 7E). These enriched 

pathways were depleted by rbsAb treatment of CKD mice (Fig. 7E) and together these 

data are in accord with the ability of the rbsAb to protect CKD mice from bone loss and 

BMAT accumulation (Figs. 2 and 6), respectively.  Adipocyte proteins were then 

analysed, which illustrated upregulation of FABP4, PLIN1, LEPR, ADIPOQ, LPL, LIPE 

and PNPLA2 in CKD mice.  These increases were significantly prevented by rbsAb 

treatment, thereby cancelling or minimising the difference in their expression levels 

between CTRL and CKD mice (Figs. 7F-L). In addition, proteins associated with 

osteoclast differentiation and bone resorption were upregulated in vehicle-treated CKD 

vs CTRL mice (Figs. 7O – R). This CKD effect was generally prevented by rbsAb 

administration, resulting in expression levels of NFKB, NFATC and CTSK that were 

similar between rbsAb -treated CTRL and CKD mice (Figs. 7O – R).  SOST and DKK1 

expression were similar in vehicle-treated CTRL and CKD mice but, in agreement with 

the bone gene expression data (Figs. 5J, K), the expression of both β-catenin inhibitors 

was increased by rbsAb treatment (Fig. 7M, N).  

Discussion   

Therapies for the treatment of ROD are currently focussed on the use of calcitriol and 

calcimimetics to lower circulating levels of PTH and reduce the adverse skeletal effects 

of secondary hyperparathyroidism [60, 61].  This approach is recommended prior to 

consideration of other more targeted interventions but as elevated PTH levels are a poor 

indicator of low bone turnover disease there is a requirement for alternative treatments 

that can improve bone health regardless of PTH status [9].   Furthermore, CKD often 

coexists with osteoporosis in the ageing population, resulting in an increased fracture 

risk in patients with these combined comorbidities [62].  While there are some 

recognised limitations and caveats, many established therapeutic approaches to 
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osteoporosis can improve bone health in CKD patients [63].  In patients with mild to-

moderate CKD, bisphosphonates raise BMD and reduce fractures but their administration 

to patients with pre-existing very low bone turnover is a concern, as is their accumulation 

in CKD patients with impaired renal clearance [64, 65].  Other anti-osteoporosis drugs 

such as denosumab, teriparatide and abaloparatide increase BMD and reduce fracture 

risk in patients with mild to moderate CKD. However, PTH analogues may aggravate 

existing hyperparathyroidism and denosumab, like bisphosphonates, can induce 

hypocalcemia [63, 66-68].   

An attractive alternative approach may involve the neutralisation of sclerostin; an 

inhibitor of bone formation and recognised to be elevated in bone [3, 20] and serum [20, 

22, 25] of CKD patients.  Romosozumab is a humanised antibody that targets sclerostin 

resulting in the transient activation of bone formation and inhibition of bone resorption 

[34, 69].  Romosozumab can reduce fracture risk in CKD but evidence is limited to a 

recent post hoc analysis of patients from the phase 3 clinical trials,  

FRAME and ARCH [38].  Preclinical studies have also reported that romosozumab can 

improve bone health in murine models of diabetes and CKD [70, 71].  A limitation of 

targeting sclerostin alone to promote bone formation is the up-regulation of DKK1 

expression, which may dampen the bone formation response to sclerostin neutralisation 

[26, 41-43]. Therefore, one of the aims of this present study was to examine the ability 

of a bispecific antibody to sclerostin and DKK1 to improve bone health in a mouse 

model of CKD.   

It has been widely reported that the structure and biomechanical properties of long bones 

are compromised in CKD rodents [17, 72-74].  A role for secondary hyperparathyroidism 

is often implicated in the progression of ROD but structural and mechanical integrity 

defects are also found in the tibia of this study despite normal levels of circulating PTH.  

However, in contrast to previous animal studies in which PTH levels were elevated we 

do not observe structural or biomechanical abnormalities in the vertebrae of the CKD 

mice [75-77].  The gene expression and functional pathway analysis suggest that rbsAb 

treatment promotes osteoblast differentiation and inhibits bone resorption and this 

consistent with the rbsAb profound effects on both cortical geometry and trabecular 
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architecture of the vertebrae and long bones of CTRL and CKD mice.  The efficacy, of 

the rbsAb to improve biomechanical and structural properties of the tibia of CKD mice 

is in stark contrast to that observed in a rat model of CKD where the effects of a Scl-Ab 

on the structure and biomechanical properties of vertebrae and long bones were limited 

and only observed in low PTH conditions [26, 75].  This superior skeletal response in 

CKD mice to the neutralisation of sclerostin and DKK1 rather than sclerostin alone is 

consistent with previous studies where a bispecific antibody targeting sclerostin and 

DKK1  was more effective than monotherapy treatment in increasing BMD, 

biomechanical properties and bone repair activity in rats and nonhuman primates [42, 

78-80].  Also, a 3:1 mixture of Scl-Ab and DKK1-Ab promotes the formation of 2-3 

times more trabecular bone than an equivalent dose of Scl-Ab alone despite DKK1-Ab 

having no consistent osteoanabolic effects [42, 81-83]. The increased cortical porosity in 

the rbsAb treated mice was however unexpected as previous studies have indicated that 

when corrected for bone volume, cortical porosity in Sost-/- mice was similar to wild-

type mice [84].  

In this study we also aimed to verify if the rbsAb was able to reduce the amount of 

BMAT that is known to accumulate in CKD patients and animal models [44, 45, 47, 48].  

Though Wnt/β-catenin signalling is known to block expression of C/EBPα and PPARγ 

in white adipocytes and the loss of Wnt/β-catenin signalling causes a cell fate shift of 

pre-osteoblasts from osteoblasts to adipocytes, less is known about the regulatory effects 

of this pathway on bone marrow adipocytes (BMad) [85, 86].  Sclerostin levels positively 

associate with higher vertebral marrow fat in men and in cell culture studies, 

adipogenesis is promoted in sclerostin challenged bone marrow mesenchymal stromal 

cells [87, 88].  Decreased  

BMAT accumulation in Sost−/− mice provides further evidence that BMad accumulation 

in CKD could be a consequence of increased sclerostin levels [87].  Nevertheless, 

romosozumab has no effect on bone marrow adiposity of the iliac crest in postmenopausal 

osteoporotic women and the ability of SclAb to decrease BMAT in irradiated or 

rosiglitazone treated mice was modest and limited to specific regions of the long bones 

[53, 55, 89].  These subtle, depot specific effects of Scl-Ab on BMad contrast with the 

results of this present study. Gene and protein expression data suggest an inhibition of 
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bone marrow adipogenesis with rbsAb treatment and this is consistent with the reduced 

BMAT accumulation along the entire tibia of rbsAb -treated CTRL and CKD mice. The 

decrease in total BMAT in rbsAb -treated mice is similar to that reported in Scl-Ab-

treated normal adult rats [90] but this reduction may in part be a consequence of an 

increase in trabecular bone volume and a corresponding reduction in marrow space in 

which adipocytes can inhabit.  However, when normalised to marrow area, BMAT is still 

decreased in rbsAb -treated mice and suggests that an increase in Wnt/β-catenin 

signalling has a direct negative effect on BMad, independent of bone changes.  When 

normalised to marrow area a reduction in BMAT was not observed in Scl-Ab-treated rats 

[90] and suggests that the ability of the Scl-Ab alone to restore normal amounts of 

BMAT is impeded by a compensatory increase in the expression of DKK1.  

