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Abstract 

1,25(OH)2D3 plays important role in regulating systemic calcium homeostasis and bone 

mineralization. It is synthesized from its precursor 25OHD3 through the hydroxylation 

by 25-hydroxyvitamin D3 1-alpha-hydroxylase (CYP27B1). With the discovery of 

CYP27B1 in other extra-renal sites such as bone, regulation of extra-renal CYP27B1 

and the paracrine or autocrine activities of 1,25(OH)2D3 has become the focus of current 

research. Our previous study showed oleanolic acid (OA), a naturally occurring 

pentacyclic triterpenoid with bone protective effects, was capable to modulate calcium 

balance and renal CYP27B1 expression in aged rats. However, the ability of OA to 

regulate CYP27B1 in extra-renal sites is far from clear. The present study aimed to 

characterize the effects of OA on modulating extra-renal CYP27B1 expression and 

activity in extra-renal sites such as osteoblasts and adipocytes, as well as their 

involvement in the bone protective effects of OA.  

In the present study, we first demonstrated that OA effectively elevated circulating 

1,25(OH)2D3 levels by upregulating renal CYP27B1 expression, which contributed to 

the positive calcium balance and the improvement of bone properties in ovariectomized 

(OVX) mice. Moreover, the expressions of CYP27B1 in iliac crests were significantly 

increased in response to OA, indicating the potential action of OA to modulate 

paracrine or autocrine activities of 1,25(OH)2D3 in skeletal microenvironment. The 

modulatory activities of OA on CYP27B1 expressions and cellular production of 

1,25(OH)2D3 in bone cells were confirmed by in-vitro experiments using human and 

rat osteoblast-like cells. 

In the following part, OA was shown to significantly induce CYP27B1 expression and 

cellular synthesis of 1,25(OH)2D3 as well as the expression of bone sialoprotein 2 

(BSP2) and osteopontin (OPN), two vitamin D-dependent osteogenic markers in 

mature osteoblastic lineages. Moreover, the stimulatory effects of OA on OPN 

expression and ALP activity in human osteoblast-like MG-63 cells were attenuated, at 
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least in part, in the presence of CYP27B1 siRNA. The results indicated the role of 

CYP27B1 and local 1,25(OH)2D3 production in mediating the effects of OA on the 

maturation and mineralization of osteoblasts. 

The third part of my study attempted to delineate the underlying mechanisms by which 

OA regulate CYP27B1 in osteoblasts. Our results showed that the modulatory effects 

of OA on the expression and activity of CYP27B1 in osteoblasts were mimicked by 

lithocholic acid (LCA), a bile acid and an agonist of G protein-coupled bile acid 

receptor 1 (TGR5), indicating the potential role of TGR5 in regulating CYP27B1 in 

osteoblasts. This speculation was supported by our findings that the effects of OA on 

CYP27B1 expression were potentiated by overexpression of TGR5 but were attenuated 

when TGR5 was silenced in MG-63 cells. Further studies demonstrated that OA 

modulated transcriptional levels of CYP27B1 through activation of TGR5 and 

subsequent phosphorylation of cAMP-responsive elements-binding protein (CREB). 

In the last part, we demonstrated that OA significantly suppressed the accumulation of 

bone marrow adipose tissues and serum lipids levels, in addition to improvement of 

bone properties, in OVX mice. Such actions of OA were believed to be associated with 

its improvement in the balance between adipogenesis and osteogenesis of bone marrow 

stem cells (BMSCs). In-vitro studies showed that OA, act like 1,25(OH)2D3, inhibited 

adipogenesis and lipid droplets accumulation in adipogenic differentiated hMSCs as 

well as 3T3-L1 preadipocytes. OA also consistently upregulated CYP27B1 expression 

and phosphorylated levels of AMP-activated protein kinase alpha (AMPK α) in 3T3-

L1 cells, which was mediated by activation of TGR5.  

In summary, the present study supported our hypothesis that OA exerts its bone 

protective effects by modulating extra-renal CYP27B1 expression and activities in 

osteoblasts and adipocytes. The study extended our understandings of the paracrine or 

autocrine actions of 1,25(OH)2D3 in bone microenvironment and provides new insights 

into the approach for modulating CYP27B1 in extra-renal tissues. 
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1.1. Osteoporosis and age-related bone loss 

Osteoporosis is a systemic skeletal disorder that is characterized by low bone mineral 

density and deteriorated bone microarchitecture, which further increase bone fragility 

and induce high risk of fracture. There are two variants of osteoporosis: primary and 

secondary osteoporosis. Primary osteoporosis is characterized by the increased bone 

fragility and deterioration with the normal processes of menopause and advancing age. 

Osteoporosis could also be caused by many endocrinopathies and genetic disorders 

which may interfere with the achievement of optimal peak bone mass or accelerate the 

rate of bone loss. Due to its high prevalence worldwide, osteoporosis is considered a 

serious public health concern. In this Chapter, the prevalence of osteoporosis worldwide 

and possible influencing factors followed by pathogenic mechanisms involved in the 

development of osteoporosis will be described. At the end, current interventions or 

therapies for management of osteoporosis will be reviewed. 

1.1.1 Epidemiology of osteoporosis 

It is estimated that over 200 million people worldwide suffering from osteoporosis 

(Reginster et al., 2006). Every year, more than 8.9 million fractures occur as a result of 

osteoporosis throughout the world (Pisani et al., 2016). In China, 79 million people over 

50s are affected and more than 687,000 hip fractures occur as the result of osteoporosis 

(Lin et al., 2015). Women are at higher risk for osteoporosis, and most of cases occur 

in postmenopausal women (El Maghraoui et al., 2013). Globally, 1 in 5 men and 1 in 3 

women over the age of 50 will experience osteoporotic fractures. In developed countries, 

2% - 8% of males but 9% - 38% of females have osteoporosis. About 2 million men 

and 8 million women in the United States were affected by osteoporosis in 2010 (Wade 

et al., 2014). In China, the prevalence rate of osteoporosis in the males and females 

above the age of 50 was 57.6% and 64.6% respectively in 2012 (Chen et al., 2016). 

Moreover, the incidence of age-related osteoporosis increased more rapidly for females 

than males.  
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Besides, the prevalence of osteoporosis becomes more common with age. Globally, 

approximately 15% of people in their 50s and 70% of them over 80 are affected by 

osteoporosis. With the increase in ageing population worldwide, it poses significant 

economic and medical burden to the family and society due to the increased costs of 

treatment and long-term disability. The United States spend 19 billions USD on 

healthcare costs associated with osteoporosis in 2005 (Burge et al., 2007). In China, the 

mean prevalence of osteoporosis in elderly was 34.65 % in 2016, which is projected to 

increase with the growth of older population in the coming years (Chen et al., 2016). 

According to the national survey, Chinese people of 60 and above reached 254 million, 

which account for 18.1% of total population at the end of 2019. By 2050, this proportion 

is estimated to reach 25 %, thus the corresponding population affected by osteoporosis 

will increase sharply to 212 million.  

1.1.2 Pathogenesis of osteoporosis 

There are two key parameters involved in the pathophysiology of osteoporosis: the 

magnitude of peak bone mass achieved during adolescence and the speed of bone loss 

during the later adult life. During the process of bone modeling, bone expand and 

lengthen into its adult form through balanced actions of skeletal deposition and 

resorption (Parfitt, 1994). Usually this process starts during fetal growth, and stop until 

the end of second decade of life when epiphyseal fusion happen (Heaney et al., 2000). 

The bone mass achieved during the bone growth follows sex- and age-specific manners 

(Fig. 1.1). The peak of bone mineral accretion rate acquired at 14.1 ± 0.95 years in boys 

and 12.5 ± 0.90 years in girls in Europe (Bailey et al., 1999). By the end of third decade 

of life, increase in both the cortical and trabecular skeleton provides the accumulation 

of bone mineral and structural strength of bone (Fig. 1.1). Genome is one the major 

factors that determines the variability of peak bone mass. Levels of sex hormone, 

especially estrogen, is another factor that influences bone mass accretion during puberty. 

In addition, modification of lifestyle in aspects of nutrition, exercise and smoking in 
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childhood and pubertal years is the effective strategy to optimize the development of 

peak bone mass. 

Bone is a living tissue which could regenerate itself by bone remodeling cycle. This is 

a tightly coupled process during which bone resorption by osteoclasts at approximate 

the same rate as bone formation by osteoblasts. Resulting in about 5-10 % of normal 

bone renewal every year. However, when bone resorption exceeds the speed of bone 

formation, a rapid decline in bone mass will lead to osteoporosis. Human skeleton is 

made up of trabecular and cortical bone. Trabecular bone is the porous structural 

skeleton connected by rods and plates at spines and the ends of long bones like femur 

and tibia, which contribute to the skeletal strength and bone mass (Weaver et al., 2016). 

Trabeculae is the active component of bone as the holes in it are filled with bone marrow 

that provides an environment for keeping skeletal homeostasis. Due to the same reason, 

trabecular bone is also more sensitive to influences from system or skeletal 

microenvironment which may result in changes in bone remodeling.  

The receptor activator of nuclear factor kappa-B ligand (RANKL) and osteoprotogerin 

(OPG) are a pair of factors involved in one of the most important pathways in the 

interaction between osteoblast and osteoclast. RANKL is a surface peptide expressed 

in osteoblasts and serves as an activator of osteoclastogenesis and subsequent bone 

resorption once binds to the RANK located on the surface of osteoclasts (J.-Y. Kim et 

al., 2014). This process could be markedly suppressed by OPG which act as a decoy 

receptor for RANKL and disturb the interactions of RANKL and RANK, thus inhibiting 

osteoclastogenesis and bone resorption (Boyle et al., 2003). Expression of OPG in 

osteoblast lineage cells is significantly regulated by estrogen (Michael et al., 2005; 

Millán, 2015). Recent studies showed osteocytes inlaying within the bone matrix also 

could release RANKL which triggers osteolysis when calcium is highly demanded like 

estrogen deficiency (Xiong et al., 2015). These contribute to the accelerated bone loss 

in postmenopausal women as rapid decline of ovarian function results in reducing levels 

of estrogen in these women (Nelson, 2008).  
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Fig. 1.1 Bone mass across the lifespan of male and female.  

Both men and women achieve their peak bone mass at around 30 years old. After that, 

bone mass decrease gradually with age during the later years of their life. However, 

women get more rapid bone loss than men after the 50s, the age at which menopause 

of women approximately started. The deficiency of sexual hormones accelerated age-

related bone loss in women. 

Adapted from (De Schepper, 2019) 
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In bone marrow niche, there are two types of stem cells engaged in the formation, 

maintenance and repairment of skeletal tissue: the hematologic stem cells which could 

differentiate into osteoclasts, and mesenchymal stromal cells (MSCs) which could give 

rise to the osteoblasts. In addition to the imbalance between bone resorption in 

osteoclasts and bone formation in osteoblast, studies suggested that changes in number 

and function of MSCs are major factors contributing to estrogen deficiency and age-

related osteoporosis which affects both men and women (Kiernan et al., 2017). MSCs 

are the stem cells spindle in shape which could be found in many tissues. Besides the 

self-renewal ability, MSCs are the multipotential cells which could give rise to various 

mesodermal lineages including osteoblasts, chondrocytes and adipocytes (da Silva 

Meirelles et al., 2006). In the ageing process, MSCs shift to differentiation into 

adipogenesis commitment rather than osteogenesis commitment due to the functional 

impairment of MSCs with ageing (Coipeau et al., 2009). This leads to the accumulation 

of adipose tissue but reduction in bone mass in bone tissue, which will ultimately 

increase the risk of fracture in elderly. 

The fate of MSCs commitment towards either the adipocyte or osteoblast lineage is the 

results of a combination of different regulatory factors in the bone microenvironment 

(Fig. 1.2). It is well established that activation of CCAAT enhancer binding proteins 

(C/EBP β, α and γ) and peroxisome proliferator activated receptor gamma (PPAR γ) 

direct the adipogenesis of MSCs (Lefterova et al., 2008). The upregulated expression 

of PPAR γ in aged MSCs not only promote adipogenesis but also suppress osteogenesis 

of MSCs, leading to accelerated age-related bone loss. On the other hand, runt-related 

transcription factor 2 (Runx2) has been recognized as the initiator of the osteogenic 

differentiation of MSCs commitment by binding with the cis-element of osteocalcin 

(OCN) gene (Ducy et al., 1997; Varela et al., 2016). Osterix, also called transcription 

factor Sp7, is the member of specificity protein 1 family. It is another regulator of 

osteogenesis and bone formation that functions downstream of Runx2 (Nakashima et 

al., 2002). The expression of genes for extracellular matrix proteins such as type 1 

collagen a1 (Cola1) occurs when the osteogenic commitments differentiate to the pre-
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osteoblasts, while maturation of osteoblasts is characterized by the production of 

osteocalcin and osteopontin. According to Jiang et al. (2008), the expression of Runx2 

largely decreased with ageing, resulting in a subsequent lower expression of other 

osteogenic markers and consequent reduction in number of osteoblasts.  
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Fig. 1.2 Pathways involved in differentiation of mesenchymal stem cells (MSCs) 

towards adipocyte and osteoblast commitment.  

MSCs are multipotential progenitors that could differentiate into several lineages such 

as adipocytes and osteoblasts. Differentiation of adipogenic commitment and 

osteogenic commitment are multiple-stage and well-coordinated process. The 

adipogenesis of MSCs is regulated by PPAR γ and C/EBP β. Besides, the expression 

of fatty acid-binding proteins (FABPs) and the production of lipids are important 

indicators of adipogenesis. On the other hand, osteogenesis of MSCs is directed by 

Runx2 and Osterix. Alkaline phosphatase, osteocalcin and osteopontin expressed by 

osteoblast lineage cells at different osteogenic differentiation could serve as indicators 

of osteogenesis of MSCs. 

Adjusted from (Wagner et al., 2010) 
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1.1.3 Pharmacological therapies of osteoporosis 

Osteoporosis is a condition without typical symptoms until a fracture occurs. For such 

reason, osteoporosis is also called a “silent disease”. It is a major chronic disease that 

may lead to disability and further reduce quality of life of those being affected，bringing 

significant economic cost to the family and the society. Based on the pathogenesis and 

risk factors that may cause reduction in bone mass and strength, approaches for 

prevention or management of osteoporosis in those who are susceptible or being 

affected are urgent demanded.  