Wnt pathway inhibition increases gradually as kidney function declines and is considered 

an early event in the pathogenesis of CKD [24].  Nevertheless, the relationship between 

blood sclerostin and PTH levels in CKD patients and animal models is unclear.  A 

positive, negative or, as found in this present study, no correlation between circulating 

levels of sclerostin and PTH have been reported [26, 30].  Although PTH is known to 

supress Sost and Dkk1 expression by bone cells [91, 92], a regulatory role for PTH in this 

study is unclear as circulating PTH levels in the CKD mice is normal.  Possibly, the 

chronic elevation of circulating sclerostin and DKK1 in CKD overwhelms the ability of 

PTH to regulate their circulating levels leading to PTH resistance and the 

promotion/aggravation of adynamic bone disease as well as an inability to decrease 

marrow adipogenesis [57, 58, 93].     

Nevertheless, an explanation for the higher circulating levels of sclerostin and DKK1 in 

CKD remains unclear [20-29].  Reduced renal excretion is unlikely [25], and others have 

reported immunohistochemistry data indicating increased osteocyte expression of 

sclerostin in CKD [3, 20, 25].   Alternatively, the increased expression of sclerostin and 

DKK1 may involve TGF-β, which is elevated in serum and bone in CKD and promotes 

osteocyte sclerostin expression  [94, 95].  Furthermore, sclerostin levels are positively 

correlated with inflammation markers, phosphate and uremic toxins whereas FGF23 can 

induce DKK1 and inhibit osteoblast Wnt/β-catenin signalling via a soluble 
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Klotho/MAPK–mediated process [96-98].  The upregulation of Sost and Dkk1 expression 

and their encoded proteins in bone of rbsAb -treated mice may be a consequence of 

lowered circulating levels of the proteins although for sclerostin we were unable to 

confirm this due to possible ELISA crossreactivity with the bispecific antibody [26, 41].  

A similar increase in osteocyte Sost expression has been observed previously in Scl-Ab-

treated CKD rats [26].    

While the rbsAb improves bone health and decreases BMad accumulation in an 

experimental model of CKD, it is important to recognise that there may be limitations to 

this possible therapeutic approach.  Cardiovascular adverse events have been reported 

with romosozumab in some (ARCH and BRIDGE) but not all (FRAME) clinical trials 

[35-37, 99].  The presence of sclerostin [100, 101] and DKK1 [102] in cardiovascular 

tissue may protect against vascular calcification and while theoretically romosozumab 

inhibition may aggravate the progression of vascular calcification in CKD there is no 

evidence of aortic mineralisation in rats or cynomolgus monkeys treated long-term with 

romosozumab [103-105].   Furthermore, neutralisation of DKK1 prevents vascular 

calcification in mice with renal insufficiency [27] and to the best of our knowledge, 

cardiovascular events have not been reported in Sost deficient mice or individuals with 

sclerosteosis or van Buchem disease [106-108].  Nevertheless, further animal and 

clinical studies focused on potential vascular effects in the setting of sclerostin and/or 

DKK1 blockade are required to evaluate the effect of prolonged treatment on 

cardiovascular health.  

In conclusion, mice fed an adenine enriched diet present with BMAT accumulation, 

trabecular and cortical bone loss and impaired biomechanical properties.  A bispecific 

antibody to sclerostin and DKK1 was able to improve bone structure and biomechanical 

properties of bone and suppress BMAT accumulation.  These results highlight a novel 

therapeutic strategy to enhance bone health in patients with CKD and pave the way for 

future translational applications in ROD management.  
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Materials and Methods  Mice  

To induce CKD, eight-week-old male C57BL/6JCrl mice (Charles River Laboratories, 

Margate, UK) were fed a diet supplemented with 0.2% adenine for 6-weeks (Envigo, 

Bicester, UK).  Each week the adenine diet was offered for 5-days and replaced by a 

normal diet for 2 days. This modification of our previous protocol was based on the 

studies of Lair and colleagues and introduced to induce CKD but avoid pathological 

weight loss [109, 110].  The CTRL mice received the same diet without adenine 

(Envigo).   The bispecific antibody against  sclerostin and DKK1 (Angit ia 

Biopharmaceuticals, Guangzhou, China) or vehicle (PBS) was administered (30 mg/kg 

body weight) by subcutaneous injection to CTRL and CKD mice once a week for 6 

weeks (n = 10/group).  Body weights were obtained from mice twice weekly until 

sacrifice at 14-weeks of age.  All mouse studies were approved by the University of 

Edinburgh Animal Welfare and Ethical Review Board and were conducted under a 

project license granted by the  

UK Home Office.  Animal studies were conducted and are reported in line with the 

ARRIVE guidelines.  

Plasma biochemistry   

All mice were sacrificed after 6-weeks treatment and blood was collected by cardiac 

puncture under terminal anaesthesia. Plasma creatinine, blood urea nitrogen (Zuccarini 

et al.), phosphate and calcium were quantified using a biochemistry analyser (Beckman 

Coulter AU480).  Intact PTH (QuidelOrtho, San Diego, USA), sclerostin and DKK1 

(R&D Systems, Abbington, UK) were measured by ELISA according to the 

manufacturers’ instructions.   

Micro computed tomography (microCT)  

The changes in trabecular and cortical bone structure and BMD of L4 vertebrae (unfixed) 

and left tibia (fixed in 10% formaldehyde for 24 hours) were assessed by microCT 

(NeoScan N80, Mechelen, Belgium).  Briefly, the bones were scanned with an isotropic 

voxel size of 5 μm (60 kV, 167 μA and 0.5 mm aluminium filter, 0.6° rotation angle) and 
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the scans were reconstructed using the NRecon 1.7.3.0 program (Bruker, Kontich, 

Belgium) to remove artefacts, including beam-hardening and ring artefacts. CTAn 

software 1.15.4.0 (Skyscan, Kontich, Belgium) was used to evaluate bone 

histomorphometric parameters. To generate three-dimensional (3D) images, the scans 

were reconstructed and 3D images were created using the Neoscan80 software package 

(NeoScan).    

For L4 vertebrae, a 300-slice subset through the middle of the vertebrae’s body was 

analysed and the following trabecular [bone mineral density (BMD; g/cm2), bone 

volume/tissue volume (BV/TV; %), thickness (Tb. Th; mm), number (Tb. N; 1/mm) and 

separation (Tb. Sp; mm)] and cortical [BMD; g/cm2, bone volume (BV; mm3) and Th 

(mm)] parameters were calculated [56]. Each tibia was aligned along its longitudinal 

axis and the trabecular volume of interest (Bellorin-Font et al.) in the proximal 

metaphysis was a 1000µm section of the metaphysis, 250 µm subjacent to the growth 

plate.  The same trabecular parameters measured in the L4 vertebrae were quantified in 

the tibial reconstructions.  For cortical analysis of the tibia, the proximal and distal 

portions were digitally cropped to exclude the epiphysis, growth plates and trabecular 

bone from the analysis [57].  Bone area (B.Ar; mm2), thickness (Th; mm), polar moment 

of inertia (J; mm4), medullary area (Med.Ar; mm2), periosteal perimeter (P.Pm; mm), 

endosteal perimeter (E.Pm; mm) and porosity (%) were determined. Hydroxyapatite 

phantoms of known densities (0.25 and 0.75 g/cm3) were scanned and reconstructed 

under identical conditions as the experimental samples to allow the calculation of BMD. 

R studio was used to create the line graph of the cortical bone parameters along the tibia 

length [55, 58].    

Quantification of BMAT   

After initial microCT scanning, the bone marrow adipocytes within the left tibiae were 

stained with osmium tetroxide as previously described [46].  In brief, the decalcified 

bones were incubated with 1% osmium tetroxide for 48h, washed and stored in 

Sorensens’ buffer at 4°C. The osmium-stained bones were re-scanned by microCT and 

total BMAT area was calculated as well as being normalised to the size of the bone 

marrow cavity with trabecular bone was excluded.  BMAT volume was quantified in two 
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distinct anatomical regions: the growth plate to tibia/fibula junction (GP-T/F J), which 

contains regulated BMAT (rBMAT); and the tibia/fibula junction to the end of distal 

bone (T/F J-End), which contains constitutive BMAT (cBMAT) [111]. R studio was used 

to create the line graph of BMAT accumulation along the tibia length.  

Biomechanical testing of tibia and vertebrae  

The L4 vertebrae and right femora were stored, unfixed, at −20 °C in water and their 

biomechanical properties were evaluated by a LS5 Lloyds materials testing machine 

with NEXYGEN Plus software (Ametek, Leicester, UK).  For the 3-point bending, the 

femora were positioned horizontally on custom supports and a 100N load cell was 

applied perpendicular to the mid-diaphysis at a speed of 10 mm/min.  For compression 

loading, the vertebral body was isolated from the spinal processes and prepared with flat 

and parallel ends using a polishing wheel and finally bonded to a fixed bottom plate with 

cyanoacrylate glue.  A 500N load cell at a speed of 10 mm/min, compressed the vertebra. 

Each femur and vertebra were tested to fracture and data recorded after every 0.2 N 

change in load.  The load–displacement curve for each bone was analysed, and stiffness, 

maximum load, yield load, work to fracture and post-yield displacement were calculated 

[112].  

RT-qPCR  

The proximal and distal ends of the right tibiae were removed and the bone marrow was 

flushed out by centrifugation.  Both the tibial shaft and the bone marrow were snap 

frozen in liquid nitrogen and stored at -800C.  The tissue was homogenised by a Rotor-

Stator Homogenizer and RNA was extracted using a Qiagen RNeasy Mini kit (Qiagen, 

Manchester, UK) and quantified by nanodrop spectrophotometry (Thermo Fisher 

Scientific, Loughborough, UK). RNA quality was evaluated by the 260/280 nm ratio.  

After reverse transcription, gene expression was quantified using the SYBER green 

method and an Agilent Aria 2.1 real-time qPCR system (Agilent Technologies, Cheadle, 

UK). Target gene expression was normalised to a housekeeping gene (Ppia) and analysed 

using the ΔΔCt method. Oligonucleotide primers (Supp. table 1) were obtained from 

Sigma-Aldrich (Gillingham, UK) and Thermo Fisher Scientific.   
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Proteomics  

Both proximal and distal ends of the right tibia were removed and bone morrow isolated 

by centrifugation. Cortical bone and bone marrow tissue were homogenised by a Rotor-

Stator Homogenizer in a 100 µl of lysis buffer containing 5% sodium deoxycholate, 100 

mM Tris-HCl (pH 8.5),  1 mg/mL chloroacetamide,  and 1.5 mg/mL tris(2-

carboxyethyl)phosphine. The lysates were subsequently heated at 95°C for 15 minutes. 

Protein capture and digestion from bone and bone marrow lysates were performed using 

an automated KingFisher Flex system (Thermo Fisher Scientific) [113]. Briefly, proteins 

were captured using MagReSyn HILIC magnetic microspheres (ReSyn Biosciences, 

Pretoria, South Africa). Protein-bound beads were then digested with 0.5 µg of MS-

grade trypsin (Thermo Fisher Scientific) in 50 mM triethylammonium bicarbonate buffer 

(Sigma-Aldrich) at 37°C. The tryptic peptides were sequentially washed with 95% (v/v) 

acetonitrile (ACN) and 70% ethanol (EtOH). Digestion was terminated by acidification 

with 2% formic acid. Peptides were subsequently desalted using a C18-based desalting 

procedure, eluted with 0.1% trifluoroacetic acid (TFA) in 50% ACN, and dried by speed 

vacuum. Thereafter, dried peptides were reconstituted in 0.1% TFA for subsequent mass 

spectrometry analysis.  

One microgram of desalted peptides was loaded onto 25 cm Aurora columns (IonOptiks, 

Australia) using an RSLC nano µHPLC system coupled to a Fusion Lumos mass 

spectrometer. Peptide separation was achieved with a 70-min linear gradient ranging 

from 5% to 30% acetonitrile in 0.5% acetic acid. The mass spectrometer was operated in 

data-independent acquisition (DIA) mode, collecting MS scans from 350–1650 Da at 

120k resolution, followed by MS/MS acquisition across 45 windows with 0.5 Da overlap 

(200–2000 Da range) at 30k resolution and a normalized collision energy (NCE) of 28. 

The raw data were processed using DIA-NN 2.0 software with spectral matching 

performed against the Mus musculus UniProt protein database [114]. Normalization was 

conducted based on the total peptide abundance across LC-MS runs. GSEA was done 

using GSEA software (version 4.4.3, Broad institute, USA).  
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Statistical analysis  

Data are presented as mean ± SEM or as violin plots, as indicated in the figure legends, 

with individual data points representing each biological replicate.  Statistical analysis 

was performed using a two-way analysis of variance (ANOVA) to determine the effect 

of the rbsAb treatment and CKD status on bone and BMAT alterations. Correlations 

between individual parameters were performed using Spearman correlation.  As the 

plasma DKK1 levels were not normally distributed the data were analysed using the 

Mann–Whitney test with Bonferroni correction for multiple comparisons. Statistical 

analysis was implemented using GraphPad Prism software (GraphPad Software, Inc., 

USA) and R studio (for cortical bone and BMAT analysis) and statistical significance 

was shown as; * p<0.05; ** p<0.01 and *** p<0.001.   For differential expression of 

proteomic profile, the data were processed using Perseus software [115]. Log₂ 

transformation was applied to the data, and missing values were imputed based on a 

normal distribution. Pairwise comparisons between groups were conducted using a two-

sample t-test. Proteins exhibiting a p-value of less than 0.05 and a fold-change greater 

than 1.5 were considered significantly altered between the compared groups.    

Data Availability  

The proteomics data including raw files and search results have been deposited to the 

ProteomeXchange Consortium via the PRIDE partner repository with the dataset 

identifier PXD069117.  
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Figures  

Figure 1. Validation of CKD development in adenine-treated mice and effect of 

rbsAb on plasma concentrations of sclerostin and DKK1.   (A)  Body weight of CKD 

mice was decreased over the 6weeks of the study.  The administration of antibody to 

either CTRL or CKD mice had no additional effect on body weight. (B, C) Inguinal 

(iWAT) and gonadal (gWAT) white adipose depots were decreased in vehicle and 

antibody-treated CKD mice.  (D – G) Plasma concentrations of blood urea nitrogen 

(BUN), creatinine, calcium (Ca) and phosphate (Pi) were increased in vehicle and 

antibodytreated CKD mice.  Pi levels were increased in antibody-treated control, but not 

CKD, mice.  (H) Plasma concentrations of PTH were similar in vehicle-treated control 
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and CKD mice but increased following antibody administration.  (I, J) Plasma levels of 

sclerostin and DKK1 were both higher in vehicle-treated CKD compared to vehicle-

treated control mice.  The antibody lowered DKK1 levels in CTRL and CKD mice to 

levels that were indistinguishable from each other however sclerostin levels in 

antibodytreated mice were erronously high possibly due to cross-reactivity with the 

antigen‐antibody complex and the sclerostin ELISA.  For the data shown in the violin 

plots (C – I), significant effects of CKD, antibody treatment, and CKD - antibody 

treatment interaction were assessed using two-way ANOVA and overall p values for each 

variable, and their interactions, are shown beneath each graph. For plasma DKK1 data 