Prominent advances in exploring the pathogenesis of osteoporosis in the past two 

decades made it possible to develop optimal therapies for osteoporosis. A number of 

pharmacologic agents were approved by the Food and Drug Administration (FDA) to 

prevent and treat osteoporosis. The mechanisms of actions and adverse events 

associated with these drugs are listed in Table 1.1. The pharmacological interventions 

of osteoporosis involve regulating the process of bone remodeling: either by 

suppressing bone resorption in osteoclast or promoting bone formation in osteoblast, 

and both of them have been proven to improve bone mass and reduce the occurrence of 

fracture.  

Bisphosphonates are the most used antiresorptive agents for treatment of osteoporosis. 

Numerous randomized trials have showed both oral and intravenous use of 

bisphosphonates effectively reduced the hip, vertebral, and non-vertebral fractures 

(Khosla et al., 2012; McClung et al., 2013). However, adverse effects like upper 

gastrointestinal symptoms and muscle and joint pain were commonly observed in those 

taking bisphosphonates. What’s more, patients with hypocalcemia or impaired renal 

function should be more cautious to use bisphosphonates (Khan et al., 2015). 

Estrogen not only reduces the bone resorption by osteoclasts, but also has anabolic 

effects on osteoblasts and osteocytes to enhance bone formation (Chow et al., 1992). 

According to Women’s Health Initiative studies, estrogen therapy significantly reduced 
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bone loss and prevented the incidence of vertebral, nonvertebral, and hip fractures in 

postmenopausal women (Cauley et al., 2003). Nevertheless, estrogen therapy is not 

recommended as a first-line choice due to the risks of breast cancer and cardiovascular 

disease it may cause (Cosman, 2014). Raloxifene is a selective estrogen receptor 

modulator which activates estrogen receptors in distinct tissues (Muchmore, 2000). 

Raloxifene is tempting treatment option as this therapy reduces the risk of breast cancer, 

although it has weak anti-resorption effects to reduce vertebral but not non-vertebral or 

hip fracture in postmenopausal women with osteoporosis (Ettinger et al., 1999). 

Denosumab is a human monoclonal antibody which binds to RANKL, thereby lead to 

a pronounced but reversible inhibition of bone resorption (Kostenuik et al., 2009). It is 

the first biological therapy approved for treatment of osteoporosis. Administration of 

denosumab by subcutaneous injection at 60 mg twice per year significantly reduced the 

risk of vertebral, nonvertebral and hip fracture in postmenopausal women with 

osteoporosis (Cummings et al., 2009). However, high rate of bone resorption and rapid 

decline in bone mass occurred once the treatment is stopped (Cummings et al., 2018). 

Treatment with another antiresorptive agent should be kept when denosumab is 

discontinued. 

Teriparatide is an anabolic agent which works by increasing bone formation rather than 

inhibiting bone resorption. Administration of teriparatide at 20 μg daily by 

subcutaneous injection for 21 months markedly reduced the risk of vertebral and 

nonvertebral fractures in postmenopausal women with low BMD (Neer, 2001). Similar 

to denosumab, benefits of teriparatide will quickly lost once it is stopped, therefore it 

should be followed by another antiresorptive agent (McClung, 2017). 
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Table 1.1 Approved pharmacological agents for osteoporosis 

 Mechanism of action Adverse events 

Bisphosphonates   

Alendronate, risedronate, 
zoledronic acid 

Antiresorptive 

Upper gastrointestinal symptoms, flu-
like symptoms, muscle and joint pain; 
atypical femoral fractures, 
osteonecrosis of the jaw 

Estrogens   

Estradiol, estropipate, 
conjugated estrogen 

Antiresorptive and 
anabolic 

Breast cancer, coronary, 
cerebrovascular, and thrombotic 
events 

Selective estrogen receptor modulators  

Raloxifene, bazedoxifene Antiresorptive 
Vasomotor menopausal symptoms, 
venous thrombosis, coronary heart 
disease 

RANKL inhibitor   

Denosumab  Antiresorptive 
Skin rash and infection, atypical 
femoral fractures and osteonecrosis 

Parathyroid hormone receptor agonist  

Teriparatide  Anabolic 
Muscle cramps, hypercalcemia, 
hypercalciuria, hyperuricemia, 
osteosarcoma 
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1.1.4 Nonpharmacological interventions of osteoporosis 

Modification of lifestyle that has been linked to the incidence of fracture is highly 

recommended to slow down the development of osteoporosis as they are easy to 

implement and few adverse effects that may cause. The amendable lifestyle factors 

including a balanced diet with adequate calcium and vitamin D, an adequate sunlight 

exposure and avoidance of the detrimental habit like smoking and excessive intake of 

alcohol and caffeine, could help to reduce the risk of fracture in men and women (Bliuc 

et al., 2007). Besides, regular physical activity, especially weight-bearing and muscle-

strengthening exercise are encouraged as exercise facilitates the building of peak bone 

mass and muscle strength thus to improve bone mineral density (BMD) and reduce the 

risk of fall (Feskanich et al., 2002). Jogging, brisk walking, stair-climbing and dancing 

are the recommended weight-bearing exercises with proper impact (Ip et al., 2013). Tai 

Chi, a low-impact traditional Chinese exercise, is proved to retard the trabecular and 

cortical bone loss in postmenopausal women (Chan et al., 2004), and reduce the risk of 

fall in elderly (Wolf et al., 1996).  

It is well-known that vitamin D is critical for promoting intestinal calcium absorption 

to guarantee stable serum levels of calcium and phosphate, which further facilitates 

bone mineralization. However, a local study reported that up to 60% community-

dwelling adults over 50 years have vitamin D deficiency (Wat et al., 2007). This 

phenomenon is more significant in those patients with hip fracture in hospital due to 

the lack of sunlight exposure (Lau et al., 1989; Pun et al., 1990). Vitamin D deficiency 

in combination with inadequate consumption of calcium accelerated the bone loss in 

susceptible elderly population. It has been proved that increasing the daily intake of 

calcium and vitamin D, either from diet or in the form of supplements, could improve 

the bone mineral density and reduce the risk of fracture in postmenopausal women and 

reduce falls in aged people (Shea et al., 2002). As recommended by the UK National 

Osteoporosis Guideline Group, a daily intake of 1000 mg of calcium and 800 IU of 

vitamin D3 is optimal for osteoporosis prevention for those who are aged over 50 and 
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at high risk of fracture. Moreover, studies showed that supplements of calcium and 

vitamin D further enhanced the anti-fracture and anti-resorption effects of 

bisphosphonates (Adami et al., 2006; Bonnick et al., 2007), indicating the importance 

of maintaining appropriate serum levels of calcium and vitamin D in prevention and 

treatment of osteoporosis. However, excessive consumption of calcium and vitamin D 

may give rise to hypercalciuria and hypercalcemia which increased the risk of kidney 

stones and cardiovascular events (Bolland et al., 2010). Moreover, a meta-analysis by 

Zhao et al. (2017) showed little association between the use of vitamin D and calcium 

supplement with the decrease in incidence of fractures in older adults. These 

contradictory findings to the routine supplements might attribute to the poor intestinal 

absorption of vitamin D and calcium as well as changes in vitamin D metabolism in 

older adults. 
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1.2. Vitamin D and bone health 

The predominant activity of vitamin D is to maintain calcium homeostasis by increasing 

intestinal absorption and renal tubular reabsorption of calcium thus ensure calcium 

balance and bone mineralization. However, vitamin D deficiency is widely prevalent. 

Possible reasons for the inadequate levels of vitamin D include insufficient synthesis 

of vitamin D in the skin due to absence of outdoor activity, sub-optimal intake, or 

inadequate absorption of vitamin D in the intestine, and impaired synthesis of bioactive 

form of vitamin D, which might be associated with age-related decline in bone mass 

and high risk of fall and fracture in elderly. Although the benefit effects of vitamin D 

in prevention and treatment of osteoporosis and fractures in elderly population are 

reported in many epidemiological investigations and randomized controlled trials, 

functions, and role of vitamin D in specific bone cells are still the topic of current 

research. 

1.2.1 Vitamin D metabolism  

Vitamin D is a group of fat-soluble secosteroids. There are two major forms of vitamin 

D which presented in dietary sources with different structures: vitamin D2 (also called 

ergocalciferol) and vitamin D3 (also called cholecalciferol). The former is produced in 

plants and fungi exposed to ultraviolet B (UVB), while vitamin D3 can be find in most 

foods like fish and egg yolk. The structural differences between the two forms are in 

the side chain where a double bond between C22 and C23 and a methyl group on C24 

are absent in vitamin D3, resulting in closer affinity for vitamin D binding protein (DBP) 

thus facilitating effective circulation. In addition to natural sources, vitamin D3 could 

also be synthesized from 7-dehydrocholesterol under sun exposure (spectrum 280-320 

UVB) in the epidermis of skin of most vertebrates, including human (Crissey et al., 

2003). 

Actually, vitamin D itself is not biologically active, it has to undergo two steps of 

hydroxylation to produce the bioactive form to exert physiological activities (Kragballe, 
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1992). The vitamin D obtained from dietary sources or endogenous synthesized in the 

skin is transported by DBP and stored in the liver and fat. The first step of activation of 

vitamin D takes place in liver, to 25-hydroxylize vitamin D, under the catalyzation of 

cytochrome P450 enzymes CYP2R1 and CYP27A1, to form 25-hydroxyvitamin D 

(25OHD) (Fig. 1.3). As a main circulating form of vitamin D, 25OHD is released into 

plasma and transported by DBP to the kidney or other tissues for the second step of 

hydroxylation. In the proximal tubules of the kidney, 25OHD is converted to 1α,25-

dihydroxyvitamin D (1,25(OH)2D) by hydroxylation of 25-hydroxyvitamin D3 1-

alpha-hydroxylase (CYP27B1), a mitochondrial CYP450, at the 1α position. After the 

last step of activation, 1,25(OH)2D is exported into circulation and transported by DBP 

to the target tissues like intestine and bone (Marriott et al., 2020). It has been generally 

recognized that renal CYP27B1 is the major source of circulating 1,25(OH)2D which 

is associated with endocrine activities while other extra-renal CYP27B1 are only 

responsible for the paracrine or autocrine actions of vitamin D, unless in certain 

pathological conditions like hematologic malignancies and severe sarcoidosis (Shultz 

et al., 1983).  

Inactivation of 25OHD and 1,25(OH)2D is catalyzed by vitamin D3 24-hydroxylase 

(CYP24A1), also a mitochondrial P450 enzyme, via a series of sequential 

hydroxylation and oxidation. CYP24A1 is expressed in many tissues that are 

recognized as the targets for vitamin D. 1,25(OH)2D strongly stimulates transcription 

of CYP24A1 gene via binding to the nuclear vitamin D receptor (VDR) to activate 

vitamin D response element located in the promoter of CYP24A1, thus preventing 

excessive amount of 1,25(OH)2D in the circulation. Studies showed that excessive 

levels of 1,25(OH)2D due to mutation of CYP24A1 may lead to severe disorders such 

as hypercalciuria, hypercalcaemia, nephrolithiasis and nephrocalcinosis (Dinour et al., 

2013). 
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Fig. 1.3 Metabolism and mechanism of actions of vitamin D  

Vitamin D obtained from foods and sun exposure is biologically inert, two steps of 

hydroxylation are needed for activation. In the liver, vitamin D is hydroxylated into the 

circulating form 25(OH)D, under the actions of CYP2R1 and CYP27A1. 25(OH)D is 

exported into circulation and is further hydroxylated by CYP27B1 to form the bioactive 

1,25(OH)2D in the proximal tubules of the kidney which is the main source of 

circulating 1,25(OH)2D. Both 25(OH)D and 1,25(OH)2D are catabolized by CYP24A1 

through a series of sequential hydroxylation and oxidation. To exert the physiological 

activities, 25(OH)D and 1,25(OH)2D are transported by DBP to target cells and bind to 

VDR which could form a heterodimer with retinoid-X receptor (RXR). The complex 

regulates the transcription of target genes by binding the vitamin D responsive element 

(VDRE) located in those genes. 

Adapted from (Bouillon et al., 2020) 
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1.2.2 25-hydroxyvitamin D 1α-hydroxylase (CYP27B1) 

CYP27B1 is considered the sole enzyme that catalyzes the hydroxylation of 25OHD to 

1,25(OH)2D, the bioactive form of vitamin D, which acts as a central regulator of 

mineral homeostasis and bone mineralization. It has equal efficiency to hydroxylate 

25OHD2 and 25OHD3 at 1 α position. Coincidentally, CYP27B1 was characterized, 

sequenced, and cloned from kidney of mouse, rat, and human by different research 

groups in 1997 (Monkawa et al., 1997; St‐Arnaud et al., 1997; Takeyama et al., 1997). 

Original studies identified that the human CYP27B1 gene consists of 9 exons and 8 

introns spanning 6.5 kb on chromosome 12q13.1-q13.3 (Monkawa et al., 1997). 

CYP27B1 protein is a mitochondrial cytochrome P450 of 508 amino acids with a 

molecular weight of 56 kDa.  

Human CYP27B1 mutations take place throughout the gene, which results in the defect 

or misfold of proteins thus abolish activities of the enzyme. Mutations within coding 

regions leading to inactive or ablated CYP27B1 was recognized in patients with 

deficiency or absence of serum 1,25(OH)2D despite normal consumption of vitamin D, 

suggesting the importance of CYP27B1 in synthesis of 1,25(OH)2D. This condition, 

namely vitamin D dependency rickets (VDDR type I), is characterized by resistant-

rickets phenotypes such as hypophosphatemia, hypocalcemia, secondary 

hyperparathyroidism as well as under-mineralized bone (Takeda et al., 1997). The 

development of CYP27B1-null mice, which showed a short of 1α-hydroxylated vitamin 

D metabolites in blood and tissues, provided a mouse model of VDDR type I. 

Administration of a high calcium “rescue diet” (2% calcium, 1.25% phosphorus, 20% 

lactose) or normal diet supplemented with physiological dosage of 1,25(OH)2D3 

(nanogram) largely restored the mineral and skeletal defects in the CYP27B1-null mice 

(Olivier Dardenne et al., 2003; O Dardenne et al., 2003; HOENDEROP et al., 2002). 

The achievement in specific CYP27B1 mRNA and antibodies of CYP27B1 protein 

made it possible to explore and identify the expression of CYP27B1 in tissues outside 
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kidney. Using Northern blot analysis, RT-PCT techniques and immunohistochemistry 

analysis, several research groups demonstrated detectable expression of CYP27B1 in 

animal and human extra-renal sites such as placenta (Gray et al., 1979), prostate 

(Whitlatch et al., 2002), colon (Zehnder et al., 2001), muscle (Somjen et al., 2005), and 

bone (Ichikawa et al., 1995). Accumulated evidence suggested that the presence of 

CYP27B1 in these tissues may explain the critical role of circulating 25OHD levels 

which enables cellular production of 1,25(OH)2D and maintaining normal functions of 

these tissues in a paracrine or autocrine system.  