(J), the Mann–Whitney test with Bonferroni correction was used to test nonnormally 

distributed data.  Significant differences between comparable groups were assessed 

using Tukey’s multiple comparison test and are indicated by * P < 0.05, **P < 0.01 or 

***P < 0.001.   

 

 

Figure 2. MicroCT analysis of tibial trabecular and cortical bone.   
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(Continued) Figure 2. MicroCT analysis of tibial trabecular and cortical bone.  (A)  

Representative microCT images of trabecular bone from mice of the four experimental 

groups. The colour range represent the size of trabecular bone from big (red) to small 

(blue). Trabecular (Tb) (B) bone mineral density (BMD), (C) bone volume fraction 

(BV/TV), (D) thickness (Th) were decreased in vehicle-treated CKD mice whereas (F) 

Tb separation (Sp) was increased in vehicle-treated CKD mice. No effect on (E) Tb 

number (N) was observed.   Although antibody treated increased Tb. BMD, BV/TV, Th, 

and N and decreased Tb.Sp in control and CKD mice the effect was greater in the CKD 

mice.  (G – N) Quantification of whole cortical bone analysis excluding proximal and 
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distal metaphyseal bone (G). Cortical (H) bone area (B.Ar), (I) thickness, (J) polar 

moment of inertia (J) and (L) periosteal perimeter (P.Pm) of vehicletreated CKD mice 

were all reduced in various regions whereas  (K) medullary area (Med.Ar), (M)  

endosteal perimeter (E.Pm) and (M) porosity were increased when compared to bones of 

vehicletreated CTRL mice.  Antibody treatment increased B.Ar, thickness, P.Pm, 

porosity and J but reduced Med.Ar and E.Pm along the tibial length in both CTRL and 

CKD mice.  For the data shown in the violin plots (B - F), significant effects of CKD, 

antibody treatment, and CKD – antibody treatment interaction were assessed using two-

way ANOVA and overall p values for each variable, and their interactions, are shown 

beneath each graph. Significant differences between comparable groups were assess 

using Tukey’s multiple comparison test and are indicated by * P < 0.05, **P < 0.01 or 

***P < 0.001.  

Figure 3.  MicroCT analysis of vertebrae trabecular and cortical bone and 

biomechanical properties of tibia and vertebrae.   
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(Continued) Figure 3.  MicroCT analysis of vertebrae trabecular and cortical bone 

and biomechanical properties of tibia and vertebrae.  Analysis of (A – E) trabecular 

and (F – H) cortical bone indicated that only (H) cortical thickness of L4 vertebrae was 

affected in vehicle-treated CKD mice compared to similarly treated CTRL mice. 

Antibody administration increased trabecular (Tb) (A) bone mineral density (BMD), (B) 

bone volume fraction (BV/TV), (C) thickness (Th), (E) number (N) and cortical (Badr et 

al.) (F) BMD, (G) BV and (H) Th in CTRL and CKD mice whereas (D) Tb separation 

(sp) was unaffected.  Biomechanical analysis indicated that femur (I) stiffness, (J) 

maximum load, (L) work to fracture but not (K) yield load were lower in vehicle-treated 

CKD mice when compared to their respective CTRLs and all biomechanical properties 

apart from (M) post-yield displacement were increased in CTRL and CKD mice treated 

with antibody.  L4 vertebrae (N) stiffness, (O) maximum load, (P) yield load and (Q) 

work to fracture of vehicle-treated CTRL and CKD mice were similar and all 

biomechanical properties were increased in all mice treated with antibody. All data are 

shown as violin plots and significant effects of CKD, antibody treatment, and CKD – 

antibody treatment interaction were assessed using two-way ANOVA and overall p 
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values for each variable, and their interactions, are shown beneath each graph. 

Significant differences between comparable groups were assess using Tukey’s multiple 

comparison test and are indicated by * P < 0.05, **P < 0.01 or ***P < 0.001.  

 

Figure 4. Osteogenic gene expression in cortical bone of the tibia. The expression of 

the osteoblast/osteocyte genes (A) Runx2, (B) Sp7, (C) Bglap (D) Alpl  (E) Col1a1 (F) 

Mepe (G) Tnfsf11 (H) Tnfrsf11b (I) Sost and (J) Dkk1 were similar in vehicle-treated 

CTRL and CKD mice.  Antibody treatment increased the expression of Sp7, Bglap, Alpl, 

Col1a1 and Dkk1 in CTRL mice, Tnfrsf11b expression in CKD mice and Sost expression 

CTRL and CKD mice.  Runx2, Mepe and Tnfsf11 expression by CTRL and CKD mice 

were altered by antibody treatment.  All data are shown as violin plots and significant 

effects of CKD, antibody treatment, and CKD – antibody treatment interaction were 

assessed using two-way ANOVA and overall p values for each variable, and their 

interactions, are shown beneath each graph. Significant differences between comparable 
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groups were assess using Tukey’s multiple comparison test and are indicated by * P < 

0.05, **P < 0.01 or ***P < 0.001.  

Figure 5. Proteomic profiling of cortical bone. (A, B) Volcano plots and (C, D) Venn 

diagrams illustrate global differential protein expression in the tibia of CKD mice and 

mice treated with antibody.  (E) Gene set enrichment analysis identified the 
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osteoblast/osteocyte-related pathways implicated in the aetiology of ROD and those 

affected by antibody-treatment.  From the proteomics analysis the expression of some of 

the significantly altered proteins associated with osteoblast differentiation such as (G) 

TNAP and (H) COL1A1, but not (F) SP7 were reduced in vehicle-treated CKD mice.  

The expression of proteins involved in Wnt-signalling, (I) LRP5, (J) LRP6, and (L) 

SOST were reduced in vehicle-treated CKD mice whereas (K) CTNNB1 and (M) DKK1 

were unchanged.  Antibody treatment increased (G) TNAP, (L) SOST and (M) DKK1 

expression in both control and CKD bones.  Comparison of the expression of individual 

protein are shown as violin plots and significant effects of CKD, antibody treatment, and 

CKD – antibody treatment interaction were assessed using two-way ANOVA and overall 

p values for each variable, and their interactions, are shown beneath each graph. 

Significant differences between comparable groups were assessed using Tukey’s 

multiple comparison test and are indicated by * P < 0.05, **P < 0.01 or ***P < 0.001.  
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Figure 6. BMAT distribution along the tibial bone shaft and adipogenic and 
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osteoclastogenic gene expression in bone marrow tissue.  (A) Visualisation of 

osmium-stained bone marrow adipose tissue (BMAT) present between the growth plate 

to tibia/fibula junction (GP-T/F J), which contains regulated BMAT (rBMAT) and the 

tibia/fibula junction to the end of distal bone (T/F J-End), which contains constitutive 

BMAT (cBMAT) of vehicle and antibody treated CTRL and CKD mice.  (B) Total 

BMAT and (C) BMAT normalised to bone marrow area (with trabecular bone excluded) 

was increased in vehicletreated CKD mice compared to similarly treated CTRL mice.  