1.2.3 Regulation of 25-hydroxyvitamin D 1α-hydroxylase (CYP27B1) 

Numerous studies focused on the regulation of CYP27B1 ever since the enzyme was 

identified in the proximal tubule of the kidney in the early 1970s. The renal CYP27B1 

is tightly controlled by hormonal factors including 1,25(OH)2D itself, and parathyroid 

hormone (PTH) (Murayama et al., 1999). Other mineral factors like calcium and 

phosphate, as well as fibroblast growth factor 23 (FGF23) and calcitonin are also 

essential in regulating the production of 1,25(OH)2D (Chanakul et al., 2013). The 

vitamin D status is one of the earliest identified regulators that influence the 1α-

hydroxylation of 25OHD in kidney cells. The direct negative feedback effect was 

discovered in the cultured kidney cells or in kidney of animals administrated with 

1,25(OH)2D. The cloning and identification of CYP27B1 enabled recognition that 

1,25(OH)2D regulates the transcription of negative feedback via its nuclear receptor. 

1,25(OH)2D binding to VDR generates a liganded VDR/RXR complex which interact 

with negative VDREs (nVDREs) located in the CYP27B1 promoter to downregulate 

expression of CYP27B1 (Murayama et al., 1998). Moreover, the elevated CYP27B1 

activity and 1,25(OH)2D levels in VDR-null mice expanded our understanding of the 

role of VDR in this feedback regulation.  

In line with the actions of 1,25(OH)2D in regulating CYP27B1, the activity of this 

enzyme in kidney is also inversely related to the levels of dietary and serum calcium. 
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PTH was reported to directly mediate this regulation in renal proximal tubule cells in 

many earlier studies. The decreased levels of serum calcium stimulate parathyroid 

gland to release PTH and increase renal CYP27B1 activity for calcium absorption and 

resorption. PTH stimulates CYP27B1 expression at both transcriptional and post-

transcriptional levels. The promoter of CYP27B1 gene contains a region that is 

sensitive to PTH stimulation for its transcription. PTH binding to its membrane receptor 

(commonly known as PTHR1) results in activation of Gs and production of cAMP, 

which further initiates protein kinase A (PKA) and the phosphorylation of cAMP-

responsive elements (CRE) and its interaction with CRE-binding protein (CREB) site 

within CYP27B1 promoter (Brenza et al., 1998). Another study by Gao et al. (2002) 

showed induction of CCAAT box site located in the CYP27B1 promoter also 

contributes to the stimulation of CYP27B1 by PTH.  

FGF23 also acts as an essential regulator of phosphate homeostasis and biosynthesis of 

1,25(OH)2D. Studies showed that administration of 1,25(OH)2D3 resulted in elevated 

production of FGF23 in bone followed by the induction in serum phosphate (Inoue et 

al., 2005). The increased FGF23 in turn suppressed 1,25(OH)2D3 levels by inhibiting 

CYP27B1 expression and upregulating CYP24A1 expression in kidney, which further 

suppressed production of FGF23 in bone (Jurutka et al., 2007). To this extent, the 

negative feedback regulation of 1,25(OH)2D on CYP27B1 is also through the 

upregulation of FGF23 in bone. 
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Fig. 1.4 Classic regulation of renal 1α-OHase (CYP27B1) 

CYP27B1 is tightly regulated by dietary and hormonal factors. Under low serum 

calcium levels, renal 1α-hydroxylation of 25OHD to generate bioactive 1,25(OH)2D is 

upregulated by PTH, resulting in increased absorption of calcium and phosphate in 

circulation. Elevated calcium and phosphate in turn inhibits PTH secretion and induced 

FGF23 production in bone. Elevated FGF23 and 1,25(OH)2D suppress renal CYP27B1 

and 1,25(OH)2D production in a negative feedback manner.  

Adapted from (Füchtbauer et al., 2015) 
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Regulation of CYP27B1 in extra-renal site has also drawn attention of researchers over 

the last decade. Accumulating evidence showed that regulation of extra-renal 

CYP27B1 is different from that in kidney (Bikle et al., 2018). In keratinocytes, 

expression of CYP27B1 fails to respond to neither 1,25(OH)2D nor PTH. However, an 

increased production of 1,25(OH)2D in response to PTH was discovered in 

keratinocytes, indicating that the enzyme might be modulated by PTH in a post-

transcriptional manner (Flanagan et al., 2003). 1,25(OH)2D modulates its own levels 

by stimulating CYP24A1 rather than the feedback regulation of CYP27B1 (St‐Arnaud 

et al., 1997). It seems that cytokines such as interferon-γ (IFNγ) and tumor necrosis 

factor α (TNFα) act as the major modulators of CYP27B1 in macrophage and 

keratinocyte (Adams et al., 1985; BIKLE et al., 1991).  

The regulation of CYP27B1 in bone remains unclear, although it has been reported that 

expression of CYP27B1 in osteoblasts did not respond to classic regulators such as PTH 

and ambient calcium, but was significantly induced by interleukin 1 beta (IL-1β) (van 

Driel et al., 2006). However, it seems that the regulation of CYP27B1 in MSCs is 

similar to that in kidney cells. Studies showed that PTH upregulated CYP27B1 

expression and 1,25(OH)2D production in MSCs, either via phosphorylation of CREB 

or the endogenous insulin-like growth factor 1 (IGF-1) signaling (Geng et al., 2011a; 

S. Zhou et al., 2011). As the expression and activity of CYP27B1 in MSCs decreases 

with aging, the reduced biosynthesis of 1,25(OH)2D further leads to impaired 

osteoblastic differentiation.  

1.2.4 Mechanisms of action of vitamin D  

As the distinct protein that binds 1,25(OH)2D at sub-nanomolar concentrations, VDR 

mediates most of actions of this hormone, although many rapid and non-genomic 

signaling of 1,25(OH)2D has been identified (Haussler et al., 1997; Haussler et al., 

2011). When transported to target cells, 1,25(OH)2D exerts physiological activities by 

binding to its nuclear receptor vitamin D receptor (VDR) and initiating transcription of 
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target genes. To this extent, vitamin D acts more like a hormone. VDR is a member of 

the nuclear receptor family of steroid hormone and transcription factors. It contains a 

ligand-binding domain and a DNA-binding domain (Kakuda et al., 2008). In the 

genomic mode, 1,25(OH)2D binding to VDR causes its conformational alteration that 

form a heterodimeric complex with the retinoid-X receptor. The complex then enters 

the nucleus and initiates the transcription of specific genes by binding to the vitamin D 

responsive element (VDRE) within those genes (Moore et al., 2006). The cell and gene 

specific complexes contribute to the differential actions of 1,25(OH)2D in different cell 

types. It has been estimated that over 3% of human genome is directly or indirectly 

regulated by 1,25(OH)2D, which is associated with the genomic actions of 1,25(OH)2D 

(Bouillon et al., 2008).  

The primary action of vitamin D is to maintain mineral homeostasis by increasing 

intestinal calcium absorption in an endocrine system. 1,25(OH)2D/VDR system 

mediates transcellular and paracellular transport of calcium in intestinal epithelium. 

When dietary calcium is insufficient, 1,25(OH)2D binds to VDR and induces 

transcription of apical membrane calcium channel TRPV6 (transient receptor potential 

vanilloid 6), calcium-binding protein calbindin-D9k (Calbindin D9k), as well as plasma 

membrane calcium ATPase 1b (PMCA1b) in duodenum, which are responsible for the 

uptake of calcium from the intestinal lumen into cells, then shuttle of calcium from the 

apical membrane to the basolateral membrane, and the extrusion of calcium into the 

blood, respectively. On the other hand, when calcium intake is sufficient, it will be 

transported through a paracellular flux, which is also mediated by 1,25(OH)2D binding 

to VDR, thereby increasing transcriptions of tight junction proteins including claudin 2 

and 12, cadherin 17 as well as aquaporin 8 in the jejunum and ileum (Goltzman, 2018). 

CYP27B1 and VDR are expressed in multiple bone cell types, including osteoblasts, 

osteoclasts, osteocytes, and chondrocytes, thus enabling 1,25(OH)2D to regulate bone 

homeostasis via its nuclear receptor. Osteoblasts and osteocytes are considered to be 

the major mediators of actions of 1,25(OH)2D in bone metabolism as higher expression 
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levels of VDR were discovered in these cells. A number of genes that encode factors 

for bone homeostasis and mineralization such as Runx2 (Drissi et al., 2002), 

osteopontin (OPN) (Noda et al., 1990; Shen et al., 2005), osteocalcin (OCN) (Markose 

et al., 1990; Ozono et al., 1990), bone sialoprotein (BSP) (Bellows et al., 1999), and 

RANKL (Kim et al., 2007), are regulated by 1,25(OH)2D/VDR system in osteoblasts 

and osteocytes. However, responses of these factors to 1,25(OH)2D differ at different 

differentiation stages of osteoblast lineage (Owen et al., 1991). For example, 

1,25(OH)2D acts via VDR and initiates production of OPN and OCN in osteoblasts at 

later stages, but not at early stages, of differentiation (Bikle, 2018). Normal levels of 

1,25(OH)2D binding to VDR suppress the ratio of RANKL/OPG in mature osteoblasts, 

whereas VDR activated by excess levels of 1,25(OH)2D upregulates RANKL/OPG in 

immature osteoblasts (Goltzman, 2018). Therefore, it seems that 1,25(OH)2D/VDR 

system exerts either anabolic or anticatabolic activities in mature osteoblasts. 

1.2.5 Functions of vitamin D in bone 

The beneficial effects of vitamin D on bone were first recognized in patients with 

rickets and osteomalacia. Vitamin D plays a critical role in maintaining mineral 

homeostasis by promoting intestinal calcium and phosphate absorption and 

reabsorption in kidney to provide adequate minerals for bone mineralization. 

Generations of knockout mice with deletion of VDR or CYP27B1 provided an 

important tool to determine the in-vivo functions of 1,25(OH)2D. Ablation of these 

genes seriously impaired development of mice, resulting in growth retardation and the 

development of severe rickets after weaning (Bouillon et al., 2008). Moreover, mice 

with CYP27B1 knockout and double knockout of CYP27B1 and VDR have increased 

bone fragility and reduced osteoblast number or activity, as revealed by decreased rates 

of mineral apposition in both cortical and trabecular bone as well as reduced expression 

of ALP (Panda et al., 2004). In line with these observations, the number of mineralized 

nodules and colony forming units were reduced when bone marrow stromal cells 

(BMSCs) from the knockout mice were cultured in vitro. On the other hand, osteoclast 
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numbers in trabecular bone were also decreased due to the reduction in expressions of 

RANKL proteins (Panda et al., 2004). However, overexpression of VDR in mature 

osteoblastic lineages of mice was found to increase cortical and trabecular bone volume, 

possibly by increasing cortical bone formation and reducing trabecular bone resorption 

(Gardiner et al., 2000).  

All skeletal cell types, including MSCs, osteoblasts, osteoclasts, osteocytes and 

chondrocytes, are able to express CYP27B1 and response to 25OHD for endogenous 

production of 1,25(OH)2D, thereby promoting differentiation of these cells. Studies by 

others showed that silencing of CYP27B1 with siRNA significantly abolished the  

effects of 25OHD to stimulate differentiation of MSCs and osteoblasts, indicating the 

paracrine or autocrine activity of 1,25(OH)2D in regulating bone formation (Atkins et 

al., 2007; Geng et al., 2011b). Other studies demonstrated that overexpression of 

CYP27B1 in mature osteoblasts resulted in increased bone volume with elevated bone 

formation but no obvious changes in bone resorption. These anabolic effects have no 

bearing on circulating 1,25(OH)2D level, emphasizing the critical role of locally 

produced 1,25(OH)2D in bone (Yang et al., 2012). To this extent, serum levels of 

25OHD are supposed to be a predominant positive determinant of bone mineral volume 

in rodents. 
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1.3. Fat and bone health 

The systemic impact of fat on bone has drawn much attention due to the prevalence of 

obesity in recent years. Recent studies identified that obesity is one of risk factors on 

bone that increase risk of osteoporosis and the incident of fractures. Accumulating 

evidence showed an inverse correlation between bone mineral density (BMD) and body 

mass index (BMI) (Cohen et al., 2013; Gilsanz et al., 2009). In fact, the systemic effect 

of fat on bone is complex, with the reported association with factors secreted by 

peripheral fat such as adipokines. On the other hand, it seems that the local interactions 

between adiposity and bone in the bone marrow niche also play an important role in the 

pathogenesis of osteoporosis and age-related bone loss. 

1.3.1 Body fat and bone health 

Obesity was initially identified to be associated with high BMD and exerting protective 

effects on bone as the increase in body weight may provide sufficient mechanical 

loading for promoting bone formation (Albala et al., 1996; Reid et al., 1992). However, 

these findings were challenged by others in the subsequent years (Janicka et al., 2007; 

Zhao et al., 2007). In these studies, bone mass and body composition were measured 

by using dual-energy x-ray absorptiometry (DXA). The results showed a positive 

association of lean mass and BMD, while an inverse relationship between fat mass 

(especially trunk fat) and BMD. 

Study by Gilsanz et al. (2009) further differentiated visceral adipose tissue (VAT) and 

subcutaneous adipose tissue (SAT) by using quantitative computed tomography (CT), 

showed an opposite correlation of VAT and SAT with femoral bone structures and bone 

strength in young women (15-25 years old). Although SAT is beneficial to acquisition 

of peak bone mass, VAT acts as a detrimental adipose depot. This observation 

accounted for the fact that there is a greater accumulation of VAT than SAT, 

accompanied with a decline in circulating estrogen and decreased bone mass in 

postmenopausal women (Samaras et al., 2010). Moreover, insulin-like growth factor 1 
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(IGF-1), which triggers osteoblastic anabolism, was reported to correlate inversely with 

VAT and bone marrow fat (Bredella et al., 2011). In addition, serum levels of both bone 

formation markers like N-terminal propeptides of procollagen type 1 (P1NP) and 

osteocalcin, as well as bone resorption markers including C-telopeptide (CTx) and 

tartrate-resistant acid phosphatase isoform 5b (TRAP5b), were lower in subjects with 

higher trunk fat and VAT (Cohen et al., 2013). These findings suggested a universal 

decrease of bone remodeling rather than an imbalanced bone formation and bone 

resorption in obesity. 

For the perspective of animal studies, the deleterious impact of high-fat diet (HFD) on 

bone mineral content (BMC) and BMD were widely reported in mice and rats (Beier et 

al., 2015; Macri et al., 2012; Scheller et al., 2016). Compared with animals fed with 

low-fat diet (LFD), the HFD groups have higher levels of TRAP5b but lower levels of 

P1NP, indicating the disrupted fine balance between bone formation and bone 

resorption in response to HFD. In addition, the negative correlation of VAT and BMD 

was also underlined in animals fed with HFD (Lac et al., 2008).  

1.3.2 Adipose tissue in bone microenvironment  

In recent years, a pathophysiological mechanism describing how the increased 

accumulation of adipose tissue in bone marrow affects bone has drawn much attention 

from researchers. Similarly, numerous studies showed an increase in vertebral marrow 

adipose tissue (MAT) in osteoporosis, which is positively correlated with vertebral 

fractures in men and women (Schwartz et al., 2013; Verma et al., 2002). Given these 

findings, the enhanced accumulation of MAT was recognized as a critical dominator of 

age-related bone loss in adults (Duque et al., 2009). These deleterious effects of MAT 

on bone metabolism may attribute to the interactions of adipocytes with osteoblasts and 

osteoclasts within the bone marrow niche. 

Bone marrow was identified as the only region where fat lies adjacent to bone. It also 

provides a complex microenvironment where different cell types share growth factors 
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and cytokines and interact with each other in a common space. As mentioned previously, 

mesenchymal stem cells (MSCs) in bone marrow serve as the common progenitor of 

osteoblasts and adipocytes. It is believed that differentiation of MSCs into these two 

different lineages in a mutually exclusive manner. In other words, accumulation of 

adipocytes happens at the expense of osteoblasts, which results in gradual decline in 

bone mass (Muruganandan et al., 2009). These alternative pathways are triggered by 

the transcription factors runt-related transcription factor 2 (Runx2) for osteogenesis 

while peroxisome proliferator-activated receptor γ (PPARγ) for adipogenesis, with the 

cooperation of pro-osteogenic Wnt/β-catenin pathway (Nuttall et al., 2014). Moreover, 

it has been shown that there is an increase in expression of receptor activator of nuclear 

factor κ-B ligand (RANKL) in MAT along with aging (Takeshita et al., 2014). Studies 

reported that bone marrow adipocytes promote osteoclastic bone resorption by 

expression of RANKL and secretion of inflammatory cytokines (Goto et al., 2011). 

In addition, the detrimental effects of adipocytes on osteoblasts were revealed by in 

vitro experiments in which the two cell types were exposed in a co-cultured system. 

The proliferation and mineralization of osteoblasts were significantly suppressed after 

exposed to adipocytes. This toxic effect mainly attribute to the fatty acids and cytokines 

secreted by adipocytes (Maurin et al., 2000). This lipotoxicity could be attenuated by 

inhibiting fatty acid synthase in adipocytes (Elbaz et al., 2010). On the other hand, bone 

marrow fat is also essential to supply energy for proper bone functions or to optimize 

thermogenesis (Lecka-Czernik, 2012).  

1.3.3 Hormonal regulation of fat and bone 

1.3.3.1 Leptin  

In addition to locally derived fatty acids and growth factors, systemic adipokines also 

play an important role in regulating interactions of bone marrow adipocytes and bone 

cells. Leptin is a cytokine-like hormone generated by adipose tissues, including those 

in bone marrow, and is critical in regulating energy metabolism (Chilliard et al., 2005; 
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Lee et al., 2008). To some extent, increased accumulation of body fat improves leptin 

levels which directly induce periosteal bone formation via its anabolic effects on 

osteoblasts (Hamrick et al., 2008). Studies showed peripheral administration of leptin 

at physiological concentrations reduced bone loss in ovariectomy (OVX) rats and 

transgenic leptin deficient (ob/ob) mice, either by regulating the activities of osteoblasts 

and osteoclasts or by inducing apoptosis of adipocytes (Burguera et al., 2001; Hamrick 

et al., 2005). Moreover, leptin managed to indirectly influence the bone metabolism via 

the central nervous system (CNS), to stimulate the growth hormone/insulin-like growth 

factor-1 (GH/IGF-1) axis which is critical in promoting growth and mineral acquisition 

in bone (Hamrick et al., 2008).  

1.3.3.2 Estrogen   

The significant reduction of circulating estrogen levels is one of the factors accounting 

for the age-related accumulation of MAT in postmenopausal women. It has been 

demonstrated that estrogen deficiency in both postmenopausal women and OVX rats 

was associated with a significant increase in MAT in accompany with a decrease in 

bone mass, while estradiol (E2) replacement could reverse these effects by decreasing 

the number and size of adipocytes (Benayahu et al., 2000; Syed et al., 2008). In line 

with these findings, Okazaki et al. (2002) reported that estrogen dose-dependently 

induced osteoblast differentiation and suppressed adipogenesis of mouse bone marrow 

stromal cell line in a estrogen receptor (ER)-specific manner. 

The ability of estrogen to regulate the activities of lipoprotein lipases, lipogenic and 

lipolytic enzymes in peripheral adipocytes are well established, illustrating the actions 

of estrogen on adipose tissues through promoting intracellular lipolysis of the lipid 

droplets and reducing neutral lipid uptake into the adipocyte (Palin et al., 2003). 

However, there is still a lack of studies demonstrating the mechanisms by which 

estrogen regulate MAT. It seems that ERα is one of the candidates mediating these 
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activities as ERα knockout mice demonstrated elevated fat mass accompanied by an 

increase in production of bone marrow derived adipocytes (Heine et al., 2000). 

1.3.3.3 Vitamin D 

The association between vitamin D and fat has been widely described in recent years. 

Studies on vitamin D status have showed that individuals of all ages with higher BMI 

and fat mass tend to have lower circulating levels of 25OHD3, indicating an inverse 

relationship of vitamin D levels and obesity (Kremer et al., 2009; Parikh et al., 2004). 

In fact, adipose tissues largely serve as a reservoir for vitamin D. The increased adipose 

tissues in obesity will require more amount of vitamin D to make the depot saturate, 

which account for the decreased levels of vitamin D in circulation (Carrelli et al., 2017).  

In addition to its role in storage, adipocytes also act as a metabolic organ. The evident 

expressions of genes encoding CYP27B1 and VDR were identified in adipose tissues 

of human and rodents, suggesting the adipocytes can generate bioactive 1,25(OH)2D 

and exerting physiological actions via its receptor in an autocrine or paracrine manner. 

Experimental studies showed that 1,25(OH)2D plays an important role in regulating 

adipogenesis and inflammation of adipose tissues. 1,25(OH)2D3 inhibits the adipogenic 

differentiation of mouse embryonic fibroblast cell line 3T3-L1 in a dose-dependent 

manner through suppression of adipogenic transcriptional factors such as C/EBP β and 

PPAR γ (Ji et al., 2015).  

The activities of vitamin D on bone marrow adipose tissues were also evaluated in 

animal studies. Duque et al. (2004) employed senescence-accelerated mice (SAM-P/6), 

which showed a decreased bone mineral density accompanied with increased 

accumulation of bone marrow fat, as a senile osteoporosis model. Continuous 

administration of 1,25(OH)2D3 (18 pmol/day, s.c.) inhibited the adipogenesis in the 

bone marrow of SAM-P/6 mice. Moreover, mesenchymal stem cells (MSCs) in 

1,25(OH)2D3 treated group had decreased expression of PPARγ while accelerated 

osteoblastogenesis compared to vehicle-treated animals.   
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1.4. Oleanolic acid (OA)  

It has always been of interest to explore bioactive compounds presented in plants as 

alternative therapeutic strategies for prevention or treatment of chronic diseases such 

as osteoporosis. Oleanolic acid (OA, 3β-hydroxyolean-12-en-28-oic acid, Fig. 1.5 A) 

is a natural pentacyclic triterpenoid compound that exists in a lot of plant species 

involving foods and herbal sources. OA is especially abunda nt in the Oleaceae family 

plants such as olives, hence the name (Guinda et al., 2004). OA often present with its 

isomer, ursolic acid (UA, 3β-hydroxyurs-12-en-28-oic acid, Fig. 1.5 B), in various 

natural plants (Liu, 1995). OA and UA are often employed as criterion in the quality 

control for many Chinese herbal medicines 3-5. The sole difference in chemical structue 

between these two compounds is the position of a methyl group. With such similar 

structures, OA and UA share many common pharmacological properties, including 

hepatoprotective activities (Liu et al., 1994), antioxidative properties (Alvarado et al., 

2018), anti-inflammation activities (Kashyap et al., 2016), anti-diabetic effects 

(Kalaycıoğlu et al., 2018), anti-tumor activities (Han et al., 2014; Sheng et al., 2019) as 

well as modulation of calcium balance (Cao et al., 2018). Hence, the potency of 

combination of OA and UA in are also widely studied (Ali et al., 2006; Cao, Tian, et 

al., 2018; Ding et al., 2018; Hamza et al., 2016). 

 

 

 

Fig. 1.5 Chemical structures of oleanolic acid (OA) and ursolic acid (UA) 
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1.4.1 Sources and bioavailability of OA  

Pentacyclic triterpenoid compounds like OA are widely spread in the leaves and stem 

bark of various fruits such as apple, grape, olive, loquat, and elderberry (Jäger et al., 

2009). OA is often discovered to be abundant in the plants epicuticular waxes as a free 

acid, where it acts as a first physical barrier against pathogens and prevents the loss of 

water (Heinzen et al., 1996). Therefore, the content of OA is much higher in the skin 

or peel rather than pulp of fruits. Generally, consumptions of fruits including dried fruits 

with peel and skin can be a good dietary source of OA. Olives and their products like 

olive oil are also most important sources of OA in human diets. OA also widely 

presented in a form of aglycone precursor for triterpenoid saponins, by linking to one 

or more sugar moieties (Szakiel et al., 2003). Roots and fruits of medicinal plants such 

as ginseng (Panex sp.) and wild sage (Lantana camara L.), which are commonly used 

in traditional Chinese medicine (TCM), are also high in OA. OA is also detected with 

a plentiful quantity in other herbal medicine like Fructus ligustri lucidi, Chaenomeles 

sinensis, Vitisvinifera, Mile swertia, and Crataegus sp. (Jiang et al., 2016).  

Despite its common presence in human diets, the absorption of OA from the 

gastrointestinal tract is very low, resulting in poor bioavailability following oral 

administration (Jeong et al., 2007). It is reported in a human pharmacokinetics study 

that oral administration of OA (40 mg) resulted in a peak plasma concentration (Cmax) 

of 12.1 ng/mL within 5.2 hours, and the half-life (t1/2) of 8.7 hours (Song et al., 2006). 

The intensive metabolism by cytochrome P450 (CYPs) isoenzymes in combination 

with poor aqueous solubility also contribute to the low bioavailability of OA. Study 

showed that co-administration of ketoconazole, an uncompetitive CYP3A4 inhibitor, 

obviously improved the bioavailability of OA in Sprague-Dawley (SD) rats, by 

suppressing the metabolism of OA (Jiang et al., 2016). To enhance its water solubility 

and the bioavailability, major advances have been made in design, synthesis and 

investigate of derivatives and formulations of OA in recent years (Song et al., 2015; Yu 

et al., 2016; Zhao et al., 2013). 
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1.4.2 Pharmacological activities of OA 

1.4.2.1 Hepatoprotective effects  

One of the major pharmacological properties of OA is its hepatoprotective effects, 

which allows application of OA as an over-the counter medication registered in China 

for treatment of liver diseases (Liu, 2005). The hepatoprotective effects of OA for 

prevention and treatment of acute liver injury induced by different hepatotoxic agents, 

such as alcohol, carbon tetrachloride (CCl4), metals, and drugs (Liu, 1995). OA was 

also reported to inhibit bile acid synthesis by CYP7A1, preventing the chronic liver 

cirrhosis and fibrosis caused by excess accumulation of bile acids in liver (W. Liu et 

al., 2010).  

The effects of OA against CCl4 induced hepatic injury are indicated by the elevated 

serum levels of hepatic malondialdehyde (MDA), alanine aminotransferase (ALT), 

aspartate aminotransferase (AST), and lactic dehydrogenase (LDH), while increasing 

glutathione peroxidase (GPX) and superoxide dismutase (SOD) (Yu et al., 2016). The 

underlying mechanisms involve the antioxidative and anti-inflammatory properties. It 

has been identified by several groups that the nuclear factor erythroid 2-related factor 

2 (Nrf2), a major transcriptional regulator for detoxification and the expression of 

antioxidant enzymes, plays an important role in mediating the hepatoprotective 

activities of OA (Liu et al., 2008; Reisman et al., 2009; Wang et al., 2010). 

Non-alcoholic fatty liver disease (NAFLD) is another prevalent liver disorder 

associated with disrupted metabolism in patients. It was discovered that oral 

administration of OA at 25 mg/kg daily for 10 weeks significantly diminished the high 

fructose-induced fatty liver in rats by suppressing hepatic expressions of sterol 

regulatory element-binding protein 1c (SREBP-1c), the transcription factor responsible 

for lipogenesis (Liu et al., 2013). Another study reported that inhibition of liver X 

receptor alpha (LXR) and pregnane X receptor are (PXR) also involved in inhibitory 

activities of OA against hepatic lipogenesis (Lin et al., 2018). 
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1.4.2.2 Anti-diabetic and anti-obesity effects 

The beneficial effects of OA on metabolic syndromes mainly involves its anti-diabetic 

and anti-obesity activities. Studies in rats with diabetes induced by streptozotocin 

showed that OA markedly suppressed serum glucose levels, improved dysfunctional 

insulin signaling, and restored glycogen levels and glycogenic enzymes activities in 

liver and muscle (Musabayane et al., 2010; Ngubane et al., 2011). In vitro study showed 

OA at 25 μmol/L enhanced insulin sensitivity in the insulin resistant HepG2 cells after 

treatment for 24 hours, by upregulating expressions of glucose transporter 4 (GLUT4) 

and insulin receptor substrate 1(IRS-1) (M. Li et al., 2015). Other studies showed that 

treatment of OA (25 mg/kg/day) for 10 weeks also restored the fructose-induced insulin 

resistance in adipose tissue of rats via IRS-1/PI3K/Akt signaling pathway (Li et al., 

2014). Moreover, the combination therapy of metformin and OA exerted a synergetic 

effect on controlling insulin levels and blood glucose in db/db mice (Wang et al., 2015). 