Antibody treatment reduced BMAT accumulation along the entire length of the tibia of 

CTRL and CKD mice.  (D) Spearman correlations between trabecular bone volume 

fraction (Tb.BV/TV) and rBMAT indicated a negative correlation.  The expression of the 

adipogenic genes (E) Pparg2 and (G) Adipoq but not (F) Cebpa, (H) Fabp4, (I) Lipe or 

(J) Pnpla2 was increased in vehicle-treated CKD mice.  Antibody treatment had no 

effect on the expression of Cebpa, Lipe or Pnpla2 but the difference in expression of 

Pparg2 and Adipoq seen in the vehicle-treated mice was abolished by antibody 

treatment. The expression of osteoclast genes (K) Tnfsf11, (M) Acp5, (N) Ctsk, and (O) 

Mmp9 was increased in vehicle-treated CKD mice and this difference in expression was 

nullified by antibody treatment. (L) Nfatc1, was similar in CTRL and CKD samples and 

was not affected by antibody treatment.  For the data shown in the violin plots (E - O) 

the significant effects of CKD, antibody treatment, and CKD – antibody treatment 

interaction were assessed using two-way ANOVA and overall p values for each variable, 

and their interactions, are shown beneath each graph. Significant differences between 

comparable groups were assess using Tukey’s multiple comparison test and are indicated 

by * P < 0.05, **P < 0.01 or ***P < 0.001.  
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Figure 7. Proteomic profiling of bone marrow. (A, B) Volcano plots and (C, D) Venn 

diagrams illustrate global differential protein expression in the bone marrow of CKD 

mice and mice treated with antibody.  (E) Gene set enrichment analysis revealed that 
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gene sets associated with adipogenesis, osteoclast differentiation and signalling, and 

bone resorption pathways were enriched in vehicle-treated CKD mice as compared to 

similarly treated CTRL mice.  Antibody treatment reversed these pathway changes in 

CKD mice.   The expression of proteins associated with adipocyte differentiation 

including (F) FABP4, (G) PLIN1, (H) LEPR, (I) ADIPOQ and (J) LPL and lipolytic 

protein, (K) LIPE and (L) PNPLA2 were increased in vehicle-treated CKD mice 

compared to vehicle-treated control mice.  This increased expression was decreased by 

antibody treatment.  In addition, CKD increased the expression of (O) NFKB1, (P) 

NFATC1, (Q) ACP5 and (R) CTSK which are critical for osteoclast differentiation and 

bone resorption, while antibody treatment normalized (O) NFKB, (P) NFATC and (R) 

CTSK but not (Q) ACP5.  (M and N) SOST and DKK1 expression was similar in 

vehicle-treated CTRL and CKD mice and increased with antibody treatment.  

Comparison of the expression of individual protein are shown as violin plots and 

significant effects of CKD, antibody treatment, and CKD – antibody treatment 

interaction were assessed using two-way ANOVA and overall p values for each variable, 

and their interactions, are shown beneath each graph. Significant differences between 

comparable groups were assessed using Tukey’s multiple comparison test and are 

indicated by * P < 0.05, **P < 0.01 or ***P < 0.001.  

Suppl Figure 1.  Correlation analysis.  No correlation was found between plasma 

sclerostin and (C) trabecular bone volume fraction (Tb.BV/TV) and (F) rBMAT or 
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between plasma DKK1 and (D) trabecular bone volume fraction (Tb.BV/TV) and (G) 

rBMAT.  No correlation was found between (E) rBMAT and plasma PTH.  Correlations 

between individual parameters were performed using Spearman correlation.  
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Conclusion 

This chapter examined whether a bispecific antibody targeting both sclerostin and 

DKK1 could prevent bone loss and BMAT accumulation in a CKD mouse model. Young 

adult male mice were fed an adenine diet to induce CKD and received a subcutaneous 

antibody injection for six weeks. The antibody, provided generously by Angitia 

Biopharmaceuticals (via Hua Zhu Ke and Xiaofeng Liu), was administered alongside 

body weight monitoring throughout the study. At the end, CKD was characterised, and 

plasma levels of sclerostin and DKK1 were measured. Bone architecture and BMAT 

accumulation, stained with osmium, were quantified through microCT. The study also 

evaluated the mechanical properties of femurs and vertebrae, as well as gene expression 

and proteomics profiles of osteogenic and adipogenic markers to understand the 

molecular changes. Based on the results in this chapter, the conclusion can be 

summarised as follows: 

1. CKD progression was similar in the vehicle and rbsAb treatment. 

2. Plasma levels of sclerostin and DKK1 were elevated in CKD mice, and DKK1 

levels were reduced by rbsAb treatment. 

3. The rbsAb prevented bone loss in tibia of CKD mice with a predominantly 

anabolic effect on the trabecular compartment. 

4. Vertebral bone loss was not observed in the CKD mice, but the rbsAb improved 

vertebral bone health in both CKD and control mice indicating that the influence 

of CKD on bone appeared to be site dependent. 

5. The rbsAb improved the mechanical properties in both the vertebrae and the femur 

of CKD mice. 

6. Gene and proteomics profiles revealed the mechanism by which rbsAb prevents 

CKD-induced osteoblast dysdifferentiation.  

7. The rbsAb prevented BMAT accumulation in CKD mice. 

8. The rbsAb treatment normalised CKD-induced adipogenic and osteoclastic gene 

and protein expressions. 

This study introduced a novel therapeutic strategy for preventing CKD-MBD. 

However, the impact of this antibody treatment on reversing bone pathogenesis of ROD 
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in the advance stages of CKD should be considered. Additionally, experiments involving 

BMSC lineage tracing should be undertaken to determine whether sclerostin and DKK1 

are key mediators of BMSC differentiation towards adipocytes during CKD progression. 

Moreover, the longitudinal study should be performed to more the underlying mechanism 

of BMAT expansion together with bone loss during the CKD progression. Furthermore, 

potential adverse effects of this antibody treatment on the cardiovascular system in CKD 

conditions should also be acknowledged. These gaps in our knowledge will form the 

focus of my future research.  
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General discussion 

It is well established that CKD is accompanied by skeletal deterioration that 

increases the risks of osteoporosis and fragility fractures (Tariq & Sulaiman, 2020). In 

experimental CKD-MBD models, bone loss and high circulating bone-turnover markers 

are common, and chronically elevated PTH is often considered central to the development 

of ROD (Hsu et al., 2022; Jadoul et al., 2006; Nickolas et al., 2013). However, fracture 

risk is also higher in patients with low or normal PTH (Coco & Rush, 2000; Massy & 

Drueke, 2017), indicating that additional mechanisms, beyond SHPT, such as uremic 

toxin-induced mitochondrial injury and broader changes in the bone marrow niche, 

contribute to ROD. Furthermore, a consistent feature emerging from both animal and 

human studies is the expansion of BMAT as shown in this thesis and by others  (Moorthi 

et al., 2015; Ni et al., 2019; Wang et al., 2017; Woods et al., 2018). Since BMSCs can 

develop into both osteoblasts and adipocytes, shifts in lineage that favour adipogenesis 

are likely to reduce osteoblastogenesis and impair bone formation; such “see-saw” 

dynamics have been seen in osteopenia/osteoporosis (Morris et al., 2024; Yeung et al., 

2005), ageing (Shen et al., 2007; Xu et al., 2025), obesity (Ambrosi et al., 2017), and CR 

(L. Liu et al., 2024). This thesis investigates three interconnected aspects of CKD bone 

pathology: (i) the timing and implications of BMAT expansion during disease progression 

(Chapter 3); (ii) the direct effects of systemic CKD-associated factors (PTH, Pi, FGF23, 

sclerostin, and IS) on BMSC fate decisions (Chapter 4); and (iii) the therapeutic potential 

of jointly neutralising the osteocytic Wnt antagonists sclerostin and DKK1 with a 

bispecific antibody, rbsAb, to enhance bone structure and biomechanics and prevent 

BMAT accumulation (Chapter 5). Collectively, these chapters support a model where 

CKD-related systemic cues and marrow-intrinsic changes drive early BMAT expansion, 

disrupt bone remodelling signals, and escalate skeletal fragility. Finally, the results also 

demonstrate that the neutralisation of both sclerostin and DKK1 more effectively restores 

bone mass and reduces BMAT than inhibiting sclerostin alone. 