OA decreased content of visceral adipose tissue in mice fed with high fat diet (HFD) 

by modulating fat and carbohydrate metabolism, indicating the anti-obesity activities 

of OA (de Melo et al., 2010). The actions of OA to regulate lipid metabolism were also 

revealed by many studies, which showed that OA firmly suppressed serum levels of 

total cholesterol (TC), triglycerides (TGs), β-lipoprotein, and free fatty acids (FFAs) in 

hyperlipidemic rabbits and rats fed with HFD (Liu et al., 2007; Yunoki et al., 2008). 

The underlying mechanisms mediating the effects of OA on lipid metabolism involve 

suppressing the activity of intestinal acyl-coenzyme A: cholesterol acyltransferase 

(ACATs) (J. Liu et al., 2010), decreasing the production of visfatin (H.-S. Kim et al., 

2014), inhibiting the expression of SREBP-1c and peroxisome proliferator-activated 

receptor-γ coactivator-1β (PGC-1β) (Li et al., 2014), which play an important role in 

the lipid homeostasis. 
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1.4.2.3 Anti-cancer effects 

The anti-cancer effects of OA against tumor growth have been reported in a number of 

in vitro and in vivo models involving different cancers, including liver cancer (Yan et 

al., 2010), breast cancer (Chakravarti et al., 2012), lung cancer (Zhao et al., 2015), 

bladder cancer (Mu et al., 2015), colon cancer (Juan et al., 2008), prostate cancer (Li et 

al., 2016), gastric cancer (Nie et al., 2016), pancreatic cancer (Wei et al., 2013), as well 

as the hematological malignancies (Hsu et al., 1997). OA showed its inhibition of 

carcinogenesis in chemical-induced mouse skin cancer (Tokuda et al., 1986) and in rat 

colon cancer (Furtado et al., 2008). Numerous studies showed the tumor promotion are 

also well suppressed by OA via regulating cell cycle arrest at G0/G1 phase (H.-F. Li et 

al., 2015; R. Zhou et al., 2011). Other studies showed OA suppressed proliferation of 

tumor cells via antagonizing transforming growth factor-β (TGF-β) as well as nuclear 

factor-κB (NF-κB), attributing to its anti-inflammation effects (Laszczyk, 2009; 

Yoshimura et al., 2003).  

OA and its derivatives were identified as inhibitors of phosphatidylinositide 3-kinase 

(PI3K)/ protein kinase B (Akt)/ mammalian target of rapamycin (mTOR)/ ribosomal 

S6 kinase (S6K) pathway, leading to the activation of downstream signaling and 

initiation of autophagy (Mu et al., 2015). Induction of apoptosis in cancer cells is a 

major mechanism involving anti-cancer actions of OA. Studies showed that OA 

induced mitochondrial apoptosis in pancreas and lung cancer cells through activation 

of reactive oxygen species (ROS) /apoptosis signal-regulating kinase 1 (ASK1)/p38 

mitogen-activated protein kinase (MAPK) signaling (Liu, Wu, et al., 2014). On the 

other hand, OA induced changes of energy metabolism in cancer cells via activation of 

adenosine monophosphate-activated protein kinase (AMPK), leading to decreased 

lipogenesis and protein synthesis (Liu, Zheng, et al., 2014).  
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1.4.2.4 Anti-osteoporotic effects 

Accumulating evidence showed actions of OA to improve bone mineral density (BMD) 

and bone microarchitecture in osteoporotic animals (Table 1.2). Research by Bian et al. 

(2012) showed that oral administration of OA (20 mg/kg/day) for 3 months improved 

bone mass and bone properties in ovariectomized (OVX) mice and the possible 

mechanism involves the increase in osteoblast numbers and osteogenesis of bone 

marrow stromal cells (BMSCs). Shu et al. (2017) and colleagues showed OA dose-

dependently improved differentiation of hMSCs towards osteoprogenitors, and these 

actions were mediated by Notch signaling. Nevertheless, Zhao et al. (2018) showed that 

intraperitoneally injection (i.p.) of OA (10 mg/kg) for 3 months significantly prevented 

bone loss in OVX mice by inhibiting RANKL-mediated osteoclastic differentiation of 

bone marrow macrophages (BMMs). Similar actions were reported in osteoprotegerin 

(OPG) knockout mice which showed OA suppressed the bone loss by attenuating the 

osteoclast densities (Zhao et al., 2020).  

OA (50 mg/kg/day) also significantly restored estrogen deficiency-induced bone loss 

in OVX mice as revealed by increased BMD and improved bone microarchitecture in 

proximal tibia, distal femur, as well as lumbar vertebra (L4) after administration for 6 

weeks. These properties may associate with the actions of OA to modulate renal 

CYP27B1 to generate 1,25(OH)2D3 in circulation. As the bioactive form of vitamin D3, 

1,25(OH)2D3 further facilitates duodenal calcium absorption to promote positive 

calcium balance and bone mineralization (Cao et al., 2018). In the glucocorticoid-

induced rat osteoporosis, OA markedly improved BMD and bone minerals in lumbar 

and femur as well as serum osteocalcin levels (Xu et al., 2018). The potential 

biomarkers and metabolic pathway involved were identified by metabolomics strategy, 

which showed the molecular transport, carbohydrate metabolism and lipid metabolism 

were ameliorated by OA in osteoporotic animals.   
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Table 1.2 Anti-osteoporotic effects of OA in animal models of osteoporosis 

Animal model Treatment Mechanism Reference 

OVX mice 
OA (20 mg/kg, p.o.) 

for 3 months 
↑ Osteoblast numbers and osteogenesis 
of bone marrow stromal cells (BMSCs) 

(Bian et al., 2012) 

OVX mice 
OA (10 mg/kg*2 

d，i.p.) for 3 months 
↓ Osteoclastic differentiation of bone 
marrow macrophages (BMMs) 

(Zhao et al., 2018) 

OPG knockout 
mice 

OA (10 mg/kg*2 
d，i.p.) for 3 months 

↓ The late stage of osteoclastogenesis 
from RANKL‐pretreated BMMs 

(Zhao et al., 2020) 

Glucocorticoid-
treated rats 

OA (9 mg/kg, p.o.) 
for 14 days 

Modulating molecular transport, 
carbohydrate metabolism and lipid 
metabolism 

(Xu et al., 2018) 

OVX mice 
OA (50 mg/kg, p.o.) 

for 6 weeks 

↑ Renal CYP27B1, serum 1,25(OH)2D3; 

↑ Duodenal calcium absorption 
(Cao et al., 2018) 
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1.4.3 Takeda G-protein coupled receptor 5 (TGR5) as a target for OA  

The TGR5 (also known as G protein-coupled bile acid receptor 1) is a member of G 

protein-coupled receptor (GPCR) superfamily and is encoded by the GPBAR1 gene. It 

is the first identified cell-surface receptor in humans and animals, to initiate different 

intracellular signaling upon activated by bile acids (Maruyama et al., 2002). Despite the 

ubiquitous distribution of TGR5 in various tissues, the regulation of TGR5 in response 

to certain pathological and physiological conditions remains unclear. It has been 

identified that TGR5 responded to bile acids by inducing cyclic adenosine 

monophosphate (cAMP) production (Watanabe et al., 2006). In the Chinese hamster 

ovary cells (CHO) overexpressed human TGR5 cDNA, bile acids dose-dependently 

activated TGR5 and induced production of cAMP, in the rank order of potency (EC50) : 

lithocholic acid (LCA, 0.53 μM) > deoxycholic acid (DCA, 1.01 μM) > 

chenodeoxycholic acid (CDCA, 4.43 μM) > cholic acid (CA, 7.72 μM)  (Kawamata et 

al., 2003). With the structure resembling that of LCA, OA was also identified as a 

natural ligand for TGR5 (Sato et al., 2007). 

As a pleotropic regulator in bile acids homeostasis, energy metabolism, glucose 

metabolism, as well as the inflammatory response, TGR5 is recently recognized as a 

potential target to moderate different human diseases. Activation of TGR5 promoted 

the secretion of glucagon-like peptide-1 (GLP-1), which plays a critical role in type 2 

diabetes (Thomas et al., 2009). OA was also identified to regulate glucose homeostasis 

in mice fed with high fat diet through activation of TGR5 (Sato et al., 2007). In the 

brown adipose tissues and muscles, activation of TGR5 promoted energy expenditure 

by increasing intracellular iodothyronine deiodinase, indicating the role of TGR5 in 

preventing obesity (Watanabe et al., 2006). Moreover, recent studies also identified 

TGR5 as a cancer suppressor in colon cancer (Kong et al., 2012), gastric cancer (Guo 

et al., 2015), as well as liver carcinoma (He et al., 2010), via antagonizing the signal 

transducer and activator of transcription 3 (STAT3) signaling.  
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The role of TGR5 in bone metabolism and bone remodeling also draw the attention of 

researchers. Wang et al. (2018) showed there was an increase in expression of TGR5 

with osteogenic differentiation of the pre-osteoblastic MC3T3-E1 cells. Notably, the 

activation of TGR5 by its specific agonist significantly upregulated expressions of 

genes encoding osteogenic markers including alkaline phosphatase (ALP), osteocalcin 

(OCN), and osterix (Osx). They also showed that this process was mediated by AMP-

activated protein kinase (AMPK)/ nitric-oxide synthase (eNOS) pathway. Nevertheless, 

these effects were attenuated by silence of TGR5 using TGR5 siRNA. Subsequently, 

Li et al. (2019) reported a remarkable bone loss in aged (over 7 months) and 

ovariectomized (OVX) TGR5 knockout mice, directly proving the role of TGR5 in 

mediating bone metabolism under pathological conditions. Further studies showed that 

osteoclastic differentiation of mouse BMMs was suppressed by TGR5 agonists such as 

LCA, CA, DCA, and OA (Li et al., 2019). Moreover, the activation of cAMP/AMPK 

signaling was associated with the regulation of osteoclastogenesis by TGR5. However, 

the detailed actions of TGR5 in bone deserve further investigations, especially those 

mechanisms involved in pathophysiological processes. 
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Chapter 2  

 
Hypothesis and objectives 
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2.1. Hypothesis 

With the discovery of 25-hydroxyvitamin D 1-alpha hydroxylase (CYP27B1) in the 

extrarenal sites, the paracrine or autocrine activities of vitamin D in the local 

microenvironments become the major focus of research interest. Bone cells, as the 

major players in the metabolic active bone tissue, are expressing CYP27B1 and vitamin 

D receptor (VDR). Such expressions indicate the potential role of 1,25(OH)2D, the 

bioactive form of vitamin D, in modulating bone metabolism in a paracrine or autocrine 

manner in addition to its endocrine activities to calcium homeostasis and bone 

mineralization. The expression and activity of CYP27B1 is known to be decreased by 

aging and accompanied with an accumulation of bone marrow adipocytes, leading to 

the impaired bone properties and increased risk of fractures in elderly, especially 

postmenopausal women. However, the mechanisms involved in the regulation of 

CYP27B1 in osteoblasts and adipocytes remains unclear. 

Oleanolic acid (OA) is a naturally occurring pentacyclic triterpenoid with pleotropic 

effects. Its beneficial effects to prevent bone loss induced by estrogen deficiency and 

glucocorticoid have been reported in a number of studies (Bian et al., 2012; Zhao et al., 

2018). Moreover, our previous studies demonstrated the ability of OA to modulate 

circulating 1,25(OH)2D3 and calcium balance as well as reduce bone loss in aged rats. 

Most importantly, the beneficial effects of OA on bone and Ca metabolism are shown 

to be associated with its potential to regulate renal CYP27B1 expression and activity 

(Cao et al., 2018). However, the ability of OA to regulate CYP27B1 in osteoblasts and 

bone marrow adipocytes and the role of paracrine or autocrine actions of 1,25(OH)2D3 

in skeletal microenvironment in modulating bone health are far from clear. 

Thus, the hypothesis of my project is that OA exerts bone protective effects by 

modulating extra-renal expression and activities of CYP27B1 in osteoblasts and bone 

marrow adipocytes. 
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2.2. Objectives 

The present study aimed to characterize the actions of OA to modulate extrarenal 

CYP27B1 in osteoblasts and adipocytes, and the contribution of their interactions in 

bone microenvironment to the bone protective effects of OA. To validate the hypothesis, 

the major objectives of the present study are: 

1. To determine the effects of OA on renal and extra-renal CYP27B1 in osteoblasts 

2. To investigate the involvement of CYP27B1 in mediating the osteogenic effects of 

OA 

3. To study the potential mechanisms involved in mediating regulation of CYP27B1 

in osteoblasts 

4. To characterize the effects of OA on bone marrow adipose tissues and adipogenesis 

of bone marrow stromal cells (BMSCs) 
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Chapter 3 

 

Investigation of the effects of oleanolic acid on 
expression and activity of renal and skeletal 25-

hydroxyvitamin D 1-alpha-hydroxylase 
(CYP27B1) 
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3.1 Introduction  

It is well recognized that adequate calcium is essential for optimal bone strength and 

bone mass. Vitamin D plays a critical role in maintaining calcium homeostasis by 

regulating intestinal and renal calcium absorption, which further facilitates bone 

mineralization. Unfortunately, studies showed that inadequate serum levels of 25OHD 

was associated with higher incidence of fracture in elderly (Van Schoor et al., 2008). 

With the high prevalence of vitamin D deficiency around the world, the risk to develop 

osteoporosis and fractures in men and women are increased. Calcium and vitamin D 

supplements appear not to be the optimal choice to prevent bone loss and the 

development of osteoporosis, as higher risk of cardiovascular disease and kidney stones 

were observed in postmenopausal women supplemented with calcium and vitamin D 

(Haghighi et al., 2013). Moreover, a meta-analysis by Zhao et al. (2017) showed little 

association between use of vitamin D and calcium supplement with decreased incidence 

of fractures in older adults. These contradictory findings with the routine supplements 

might attribute to the poor intestinal absorption of vitamin D and calcium in aged people. 

More importantly, the decreased function of CYP27B1, the hydroxylase catalyzing 

anabolic metabolism of vitamin D primarily occurring in kidney, is responsible for the 

inadequate 1,25(OH)2D in circulation and reduced calcium absorption.   

Apart from the abundantly expressed CYP27B1 in kidney for generation of circulating 

1,25(OH)2D for the endocrine activities, other sites are also identified to express gene 

encoding CYP27B1 (Adams et al., 2012). The expressions of CYP27B1, CYP24A1 

and vitamin D receptor (VDR) in bone cells suggested their ability of 1,25(OH)2D3 

anabolism and catabolism and exerting the biological activities via the VDR in 

themselves and adjacent cells in bone microenvironment. Amongst bone cells, 

osteoblasts are one of the most active lineages which is responsible for the bone 

formation. Mechanistic study showed age-related dysfunction of osteoblasts is the main 

cause of declined bone mass in older populations (Kassem et al., 2011). However, 

despite activities of CYP27B1 could be an important mediator to improve the functions 
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and mineralization of osteoblasts, the underlying mechanisms involved in regulating 

expression and activity of osteoblastic CYP27B1 is far from clear.  

The bone-protective effects of oleanolic acid (OA) have been reported by numerous 

studies showing administration of OA improved bone mass and bone microarchitecture 

in osteoporotic animals induced by estrogen deficiency and glucocorticoid (Bian et al., 

2012; Xu et al., 2018; Zhao et al., 2018) . In addition, previous work by our group 

demonstrated Fructus Ligustri Lucidi (FLL), an OA-rich Chinese herb, enhanced bone 

mineral density (BMD) and calcium balance in aged female rats (Cao et al., 2018). As 

a bioactive ingredient of FLL, OA exerted similar effects in aged animals (Cao et al., 

2018). More importantly, administration of OA increased circulating 1,25(OH)2D and 

renal expressions of CYP27B1 accompanied with improved bone properties in 

ovariectomized (OVX) mice. These studies suggested OA could be a promising 

molecule for modulating renal CYP27B1 activity and bone metabolism. However, 

studies to delineate the regulation of CYP27B1 by OA in other extra-renal sites are 

limiting. It is of interest to explore the effects of OA on osteoblastic CYP27B1 activity 

and their actions in bone metabolism. 

This chapter aimed to evaluate and compare the effects of OA on renal and extrarenal 

CYP27B1 in bone. First, we employed a stabilized OVX mice model to evaluate the 

effects of OA on renal and extrarenal CYP27B1 expressions in kidney and iliac crest, 

under the pathological conditions. This is followed by a series of in vitro experiment to 

determine the effects of OA on expressions and activity of CYP27B1 in human kidney 

proximal tubular HKC-8 cells, human osteosarcoma MG-63 cells, and rat osteosarcoma 

UMR-106 cells. 
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3.2 Methodology  

3.2.1 In vivo experiment 

3.2.1.1 Experimental design 

The protocol of the animal study conducted was approved by the Animal Ethics 

Committee of The Hong Kong Polytechnic University (ASESC No.: 19-20/4-ABCT-

R-STUDENT). To systemically investigate the actions of OA on regulating renal and 

skeletal CYP27B1, thirty-five 4-month-old female C57BL/6J mice weighing 20 ± 1 g 

were purchased and housed in centralized animal facilities (CAF) of the Hong Kong 

Polytechnic University in an environment with 12 h light and dark cycle and constancy 

of temperature (22 ℃). Mice were sham operated or ovariectomized (OVX). After the 

surgery, mice were maintained with phytoestrogen-free AIN-93M rodent diet 

(Research diet, USA). After stabilization of the model for 6 weeks, mice were randomly 

assigned into five groups (n=7/group) and pair fed with 3 g phytoestrogen-free AIN-

93M rodent diet (Research diets, USA) (Table 6.1), the estimated daily intake of mice. 

For each treatment group, the sham-operated and OVX mice were treated with vehicle 

(Sham and OVX), other OVX mice were orally administrated with 17β-estradiol (E2, 

200 μg/kg/day), high calcium diet (HCD, 1% calcium in AIN-93M based rodent diet), 

OA (200 ppm in AIN-93M based rodent diet) and OA (400 ppm in AIN-93M based 

rodent diet) for 8 weeks. OA was administrated by incorporation of OA into AIN-93M 

based rodent diet. The concentrations of OA in the diet were designed based on the 

dosage used in our previous study (Cao et al., 2018) and daily dietary intake of mice. 

E2 and HCD were employed as positive controls to evaluate the actions of OA on bone 

metabolism and vitamin D metabolism in OVX mice. Body weight of animals were 

monitored every week throughout the study. 3 mice in 400 ppm OA group died after 

administration for 5 weeks. Body weight and dietary intake of the remained mice in this 

group dropped sharply. Considering accuracy and security of the treatment, the 400 

ppm group was excluded in the following studies. 
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Table 3.1 Composition of modified AIN-93M rodent diet (Research diets, USA) 

Diet  
(Product #) 

Phytoestrogen-free 
AIN-93M rodent diet 

High calcium 
diet (HCD) 

OA diet 

D00031602 D19072407 D19072409 

Protein (gm%) 14 14 14 
Carbohydrate (gm%) 73 72 73 
Fat (gm%) 4 4 4 
Total (kcal/gm) 3.85 3.80 3.85 

Ingredient (gm)    
Casein 140 140 140 
L-Cystine 1.8 1.8 1.8 
Corn Starch 495.692 495.692 495.692 
Maltodextrin 10 125 125 125 
Sucrose 100 100 100 
Cellulose, BW200 50 50 50 
Corn Oil 40 40 40 
t-Butylhydroquinone 0.008 0.008 0.008 
    
Mineral Mix S10022M 35 35 35 
Calcium Carbonate 0 13 0 
    
Vitamin Mix V10037 10 10 10 
Choline Bitartrate 2.5 2.5 2.5 
    
Ca (g) 5.0 10 5.0 
Ca (%) 0.5 1 0.5 
Oleanolic Acid (mg) 0 0 200 
Total (g) 1000 1013 1000.2 
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3.2.1.2 Sample collection 

Before sacrifice, 24-hour urine were collected individually by using metabolic cages. 

Upon administration of anesthesia, mice were sacrificed by collection of blood via 

cardiac stick exsanguinations. After clotting at 4 ℃, the blood was centrifuged at 4000 

rpm/min for 20 min at 4 ℃. Serum was isolated and stored at - 80 ℃ for further 

biochemical measurement. Uterus was freshly isolated and wet weight were recorded 

for assessing the uterine index. Kidney and iliac crest were collected for determination 

of CYP27B1 expressions. The intact lumbar vertebra and left legs were collected and 

wrapped with PBS-soaked gauze and stored at - 20 °C for micro-computed tomography 

(μCT) analysis. 

3.2.1.3 Micro-CT analysis 

Bone properties of trabecular bone at the fourth lumbar vertebrae (L4) and proximal 

tibia were determined by μCT system (viva-μCT40; Scanco Medical, Switzerland). The 

bones were scanned in an axial direction with high resolution (10.5 μm), power of 70 

kVp and intensity of 114 μA. A total of 100 continuous slices were scanned in the 

middle part of the L4 (middle point ± 50 slices), and all of them were used for evaluation. 

For the proximal tibia, 100 slices were acquired from the growth plate to metaphysis, 

50 serials of which were selected for analysis. The volume of interest (VOI) was 

evaluated using a three-dimensional direct model with a constant threshold of 375. 

Trabecular bone parameters including bone mineral density (BMD, mg HA/cm3), bone 

volume/tissue volume (BV/TV, %), trabecular number (Tb.N, 1/mm), trabecular 

thickness (Tb.Th, mm), trabecular separation (Tb.Sp, mm), and connectivity density 

(Conn.D, 1/mm3) were evaluated. 
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3.2.1.4 Serum and urine biochemistry 

Serum and urinary levels of calcium (Ca) and phosphorus (P) were measured by 

standard colorimetric methods using commercial kits (Nanjing Jiancheng 

Bioengineering Institute, China). Urinary Ca and P levels were normalized with urinary 

creatinine (Cr) levels measured by picric acid methods following the manufacturer’s 

instructions (Nanjing Jiancheng Bioengineering Institute, China). Concentrations of 

1,25(OH)2D3 in serum were determined by a mouse 1,25-dihydroxyvitamin D3 

(1,25(OH)2D3) ELISA kit (BlueGene Biotech, Shanghai, China). Serum levels of 

procollagen I N-terminal propeptide (PINP) and C-terminal telopeptide of type I 

collagen (CTX-1) were measured by using mouse PINP ELISA kit and mouse cross 

linked CTX-I ELISA kit following the manufacturer’s instructions, respectively. 

3.2.2 In vitro experiment 

3.2.2.1 Experimental design 

Firstly, we determined the effects of OA on vitamin D metabolism in both renal and 

osteoblast-like cells. Dose responses of CYP27B1 and CYP24A1 mRNA and protein 

expression to OA were evaluated by RT-PCR and Western blotting analysis in human 

kidney proximal tubular HKC-8 cells, human osteosarcoma MG-63 cells, and rat 

osteosarcoma UMR-106 cells, respectively. To further verify the ability of OA to 

regulate CYP27B1 activity in osteoblasts, both MG-63 and UMR-106 cells were 

supplied with adequate content of 25OHD3 as substrates, concentrations of the 

hydroxylated product 1,25(OH)2D3 was determined. On the other hand, effects of OA 

on osteogenesis in osteoblasts were evaluated through measuring mRNA expressions 

of osteogenic markers by RT-PCR.  

3.2.2.2 Cell culture and treatment 

HKC-8 cells were cultured in Dulbecco’s modified Eagle’s medium/Nutrient mixture 

F-12 (DMEM/F-12, Gibco) containing 5 % heat-inactivated fetal bovine serum (FBS) 
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and 100 U/ml penicillin-streptomycin (P/S) in a humidified environment with 5 % CO2 

at 37 ℃. Cells were routinely subcultured once they reached 80 % confluence. For the 

experiment, cells were seeded in six-well plates at 3×105 cells/well to allow 80 % 

confluence 24 hours later. FBS in culture medium were then replaced by a supplement 

containing insulin (5μg/ml), transferrin (5μg/L), triiodothyronine (0.37nmol/L), 

epidermal growth factor (2.5ng/ml), Na2SeO3 (5ng/ml), and hydrocortisone (1nmol/L). 

24 hours after changing medium, cells were treated with a series of concentrations of 

OA (1, 10, 100, 1000, 10000 nM) for determining the responses of CYP27B1 and 

CYP24A1 expression. Parathyroid hormone (PTH, 100 nM) was used as the positive 

control for expressions and activity of CYP27B1. 1,25(OH)2D3 (10 nM) was employed 

as the positive control for study of of CYP24A1 expression. 

MG-63 and UMR-106 cells were cultured in DMEM supplemented with 10% heat-

inactivated FBS and 100 U/ml P/S in a humidified incubator with 5 % CO2 at 37 ℃. 

Cells were subcultured twice every week. For the experiment, cells were seeded in six-

well plates at a density of 2×105 cells/well for MG-63 while 3×105 cells/well for UMR-

106, to allow 80 % confluence 24 hours later. Culture medium were then replaced by 

phenol red-free DMEM with 1% charcoal-striped FBS. 24 hours after changing 

medium, cells were treated with different concentrations of OA (1, 10, 100, 1000, 

10000 nM) for relevant experiments. Parathyroid hormone (PTH, 100 nM) was used as 

a positive control for determination of CYP27B1 expressions and activity. 1,25(OH)2D3 

(10 nM) was employed as positive control for expressions of CYP24A1. 

3.2.2.3 CYP27B1 activity 

Cells were seeded in 12-well plates until 80% confluence. The culture medium was 

then changed to a phenol red-free and serum-free medium to minimize the interference 

from sterols for 24 hours before the treatment. Then cells were treated with PTH or OA 

and supplemented with 25OHD3 (1 μM) as a substrate and N, N’-diphenylethylene-

diamine (1, 2-dianilinoethane, 10 μM) as an antioxidant (Schwartz et al., 1998). Upon 



 

 50 

incubation for 4 hours, the reaction was terminated by placing the plates on ice. The 

CYP27B1 activity was evaluated by determining the cellular secreted 1,25(OH)2D3 in 

culture medium (Geng et al., 2011a). Concentrations of 1,25(OH)2D3 in supernatant 

was qualified with 1,25(OH)2D3 ELISA kit by following manufacturer’s instruction 

(Immundiagnostik AG). To normalize the 1,25(OH)2D3 levels, contents of protein in 

cells were determined by Bradford assay (Bio-Red, CA, USA).  

3.2.2.4 RT-PCR 

Around 10 μg of tissues removed from kidneys and iliac crests from in vivo study were 

individually immersed in 500 μl TRIzol reagent (Invitrogen, USA). Upon 

homogenization with Precellys Evolution tissue homogenizer (Bertin Technologies, 

France). For in vitro experiment, cells were seeded in 6-well plates treated with 

different concentrations of OA for 24 hours. Total RNA from animal tissues and treated 

cells was extracted from the respective tissue by following the manufacturer’s 

instructions. 1 μg of RNA was applied for reverse transcription (RT) by using 

PrimeScriptTM RT Master Mix (TaKaRa, Japan) in a 20 μl reaction system for cDNA 

generation. 500 ng of cDNA products and 0.4 μM primers were added to PCR reaction 

mixture containing TB Green Premix Ex Taq II (TaKaRa, Japan). Real-time PCR was 

performed in 7900HT Fast Real-Time PCR System (Applied Biosystems, Carlsbad, CA, 

USA) under the amplification conditions and procedures: initial denaturation at 95 °C 

for 30 s, 40 cycles of denaturation at 95 °C for 1 s and 60 °C for 20 s. The sequences 

of primers for target genes and the housekeeping gene glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) are listed in Table 3.2. Relative gene expression was 

calculated by 2−ΔΔCT method. 
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Table 3.2 Primer sequences for mouse, human and rat genes 

Gene Primer Sequence (5’-3’) 
Mouse    

CYP27B1 
Forward: GCATCACTTAACCCACTTCC 
Reverse: CGGGAAAGCTCATAGAGTGT 

CYP24A1 
Forward: AAGAGATTCGGGCTCCTTCA 
Reverse: GCAGGGCTTGACTGATTTGA 

GAPDH 
Forward: CAGAACATCATCCCTGCATC 
Reverse: CTGCTTCACCACCTTCTTGA 

Human    

CYP27B1 
Forward: AGAGTTGCTATTGGCGGGAG 
Reverse: AGAACAGTGGCTGAGGGGTA 

CYP24A1 
Forward: ACCCAAAGGAATTGTCCGCA 
Reverse: ACCACCATCTGAGGCGTATT 

ALP 
Forward: TTTATAAGGCGGCGGGGGTG 
Reverse: AGCCCAGAGATGCAATCGAC 

OPN 
Forward: GTACCCTGATGCTACAGACG 
Reverse: TTCATAACTGTCCTTCCCAC 

GAPDH 
Forward: ACCCACTCCTCCACCTTTGAC 
Reverse: TGTTGCTGTAGCCAAATTCGTT 

Rat    

CYP27B1 
Forward: GCATCACTTAACCCACTTCC 
Reverse: AGGGTCGGCCACATAAACTG 

CYP24A1 
Forward: CTCGGACCCTTGACAAACCA 
Reverse: CGATGCCGAATGGGAGATGA 

ALP 
Forward: ACGAGGTCACGTCCATCCT 
Reverse: CCGAGTGGTGGTCACGAT 

OPN 
Forward: CGATGTCCCCAACGGCCGAG 
Reverse: TGCTCAGAAGCTGGGCAACAGG 

GAPDH 
Forward: GTGAGGTGACCGCATCTTCT 
Reverse: CTTGCCGTGGGTAGAGTCAT 
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3.2.2.5 Western blotting 

Tissues removed from kidneys and iliac crests from in vivo study (100 μL/10 mg) as 

well as treated cells of in vitro experiment (10 μL/105 cells) were lysed with lysis buffer 

(Beyotime, Shanghai, China) supplemented with 1mM phenylmethyl sulfonyl fluoride 

(PMSF) as a protease inhibitor. Following protein extraction, 30 μg proteins of each 

sample were loaded and separated in a 10% SDS-PAGE, followed by transference onto 

polyvinylidene fluoride (PVDF) membranes (Millipore, Danvers, USA). The proteins 

on membranes were blocked with 5 % milk for 1 hour at room temperature and 

incubated with following primary antibodies overnight at 4℃: rabbit anti-CYP27B1 

(1:1000, Invitrogen), rabbit anti-CYP24A1 (1:1000, Invitrogen), or mouse anti-β-Actin 

(1:5000, Abcam). followed by IgG-HRP-conjugated secondary antibodies anti-rabbit 

(1:3000, Abcam) or anti-mouse (1:3000, Invitrogen) for 1h at room temperature. 