In the longitudinal adenine-induced CKD model, BMAT expansion increased with 

CKD severity and was inversely associated with trabecular bone mass, aligning with 

previous clinical and preclinical findings (Borelli et al., 2023; Moorthi et al., 2015; 
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Sirimongkolchaiyakul et al., 2021; Woods et al., 2018). Notably, BMAT accumulation 

occurred before detectable trabecular bone loss. By week 3, when body weight loss and 

biochemical CKD markers appeared, total BMAT and marrow expression of Fabp4 and 

Adipoq were already elevated, while trabecular BMD, BV/TV, trabecular 

number/thickness, and connectivity remained unchanged. This sequence of events 

suggests that BMAT expansion is not merely a consequence of bone loss; it may serve as 

an initiating or priming event in CKD-related skeletal deterioration. An inverse 

relationship between bone mass and BMAT was also observed in the CKD mice studied 

here and reflects clinical patterns in both adult and pediatric CKD (Borelli et al., 2023; 

Sirimongkolchaiyakul et al., 2021). 

Several mechanisms could explain this coupling. A shift in lineage allocation from 

osteoblastogenesis to adipogenesis remains a compelling explanation for BMAT 

expansion in CKD. The CKD mice also exhibited higher serum adiponectin levels, 

mirroring human CKD, where adiponectin correlates with renal dysfunction (Song et al., 

2020), and marrow Adipoq up-regulation, supporting BMAT as a plausible source. The 

link between adiponectin and BMAT volume mirrors CR models, where marrow 

adipocytes contribute to circulating adiponectin (Cawthorn et al., 2016), although 

contributions from WAT cannot be entirely ruled out. However, the reduction in 

subcutaneous and visceral fat depots, along with the known behaviour of WAT in CR, 

suggests that BMAT probably plays a primary role (Cawthorn et al., 2016; Perry et al., 

2018). Conversely, circulating leptin, mainly WAT-derived, was decreased, likely 

reflecting reduced fat mass and food intake (Perry et al., 2018). In contrast, low leptin has 

been associated with increased BMAT and decreased BMD in ob/ob mice (Hamrick et 

al., 2004), and CR studies suggest hypoleptinemia alone is neither necessary nor sufficient 

for BMAT expansion (Cawthorn et al., 2016). These patterns point to BMAT-intrinsic 

(and possibly feed-forward) mechanisms, with adipokines modulating marrow 

microenvironments that promote adipogenesis and/or resorption (Fu et al., 2005). 

BMAT may also affect bone remodelling more directly. Increased Tnfsf11 

(RANKL) expression in CKD marrow was observed without a corresponding rise in 

Tnfrsf11b (OPG), which aligns with BMAT-derived RANKL playing a role in 
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osteoclastogenesis and bone resorption (Li et al., 2018). Clinical data linking marrow fat 

to vertebral fracture risk, independent of BMD in ageing adults (Rinotas et al., 2024; 

Schwartz et al., 2013), and TNFSF11 expression with marrow adiposity (Xu et al., 2025) 

support a functional link between BMAT and bone fragility. Whether BMAT is 

independently related to fractures in CKD remains to be determined. 

Importantly, these longitudinal observations also reveal that BMAT expansion can 

happen without immediate bone loss, and bone loss can occur without simultaneous 

BMAT increases, as observed in CR models (Cawthorn et al., 2016; Ziru Li et al., 2022; 

Rosen et al., 2009). Recent identification of separate BMSC subpopulations (Deng et al., 

2021) also questions the idea of strictly reciprocal osteogenic–adipogenic commitment. 

Definitive lineage-tracing experiments employing inducible Cre lines that label pre-

commitment stromal populations (e.g., Cxcl12-CreE) (Zhong et al., 2020) will be 

essential to determine whether BMAT expansion results from lineage skewing, progenitor 

depletion, survival or proliferation defects, or paracrine re-programming of the niche. 

In CKD progression, several factors are elevated and thought to be linked with 

ROD phenotypes, such as PTH, Pi, FGF23, sclerostin, and IS. Examining their effects on 

BMSC commitment and differentiation could help clarify the molecular mechanisms 

behind this complication. An in vitro study (chapter 4) showed that PTH did not 

significantly influence adipogenic differentiation; expression of Pparg2, Cebpa, Adipoq, 

and Pnpla2 remained stable, contrasting with reports that intermittent PTH reduces 

adipogenesis in human and rodent systems (Fan et al., 2017; Maridas et al., 2018; Rickard 

et al., 2006; Yang et al., 2019). Conversely, PTH promoted osteogenesis, up-regulating 

Sp7, Runx2, Alpl, and Tnfrsf11b (OPG) expression at doses up to approximately 1 ng/mL, 

consistent with cAMP/PKA–PKCδ signalling and LRP6 engagement (Kuo et al., 2017; 

Yu et al., 2012). The diminished response at 5 ng/mL aligns with its biphasic behaviour 

(Locklin et al., 2003),  and the transient rise in Tnfsf11 at the lowest PTH levels supports 

the idea that early, controlled osteoclastogenesis facilitates anabolic remodelling (Walker 

et al., 2012). Notably, although PTH exposure was nominally continuous, the 

approximately 10–12-hour half-life of bovine PTH likely created a pseudo-intermittent 

profile, resembling traditional intermittent protocols and explaining the net anabolic effect 
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despite catabolic associations in CKD (Houston et al., 2016; Ishizuya et al., 1997; Lotinun 

et al., 2002). 

High extracellular Pi suppressed adipogenic transcription (Pparg2, Adipoq, and, 

at the highest dose, Fabp4), supporting a role for Pi as a signalling cue that reprograms 

BMSC gene networks (Qin et al., 2025). These observations align with in vivo findings 

that Pi restriction increases BMAT (Ko et al., 2016) and with mechanistic studies showing 

that phosphate deprivation promotes adipogenesis of CXCL12-abundant reticular cells 

via Pparg/Cebpa upregulation and impaired mTORC1 signalling (Ko et al., 2021). Higher 

Tnfrsf11b (OPG) expression with Pi was also observed, consistent with classical 

phosphate-induced OPG upregulation, thereby shifting the RANKL/OPG balance 

towards reduced resorption (Kanatani et al., 2003). While early osteogenic markers were 

not strongly induced over 21 days, short-term exposure to 4–10 mM Pi can promote 

osteoblast differentiation and mineralisation (Lin et al., 2021), suggesting dose–time 

thresholds are critical. In contrast, FGF23, despite its endocrine role in phosphate/vitamin 

D homeostasis, did not alter adipogenic or osteogenic commitment across the tested range, 

which is expected given low Klotho levels in BMSCs and the Klotho dependency of 

effective FGF23 signalling (Bär et al., 2019; Li et al., 2013; Shimada et al., 2004; Shimada 

et al., 2001; Urakawa et al., 2006). Systemically, however, elevated FGF23 may still 

influence bone via phosphate handling, SHPT, and broader metabolic disturbances 

(Aguilar et al., 2023; Wolf, 2012). 