Washing with tris-buffered saline with 0.1% Tween 20 detergent (TBST) for 3 times 

was required between each of incubation. Finally, the blotting was probed and 

visualized with ClarityTM Western ECL substrate (Bio-Rad, USA) using AzureTM C600 

(Azure Biosystems, USA). The relative intensities of the bands were quantified by 

Image J software (National Institutes of Health, USA) and normalized with β-actin.  

3.2.2.6 Statistical analysis 

Data from both in vivo and in vitro experiment were shown as mean ± standard error of 

mean (SEM) for each treatment group. Inter-group differences were analyzed by one-

way analysis of variance (ANOVA) followed by Tukey's Test for multiple comparisons 

(GraphPad Prism 8.0, USA). A P value of less than 0.05 was considered statistically 

significant. 
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3.3 Results 

3.3.1 Effects of OA on bone properties and bone metabolism in OVX mice 

3.3.1.1 Body weight and uterine index 

After treatment for 8 weeks, body weight and uterus wet weight of mice were measured 

and body weight gain and uterus index were calculated, respectively. As shown in Table 

3.3, OVX increased body weight gain of mice by more than 3-fold (P<0.01) when 

compared to those with sham operation. This increase in weight gain was markedly 

suppressed by HCD (P<0.05 vs. OVX). Administration of E2 for 8 weeks strongly 

accelerated weight loss in OVX mice (P<0.001). On the other hand, it seems that mice 

fed with OA-contained diet acquired lower body weight gain than those of OVX group, 

although the change did not reach statistical significance. As expected, a remarkable 

shrinkage of uterus was observed in OVX mice (P<0.001 vs. sham) while E2 increased 

uterus index in OVX mice by 3.89 folds (P<0.001 vs. OVX). Unlike E2, treatment with 

HCD and OA did not alter the uterus atrophy in OVX mice. 

3.3.1.2 Urine and serum chemistry 

Serum and urinary levels of calcium and phosphorus were detected, and the results were 

listed in Table 3.3. Serum levels of calcium and phosphorus in mice were maintained 

in a normal range without any differences amongst different treatment groups. OVX 

significantly increased urinary calcium excretion in mice by one-fold (P<0.001 vs. 

sham). Both E2 and OA significantly suppressed urinary calcium loss in OVX mice 

(P<0.001). It appeared that HCD did not further increase urinary calcium loss in OVX 

mice, but it significantly reduced phosphorus excretion in urine (P<0.01 vs. OVX). 
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Table 3.3 Body weight gain, uterine index, serum and urinary biochemistries in ovariectomized (OVX) 

in response to treatment with 17β-estradiol (E2), high calcium diet (HCD) and oleanolic acid (OA) 

 Sham OVX E2 HCD OA 

Body weight and uterus index     

Weight gain, % 2.01 ± 1.09** 7.26 ± 0.75 -1.82 ± 0.44 *** 3.20 ± 1.26* 4.23 ± 1.45 
Uterus index, mg/g 2.77 ± 0.23*** 0.66 ± 0.07 3.23 ± 0.21 *** 0.82 ± 0.08 0.77 ± 0.09 
Serum chemistry      

Ca, mg/dL 7.63 ± 0.07 7.75 ± 0.08 7.71 ± 0.08 7.63 ± 0.04 7.91 ± 0.03 

P, mg/dL 7.05 ± 0.51 7.66 ± 0.68 8.71 ± 0.39 7.38 ± 0.82 7.12 ± 0.30 

Urine chemistry      

Ca/Cr, mg/mg 0.22 ± 0.02*** 0.45 ± 0.04 0.21 ± 0.03 *** 0.35 ± 0.03 0.19 ± 0.03 *** 

P/Cr, mg/mg 1.97 ± 0.20 1.86 ± 0.14 1.82 ± 0.08 1.20 ± 0.05 ** 1.90 ± 0.10 

 

Six-month-old sham operated mice were fed with control diet, the ovariectomized (OVX) mice were orally 

administrated with vehicle, E2 (200 μg/kg/day), HCD (1% calcium in control diet) and OA (200 ppm in control 

diet) for 8 weeks. Uterine index was calculated from the wet weight of uterus over the body weight. The urinary 

calcium (Ca) and phosphorus (P) levels were normalized with concentrations of creatinine (Cr) in urine. Data 

are shown as mean ± SEM and analyzed by using one-way ANOVA, followed by Tukey’s multiple comparison 

test. * P < 0.05, ** P < 0.01, *** P < 0.001 vs. OVX (n=7/group).  
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3.3.1.3 Bone mineral density and bone microarchitectural properties at proximal 

tibia and lumbar vertebra (L4) 

The trabecular bone mineral density (BMD) and microarchitectural characteristics of 

OVX mice were evaluated by micro-CT analysis, and the representative 3D images and 

related parameters at lumbar vertebra and proximal tibia were shown in Fig. 3.1 and 

Fig. 3.2, respectively. A marked bone loss and deterioration of bone microarchitecture 

were observed at both lumbar vertebra (L4) and proximal tibia in OVX mice, as 

illustrated by the decrease in BMD (P<0.001 vs. sham) and the alterations of 

microarchitectural parameters including the decrease in bone volume/total volume 

(BV/TV, P<0.001 vs. sham), trabecular number (Tb.N, P<0.01 vs. sham), connectivity 

density (Conn.D, P<0.001 vs. sham) and trabecular thickness (Tb.Th, P<0.001 vs. 

sham), and the increase in trabecular separation (Tb.Sp, P<0.01 vs. sham) and structural 

model index (SMI, P<0.001 vs. sham). Administration of E2 (P<0.05 vs. OVX), HCD 

(P<0.05 vs. OVX) and OA (P<0.05 vs. OVX) significantly reversed the changes of 

trabecular BMD, BV/TV, Tb.N, Conn.D, Tb.Th, Tb.Sp and SMI with different degrees 

at both sites in OVX mice. 

3.3.1.4 Bone turnover biomarkers 

Procollagen I N-terminal propeptide (PINP) and C-telopeptide of type I collagen (CTX-

1) are a pair of bone turnover biomarkers which are identified for monitoring bone 

formation and bone resorption, respectively. Compared with mice in sham group, the 

levels of PINP were 14.93% lower (Fig 3.3 A, P<0.001 vs. sham) and the levels of 

CTX-1 were 42.10% higher (Fig 3.3 B, P<0.001 vs. sham) in OVX mice. Treatment 

with E2 and OA significantly restored serum levels of PINP in OVX mice (Fig 3.3 A, 

P<0.05 vs. OVX). Besides, E2 and OA suppressed the increase in serum CTX-1 induced 

by OVX to the levels similar to that of mice with sham operation (Fig 3.3 B, P<0.001 

vs. OVX). HCD significantly elevated serum levels of PINP (Fig 3.3 A, P<0.01) but 

not alter CTX-1 levels in OVX mice. 



 

 56 

 

Fig. 3.1 Effects of OA on trabecular bone properties at lumbar vertebra (L4) of 

OVX mice.  

Six-month-old sham operated mice were fed with vehicle diet, the ovariectomized 

(OVX) mice were orally administrated with vehicle, E2 (200 μg/kg/day), HCD (1% 

calcium in control diet) and OA (200 ppm in control diet) for 8 weeks. Trabecular bone 

properties were evaluated by microcomputed tomography (μCT). (A) representative 3D 

images of trabecular bone at L4, (B) bone mineral density (BMD), (C) bone 

volume/total volume (BV/TV), (D) trabecular number (Tb.N), (E) connectivity density 

(Conn.D), (F) trabecular thickness (Tb.Th), (G) trabecular separation (Tb.Sp), and (H) 

structural model index (SMI). Data are shown as mean ± SEM and analyzed by using 

one-way ANOVA, followed by Tukey’s multiple comparison test. * P < 0.05, ** P < 

0.01, *** P < 0.001 vs. OVX (n=7/group).  
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Fig. 3.2 Effects of OA on trabecular bone properties at proximal tibia of OVX 

mice.  

Six-month-old sham operated mice were fed with vehicle diet, the ovariectomized 

(OVX) mice were orally administrated with vehicle, E2 (200 μg/kg/day), HCD (1% 

calcium in control diet) and OA (200 ppm in control diet) for 8 weeks. Trabecular bone 

properties were evaluated by microcomputed tomography (μCT). (A) representative 3D 

images of trabecular bone at proximal tibia, (B) bone mineral density (BMD), (C) bone 

volume/total volume (BV/TV), (D) trabecular number (Tb.N), (E) connectivity density 

(Conn.D), (F) trabecular thickness (Tb.Th), (G) trabecular separation (Tb.Sp), and (H) 

structural model index (SMI). Data are shown as mean ± SEM and analyzed by using 

one-way ANOVA, followed by Tukey’s multiple comparison test. * P < 0.05, ** P < 

0.01, *** P < 0.001 vs. OVX (n=7/group).  
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Fig. 3.3 Effects of OA on serum levels on bone turnover makers and 1,25(OH)2D3 

in OVX mice.  

Six-month-old sham operated mice were fed with vehicle diet, the ovariectomized 

(OVX) mice were orally administrated with vehicle, E2 (200 μg/kg/day), HCD (1% 

calcium in control diet) and OA (200 ppm in control diet) for 8 weeks. Serum levels of 

(A) Procollagen I N-terminal propeptide (PINP), (B) C-telopeptide of type I collagen 

(CTX-1), and (C) 1,25(OH)2D3 were determined by commercial ELISA kits. Data are 

shown as mean ± SEM and analyzed by using one-way ANOVA, followed by Tukey’s 

multiple comparison test. * P < 0.05, ** P < 0.01, *** P < 0.001 vs. OVX (n=7/group). 
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3.3.2 Effects of OA on vitamin D metabolism in OVX mice 

3.3.1.5 Serum 1,25(OH)2D3 levels 

As a biological active hormone mediating systemic calcium homeostasis, circulating 

levels of 1,25(OH)2D3 remained stable in mice of sham, OVX and E2 groups (Fig 3.3 

C). However, there was a significant decrease in circulating 1,25(OH)2D3 in OVX mice 

in response to HCD (Fig 3.3 C, P <0.001). In contrast, administration of OA in diet 

significantly increases circulating 1,25(OH)2D3 levels in OVX mice by 28.85% (Fig 

3.3 C, P <0.05 vs. OVX). 

3.3.1.6 Expressions of vitamin D metabolic enzymes in kidney and iliac crest 

To evaluate effects of OA on gene and protein expressions of vitamin D metabolic 

enzymes in renal and extrarenal tissues, kidney and iliac crests were freshly isolated 

from treated mice. It appeared that ovariectomy had little impact on mRNA expression 

of CYP27B1 or CYP24A1 in both kidney and iliac crests (Fig. 3.4), but significantly 

suppressed protein expression of CYP27B1 (Fig 3.5 A, B, P <0.001 vs. sham) and 

induced that of CYP24A1 (Fig 3.5 A, B, P <0.05 vs. sham) in kidney. Similarly, 

treatment of E2 did not alter gene expressions of CYP27B1 and CYP24A1 at both sites 

(Fig. 3.4), but markedly increased protein expressions of CYP27B1 in kidney (Fig 3.5 

A, B, P <0.01 vs. OVX). Mice fed with HCD had significantly higher mRNA levels of 

CYP24A1 in kidney (Fig 3.4 B, P <0.001 vs. OVX) and iliac crest (Fig 3.4 D, P <0.05 

vs. OVX), but tended to have lower expression of CYP27B1 mRNA at both sites (Fig. 

3.4 A, C). Moreover, HCD significantly suppressed protein expressions of CYP27B1 

in kidney (Fig 3.5 A, B, P <0.01 vs. OVX) but dramatically increased that in iliac crest 

(Fig 3.5 C, D, P <0.05 vs. OVX). On the contrary, OA not only upregulated mRNA and 

protein expressions of CYP27B1 in kidney for more than 2-fold (Fig 3.4 A, Fig 3.5 B, 

P <0.01 vs. OVX) and iliac crests for more than 3-fold (Fig 3.4 C, Fig 3.5 D, P <0.001 

vs. OVX), but also significantly induced mRNA expressions of CYP24A1 in iliac crest 

(Fig 3.4 D, P <0.001 vs. OVX) but not in kidney. 
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Fig. 3.4 Effects of OA on mRNA expressions of CYP27B1 and CYP24A1 in kidney 

and iliac crest of OVX mice.  

6-month-old sham operated or ovariectomized (OVX) mice were orally administrated 

with vehicle, E2 (200 μg/kg/day), HCD (1% calcium in control diet) and OA (200 ppm 

in control diet) for 8 weeks. mRMA expression levels of (A) CYP27B1 and (B) 

CYP24A1 in kidney, as well as mRMA expression levels of (C) CYP27B1 and (D) 

CYP24A1 in iliac crests were determined by RT-PCR. Data are shown as mean ± SEM 

and analyzed by using one-way ANOVA, followed by Tukey’s multiple comparison 

test. * P < 0.05, ** P < 0.01, *** P < 0.001 vs. OVX (n=7/group). 
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Fig. 3.5 Effects of OA on protein expressions of CYP27B1 and CYP24A1 in kidney 

and iliac crest of OVX mice.  