Sclerostin exerted little direct influence on lineage commitment under these 

conditions: Pparg2 and Cebpa remained unchanged, and only a small, non-linear increase 

in Adipoq was observed at a low dose, indicating a subtle terminal differentiation effect 

rather than a switch in cell fate. Under osteogenic conditions, canonical markers did not 

change, whereas Tnfsf11 increased at 5 ng/mL, consistent with sclerostin’s modulation of 

RANKL/OPG and bone remodelling (Iwamoto et al., 2022; Wijenayaka et al., 2011). 

Reports of sclerostin-enhanced adipogenesis in 3T3-L1 and murine BMSCs (Fairfield et 

al., 2018; Kim et al., 2017) likely reflect differences in species, cell source, and 

experimental context; in strongly pro-osteogenic media, sclerostin alone was insufficient 

to override differentiation cues. Conversely, IS broadly suppresses both adipogenic 
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(Pparg2, Cebpa, Fabp4, Adipoq, Pnpla2) and osteogenic (Runx2, Sp7, Alpl) programmes 

while increasing Tnfsf11 without affecting Tnfrsf11b, suggesting a higher RANKL/OPG 

ratio that favours resorption. These findings align with reports of IS impairing 

osteoblastogenesis and mineralisation (Hsieh et al., 2024; Kamprom et al., 2021; Kim et 

al., 2013) and augmenting osteoclastogenesis (Liu et al., 2020), reflecting CKD-

associated high turnover, cortical porosity, and fragility (Metzger et al., 2024; Metzger et 

al., 2021; Moe et al., 2015). Although toxicity remains a concern, IS ≤ 2 mM is not overtly 

toxic to murine osteoblasts over seven days (Hsu et al., 2025). Mechanistically, IS and 

related uremic toxins induce oxidative stress, mitophagy, and mitochondrial damage—

likely drivers of broad differentiation impairments (Hsu et al., 2025; McWilliams et al., 

2016; Popkov et al., 2019; Watanabe et al., 2017). 

Osteocytes, the primary source of sclerostin expression, were studied to determine 

whether high Pi and IS affect sclerostin expression using MLO-Y4 cells. These readouts 

appeared dependent on the osteocyte model studied. In MLO-Y4 cells, as used in this 

thesis, neither high Pi nor IS altered Sost expression, likely reflecting the low or absent 

baseline Sost/Fgf23 in 2D culture and the requirement for bone-mimetic 3D scaffolds to 

restore osteocytic transcription (Brady et al., 2022; Zhang et al., 2019). In a more mature 

model (IDG-SW3), IS increased Sost and Dkk1 expression (Chen et al., 2024), whereas 

high Pi had no effect on Sost expression by primary osteocytes (Miyagawa et al., 2014). 

These comparisons highlight that conclusions about Pi and uremic toxin effects on 

osteocyte Wnt antagonists depend critically on cellular maturity and culture context, 

emphasising the importance of using bone-mimetic systems to infer in vivo osteocytic 

regulation. 

Clinically, ROD management focuses on controlling SHPT with calcitriol and 

calcimimetics (Block et al., 2004; Slatopolsky et al., 1984), but PTH alone is a poor 

predictor of bone turnover status (Coco & Rush, 2000). Traditional osteoporosis 

treatments can improve BMD and reduce fractures in mild-to-moderate CKD, though 

each has potential limitations—bisphosphonates may accumulate with low clearance and 

pose risks in very-low-turnover bone (Jamal et al., 2007; Miller et al., 2005); denosumab 

(anti-RANKL) can cause hypocalcemia, and PTH analogues (teriparatide) may worsen 
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hyperparathyroidism (Haarhaus et al., 2023; Hara et al., 2021; Nitta et al., 2017; Whitlock 

et al., 2024). Since sclerostin and DKK1 are elevated in CKD bone and/or serum (Cejka 

et al., 2014; Graciolli et al., 2017; Kanbay et al., 2014; Sabbagh et al., 2012), Wnt 

disinhibition emerges as an appealing anabolic strategy. Romosozumab (anti-sclerostin) 

reduces fracture risk (post-hoc CKD evidence from FRAME/ARCH) (Appelman-Dijkstra 

& Papapoulos, 2016; Cosman et al., 2016; McClung et al., 2014) and improves bone in 

models of diabetes and CKD (Kohler et al., 2024; Marino et al., 2023). However, blockade 

of sclerostin alone can lead to compensatory up-regulation of DKK1, which diminishes 

the anabolic response (Adami et al., 2025; Florio et al., 2016; Holdsworth et al., 2018; 

Moe et al., 2015). 

In this thesis (chapter 5), the bispecific antibody targeting sclerostin and DKK1, 

rbsAb, produced significant improvements in cortical geometry and trabecular 

architecture in the vertebrae and long bones of both control and CKD mice. These effects 

were accompanied by gene-set signatures indicating increased osteoblast differentiation 

and decreased resorption. These results exceeded those reported for sclerostin-only 

treatment in CKD rats, where benefits were extremely limited and PTH-dependent (Moe 

et al., 2015; Newman et al., 2015). This aligns with previous studies showing that dual 

targeting outperforms monotherapy in rodents and primates (Bienvenu et al., 2024; Florio 

et al., 2016; Florio et al., 2023; M. Liu et al., 2018), and that a 3:1 Scl-Ab: DKK1-Ab 

mixture yields considerably more trabecular bone than Scl-Ab alone (R. B. Choi et al., 

2021; Florio et al., 2016; Li et al., 2011; Witcher et al., 2018). An increase in cortical 

porosity with rbsAb was unexpected, especially given the similar cortical porosity in Sost-

/- versus WT mice (Mosey et al., 2017). This warrants mechanistic follow-up, such as 

modelling the remodelling balance, cortical drift, and microdamage repair dynamics 

under potent Wnt activation. 

Notably, rbsAb reduced BMAT along the tibial length in both control and CKD 

mice. While Wnt/β-catenin signalling is recognised to suppress adipogenic programmes 

via C/EBPα and PPARγ in white adipocytes and to redirect pre-osteoblast fate away 

from adipocytes (Ross et al., 2000; Song et al., 2012), its regulation of BMAT has been 

less clear. Circulating sclerostin levels positively correlate with vertebral marrow fat in 
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men and in vitro studies, sclerostin promotes adipogenesis (Fairfield et al., 2018; Ma et 

al., 2014). In contrast, sclerostin deficiency reduces BMAT accumulation in mice 

(Fairfield et al., 2018). Clinical data in postmenopausal women reported no change in 

iliac crest BMAT with romosozumab treatment, and Scl-Ab modestly reduced BMAT 

accumulation, and is specific regions only in irradiated or rosiglitazone-treated mice 

(Chavassieux et al., 2024; Costa et al., 2021; Farrell et al., 2021). In this thesis, the rbsAb 

decreasedBMAT accumulation even after normalisation to marrow area, implying a 

direct anti-adipogenic effect of dual Wnt disinhibition in marrow adipocytes, not solely a 

geometric consequence of decreased bone marrow volume. In contrast, Scl-Ab alone did 

not reduce area-normalised BMAT in rats (Costa et al., 2019), suggesting that 

compensatory DKK1 blunts the BMAT response to sclerostin-only therapy. 

Interpreting the data on circulating Wnt antagonists in CKD remains complex. 

Reports variably describe positive, negative, or absent correlations between systemic 

sclerostin and PTH (Cejka et al., 2011; Moe et al., 2015). Although PTH suppresses Sost 

and Dkk1 expression in bone (Bellido et al., 2005; Carrillo-López et al., 2016), the CKD 

mice described in chapter 5 had elevated levels of sclerostin and DKK1 but normal PTH 

levels and therefore the regulatory role of PTH is uncertain. Chronic elevations of 

sclerostin and DKK1 in CKD could reflect osteocytic overproduction (Cejka et al., 2014; 

Graciolli et al., 2017; Sabbagh et al., 2012), TGF-β–driven induction (Liu et al., 2014; 

Moysés & Schiavi, 2015), links to inflammation, phosphate, and uremic toxins, or 

FGF23-induced DKK1 via a soluble Klotho/MAPK pathway (Carrillo-López et al., 2016; 

Desjardins et al., 2014; Ferreira et al., 2013), rather than impaired renal clearance alone 

(Cejka et al., 2014). Notably, rbsAb treatment increased bone Sost/Dkk1 transcripts and 

proteins, potentially a homeostatic response to Wnt activation, paralleling Scl-Ab–treated 

CKD rats (Moe et al., 2015). A word of caution however; sclerostin and DKK1 are present 

in vascular tissues to inhibit soft tissue mineralisation and therefore cardiovascular safety 

remains a key consideration in the use of romosozumab (ARCH, BRIDGE trials) where 

adverse cardiovascular events were reported (Bovijn et al., 2020; Cosman et al., 2016; 

Didangelos et al., 2010; Lewiecki et al., 2018; Saag et al., 2017; Shao et al., 2005; Zhu et 

al., 2011).  Nevertheless, preclinical studies have reported no aortic mineralisation in rats 

and monkeys with long-term romosozumab treatment (Chouinard et al., 2016; Claes et 
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al., 2013; Ominsky et al., 2017).  Furthermore,  DKK1 inhibition prevents vascular 

calcification in renal insufficiency (Fang et al., 2014), and no cardiovascular events have 

been reported in Sost-deficient mice or sclerosteosis/van Buchem disease (Balemans et 

al., 2002; Li et al., 2008; Vanhoenacker et al., 2003). Therefore, dedicated renal–

cardiovascular outcome studies  such as aortic microCT scanning are essential before the 

dual inhibition of sclerostin and DKK1 can be considered a safe therapeutic option for 

ROD in CKD patients.  

However, there are several limitations to the studies described in this thesis and 

therefore I would focus my future research to address these issues and strengthen the 

conclusions made.  In Chapter 3, while a longitudinal design clarifies the order of events 

in CKD-MBD pathogenesis, it does not establish causality between BMAT expansion and 

subsequent bone loss. Advanced lineage tracing (i.e. Cxcl12-CreE) (Zhong et al., 2020), 

in vivo live imaging, and single-cell multi-omics would help determine whether BMAT 

expansion reflects fate switching, progenitor attrition, or microenvironmental 

reprogramming. The in vitro work in Chapter 4, by design, isolates direct effects of 

systemic CKD-associated factors but cannot capture complex factor interactions (e.g., 

PTH × Pi × IS × FGF23), mechanotransduction, or the crosstalk between osteocytes, 

osteoblasts, and osteoclasts. Follow-up studies should: (i) vary PTH exposure kinetics to 

compare continuous versus intermittent regimens; (ii) map Pi dose–time windows aligned 

with pro-mineralisation ranges; (iii) test FGF23 with Klotho supplementation; (iv) 

evaluate IS under redox-modulated conditions with mitochondrial readouts; and (v) 

extend analyses to protein levels, osteoblast function (ALP activity, mineralisation), and 

co-culture remodelling assays. The MLO-Y4 osteocyte data highlight the importance of 

mature 3D systems (Brady et al., 2022); repeating Pi/IS challenges in IDG-SW3/Ocy454 

or primary osteocytes with mechanical loading would better approximate in vivo 

osteocytic regulation (Chen et al., 2024). While rbsAb efficacy in protecting the skeleton 

and reducing BMAT accumulation in a CKD mouse model is apparent, the increase in 

cortical porosity warrants mechanistic investigation. Additionally, it is important to 

replicate this rbsAb study in a different animal model of CKD, i.e. nephrectomy model 

and consider how rbsAb might reverse bone pathology of ROD in the advanced stages of 

CKD. Further experiments using BMSC lineage tracing are necessary to determine 
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whether sclerostin and DKK1 are vital in guiding BMSC differentiation into adipocytes 

during CKD progression. 

In addition, an important consideration not directly addressed in this thesis is 

sexual dimorphism in bone and BMAT biology. Only male mice were used to minimize 

variability associated with hormonal fluctuations during the oestrous cycle; however, sex 

differences significantly influence bone remodelling, marrow adiposity, and ROD 

progression. Oestrogen deficiency is known to accelerate bone loss and promotes 

adipogenic lineage allocation (Ali et al., 2022; Bouxsein et al., 2005; Cenci et al., 2000; 

Dang et al., 2002; Yao et al., 2025), while androgens exert partially protective skeletal 

effects (Frenkel et al., 2010; Ucer et al., 2015). Both clinical and experimental studies 

show sex-specific differences in BMAT distribution and metabolism (Beekman et al. , 

2022; Bukowska et al., 2018; Suchacki et al., 2023). Moreover, sex-specific responses to 

PTH, and metabolic stressors have been reported (Bouxsein et al., 2005; Wang et al., 

2006). Therefore, extrapolation of these findings to females should be cautious, and future 

studies incorporating female CKD models are warranted. 

Moreover, the findings of this thesis also raise broader questions regarding 

systemic metabolism in CKD. BMAT is increasingly recognized as a metabolically active 

and endocrine tissue rather than a passive fat depot. CKD is characterized by profound 

metabolic alterations, including disrupted lipid metabolism, insulin resistance, and altered 

adipokine profiles (Noels et al., 2021; Slee, 2012). The observed expansion of BMAT 

alongside reductions in peripheral fat depots suggests depot-specific adaptations rather 

than uniform fat responses which can be seen in caloric restriction (Cawthorn et al., 2016; 

D e v l i n ,  2 0 11 ) . Whether BMAT expansion contributes directly to systemic metabolic 

imbalance, reflects compensatory energy storage, or influences whole-body substrate 

utilization remains unresolved. Future studies combining body composition analysis, 

metabolic phenotyping (energy expenditure, glucose tolerance), and adipose depot-

specific gene expression profiling would clarify the systemic metabolic consequences of 

CKD and Wnt-targeted therapies on bone metabolism. 

Furthermore, the emerging evidence also indicates that CKD-associated metabolic 

disturbances and uremic toxins may exert long-lasting effects on skeletal cells through 
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epigenetic mechanisms. DNA methylation, histone modifications, and non-coding RNA 

expression have been reported to regulate osteogenic–adipogenic lineage commitment 

(Dashti et al., 2024; Meyer et al., 2016; Teven et al., 2011). Uremic toxins such as 

indoxyl sulfate have been shown to induce oxidative stress and mitochondrial dysfunction 

(Hsu et al., 2025). Such modifications could influence BMSC lineage commitment, 

potentially stabilizing adipogenic bias or suppressing osteoblast differentiation even after 

removal of the initiating stimulus. Similarly, Wnt signaling — strongly modulated by 

sclerostin and DKK1 — interacts with chromatin regulatory machinery, suggesting that 

therapeutic Wnt activation may partially reverse maladaptive epigenetic states (Dees  e t 

al., 2014; Foltz et al., 2010). Although epigenetic regulation was beyond the scope of this 

thesis, integrating chromatin accessibility analysis, methylation profiling, or microRNA 

studies into future work would provide deeper mechanistic insight into how CKD 

reshapes BMSC plasticity and marrow niche function. 
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