Six-month-old sham operated mice were fed with vehicle diet, the ovariectomized 

(OVX) mice were orally administrated with vehicle, E2 (200 μg/kg/day), HCD (1% 

calcium in control diet) and OA (200 ppm in control diet) for 8 weeks. Proteins were 

extracted and expression levels of CYP27B1 and CYP24A1 in kidney and iliac crests 

were determined by Western blotting. Representative blotting of CYP27B1 and 

CYP24A1 in kidney (A) and iliac crests (C) of two independent samples from each 

group were showed. The relative intensities of the bands of CYP27B1 and CYP24A1 

in kidney (B) and iliac crests (D) were quantified by Image J with normalizing with β-

Actin. Data are shown as mean ± SEM and analyzed by using one-way ANOVA, 

followed by Tukey’s multiple comparison test. * P < 0.05, ** P < 0.01, *** P < 0.001 

vs. OVX (n=7/group). 
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3.3.3 In-vitro effects of OA on vitamin D metabolic enzymes in kidney cells and 

osteoblasts 

3.3.3.1 CYP27B1 and CYP24A1 expressions in human kidney cells 

Human proximal tubule cells (HKC-8) were employed for evaluating the dose 

responses of OA on vitamin D metabolic enzymes in vitro. Parathyroid hormone (PTH, 

100 nM) which was widely reported to induce CYP27B1 expression in kidney, tended 

to upregulate mRNA and protein expressions of CYP27B1 in HKC-8 cells, although 

the changes did not reach statistical significance. OA (10 μM) significantly increased 

mRNA and protein expression levels of CYP27B1 for 1.8-fold (Fig 3.6 A, P <0.001 vs. 

Control) and 1.3-fold (Fig 3.6 C, P <0.01 vs. Control), respectively, in HKC-8 cells 

upon incubation for 24 hours. On the other hand, mRNA (Fig 3.6 B, P <0.001 vs. 

Control) and protein (Fig 3.6 D, P <0.01 vs. Control) levels of CYP24A1 increased 

dramatically in HKC-8 cells in response to 1,25(OH)2D3 (10 nM). However, no obvious 

effect of OA on CYP24A1 in HKC-8 cells was observed. 

3.3.3.2 CYP27B1 and CYP24A1 expressions in human and rat osteoblasts   

Vitamin D metabolic enzymes including CYP27B1 and CYP24A1 are also presented 

in rat and human osteoblast-like osteosarcoma cells. As shown in Fig 3.7 and Fig 3.8, 

PTH managed to induce mRNA expression levels of CYP27B1 in UMR-106 cells (P 

<0.05 vs. Control), as well as mRNA and protein expression levels of CYP27B1in MG-

63 cells (P <0.05 vs. Control). OA not only remarkably increased mRNA (P <0.01 vs. 

Control) and protein levels (P <0.05 vs. Control) of CYP27B1 at lower concentrations 

(1-10 nM) in both cells, but also significantly induced CYP27B1 mRNA expressions 

in UMR-106 (P <0.05 vs. Control) and CYP27B1 protein expressions in MG-63 cells 

(P <0.05 vs. Control) at higher concentrations (1-10 μM). There was a sharp induction 

of CYP24A1 expressions in response to 1,25(OH)2D3 (P <0.01 vs. Control), while 24-

hour treatment of OA did not significantly affect CYP24A1 expressions in rat and 

human osteoblast-like cells.  
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Fig. 3.6 Effects of OA on mRNA and protein expressions of CYP27B1 and 

CYP24A1 in human kidney proximal tubular HKC-8 cells.  

HKC-8 cells were treated with OA (1, 10, 100, 1000, 10000 nM), parathyroid hormone 

(PTH, 100 nM) or 1,25(OH)2D3 (10 nM) in medium containing a supplement for 24 

hours. mRMA expression levels of (A) CYP27B1 and (B) CYP24A1 were determined 

by RT-PCR. Protein expression levels of (C) CYP27B1 and (D) CYP24A1 were 

determined by Western blotting. Data are from four independent experiments and are 

shown as mean ± SEM and analyzed by using one-way ANOVA, followed by Tukey’s 

multiple comparison test. ** P < 0.01, *** P < 0.001 vs. Control. 
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Fig. 3.7 Effects of OA on mRNA and protein expressions of CYP27B1 and 

CYP24A1 in rat osteosarcoma UMR-106 cells.  

UMR-106 cells were treated with OA (1, 10, 100, 1000, 10000 nM), parathyroid 

hormone (PTH, 100 nM) or 1,25(OH)2D3 (10 nM) in phenol red-free medium for 24 

hours. mRMA expression levels of (A) CYP27B1 and (B) CYP24A1 were determined 

by RT-PCR. Protein expression levels of (C) CYP27B1 and (D) CYP24A1 were 

determined by Western blotting. Data are from four independent experiments and are 

shown as mean ± SEM and analyzed by using one-way ANOVA, followed by Tukey’s 

multiple comparison test. * P < 0.05, ** P < 0.01, *** P < 0.001 vs. Control. 
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Fig. 3.8 Effects of OA on mRNA and protein expressions of CYP27B1 and 

CYP24A1 in human osteosarcoma MG-63 cells.  

MG-63 cells were treated with OA (1, 10, 100, 1000, 10000 nM), parathyroid hormone 

(PTH, 100 nM) or 1,25(OH)2D3 (10 nM) in phenol red-free medium for 24 hours. 

mRMA expression levels of (A) CYP27B1 and (B) CYP24A1 were determined by RT-

PCR. Protein expression levels of (C) CYP27B1 and (D) CYP24A1 were determined 

by Western blotting. Data are from four independent experiments and are shown as 

mean ± SEM and analyzed by using one-way ANOVA, followed by Tukey’s multiple 

comparison test. * P < 0.05, ** P < 0.01, *** P < 0.001 vs. Control. 
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3.3.3.3 CYP27B1 activity in human and rat osteoblasts 

In addition to mRNA and protein expressions of CYP27B1, the enzymatic activities of 

CYP27B1 play a critical part in evaluating the effects of OA on vitamin D metabolism 

in osteoblasts. In this assay, UMR-106 and MG-63 were supplemented with adequate 

25OHD3 (1 μM) as substrate for hydroxylation by CYP27B1 in a free radical-

scavenged medium. As shown in Fig. 3.9, level of 1,25(OH)2D3 was undetectable in 

both treated UMR 106 and MG-63 cells in the absence of the substrate 25OHD3. When 

supplied with same concentrations of substrate, MG-63 tended to have higher efficiency 

to generate 1,25(OH)2D3 than UMR-106. Treatment with PTH (100 nM) for 4 hours 

markedly induced CYP27B1 activity, which was indicated by increased cellular 

secretion of 1,25(OH)2D3, by 49.6% (P <0.05 vs. 25OHD3) in UMR-106 and 33.4% (P 

<0.05 vs. 25OHD3) in MG-63. OA (1 nM) effectively increased biosynthesis of 

1,25(OH)2D3 in MG-63 for 1.4-fold (P <0.05 vs. 25OHD3), but not UMR-106. 

3.3.3.4 Bone markers in human and rat osteoblasts  

By employing 1,25(OH)2D3 as positive control, effects of OA on mRNA expressions 

of osteogenic markers in UMR-106 and MG-63 were determined, and the results were 

showed in Fig. 3.10. Gene expressions of alkaline phosphatase (ALP) and osteopontin 

(OPN) in both osteoblasts were significantly elevated in response to 24-hour treatment 

of 1,25(OH)2D3 (P <0.01 vs. Control), although MG-63 seems to be more sensitive to 

1,25(OH)2D3. Acting like 1,25(OH)2D3, OA significantly upregulated mRNA levels of 

ALP for 1.2-fold (P <0.05 vs. Control) at concentration of 1-1000 nM in UMR-106, 

and 1.4-fold (P <0.05 vs. Control) at 1-10 nM in MG-63. Moreover, gene expressions 

of OPN in both osteoblasts appeared to be increased by OA (1 nM) for over 1.3-fold, 

but the changes did not reach statistical significance. 
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Fig. 3.9 Effects of OA on enzymatic activities of CYP27B1 in rat osteosarcoma 

UMR-106 cells (A) and human osteosarcoma MG-63 cells (B).  

Cells were treated with PTH (100 nM) and OA (1 nM) in phenol red-free and serum-

free medium in supplementation of 25(OH)D3 (1 μM) as substrate and N, N’-

diphenylethylene-diamine (10 μM) as antioxidant for 4 hours. The CYP27B1 activity 

was determined by measuring cellular secreted 1,25(OH)2D3 in supernatant per hour. 

None detected (ND). Data are from three independent experiments and are shown as 

mean ± SEM and analyzed by using one-way ANOVA, followed by Tukey’s multiple 

comparison test. * P < 0.05 vs. Control. 
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Fig. 3.10 Effects of OA on mRNA expressions of bone markers in rat osteosarcoma 

UMR-106 cells (A, B) and human osteosarcoma MG-63 cells (C.D).  

Cells were treated with 1,25(OH)2D3 (10 nM) and OA (1, 10, 100, 1000, 10000 nM), 

in phenol red-free medium for 24 hours. mRMA expression levels of alkaline 

phosphatase (ALP) and osteopontin (OPN) in UMR-106 cells (A, B) and MG-63 cells 

(C, D) were determined by RT-PCR. Data are from four independent experiments and 

are shown as mean ± SEM and analyzed by using one-way ANOVA, followed by 

Tukey’s multiple comparison test. * P < 0.05, ** P < 0.01, *** P < 0.001 vs. Control. 

  

Contro
l 

1,2
5(O

H) 2D
3 1 10 10

0
10

00
10

00
0

0.0

0.5

1.0

1.5

2.0

AL
P/

G
AP

DH
 m

RN
A

ex
pr

es
si

on
 (v
s. 

co
nt

ro
l)

OA (nM)

**** ***

Contro
l 

1,2
5(O

H) 2D
3 1 10 10

0
10

00
10

00
0

0.0

0.5

1.0

1.5

2.0

2.5

O
PN

/G
AP

DH
 m

RN
A

ex
pr

es
si

on
 (v
s. 

co
nt

ro
l)

OA (nM)

***

Contro
l 

1,2
5(O

H) 2D
3 1 10 10

0
10

00
10

00
0

0.0

0.5

1.0

1.5

2.0

AL
P/

G
AP

DH
 m

RN
A

ex
pr

es
si

on
 (v
s. 

co
nt

ro
l)

OA (nM)

*
***

*
**

Contro
l 

1,2
5(O

H) 2D
3 1 10 10

0
10

00
10

00
0

0.0

0.5

1.0

1.5

2.0
6

8

10
O

PN
/G

AP
DH

 m
RN

A
ex

pr
es

si
on

 (v
s. 

co
nt

ro
l)

OA (nM)

***

A B

C D



 

 69 

3.4 Discussion 

Kidney was generally recognized to be the principal site for expressing CYP27B1 and 

producing 1,25(OH)2D3 for circulation. Since the discovery of CYP27B1 in the 

extrarenal sites such as bone, intestine, muscle and brain, study of the regulators and 

functions of CYP27B1 in those tissues has become the main focus. In this chapter, we 

attempted to characterize the effects of OA on vitamin D metabolism in bone especially 

in the osteoblasts, and to further compare these actions with that in kidney, by using an 

in-vivo osteoporotic animal model and in-vitro cell models.  

Given the fact that vitamin D deficiency is prevalent amongst postmenopausal women 

suffering from osteoporosis and osteoporotic fractures (Glowacki et al., 2003), the 

present study employed an ovariectomy (OVX)-induced osteoporotic animal model to 

investigate the effects of OVX on renal and extrarenal vitamin D metabolism. However, 

we did not find a reduction in circulating levels of 1,25(OH)2D3 in OVX mice, although 

whose trabecular BMD and bone microarchitecture were significant decreased when 

compared to that of mice in sham group. In line with our observations, Colin et al. (1999) 

reported there was no significant changes in serum 1,25(OH)2D3 levels but a marked 

reduction of intestinal calcium absorption in OVX rats. Our results also showed an 

accelerated urinary calcium excretion in OVX mice. In accompany with the decreased 

calcium absorption and increased calcium loss, the calcium released from accelerated 

bone resorption made it possible for the stable serum levels of calcium in OVX mice.  

In addition to the BMD and bone microarchitecture revealed by micro-CT analysis, 

changes in bone turnover markers also serve to assess the anabolic or catabolic activities 

of bone in response to different treatment. PINP is a peptide serves as an indicator for 

bone formation, as it is derived from cleavage of type I procollagen during proliferation 

of osteoblasts (Han et al., 2007). Moreover, CTX-1 is produced by breakdown of type 

I collagen during bone resorption and serves as indicator for bone resorption (Tian et 

al., 2019). In consistent with other studies, our results showed that ovariectomy 
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significantly accelerated bone turnover rate as reflected by changes in serum levels of 

PINP and CTX-1 (Cui et al., 2016). E2 was previously shown to modulate bone 

formation and bone resorption via the estrogen receptor α and β expressed in osteoblasts 

and osteoclasts (Nakamura et al., 2007; Zhou et al., 2001). In line with these 

observations, we also showed the restoration of bone turnover rate in OVX mice after 

administration with E2. In the situation of estrogen deficiency, the requirement of 

calcium from diet is remarkably increased as revealed by worsen bone properties and 

calcium balance in OVX rats fed with low calcium diet (Morris et al., 2009). Our results 

shown that these changes could be reversed by feeding OVX mice with high calcium 

diet (HCD). In addition, the protective actions of HCD on BMD and bone 

microarchitecture in OVX mice appeared to be contributed by its effect on improving 

bone formation, as revealed by the increase in serum levels of PINP without changes in 

levels of CTX-1.  

Our results indicated that OA, acting like E2, significantly improved trabecular bone 

properties in OVX mice by stimulating bone formation as well as suppressing bone 

resorption. However, unlike E2, OA did not exert estrogenic effects in the uterus to 

induce uterine hypertrophy in OVX mice. In fact, the protective actions of OA on bone 

properties have been demonstrated repeatedly in numerous animal studies, in which 

suspensions of OA dissolved in physiological saline were orally administrated (Bian et 

al., 2012; Zhao et al., 2018). However, the strong hydrophobicity of OA contributed to 

its poor bioavailability as well as difficulties in gavage administration. Therefore, in the 

present study, OA was administrated by incorporation into control diet and the 

concentration of OA in the diet were designed based on the daily consumption of diet 

of mice and the dosage used in our previous study (Cao et al., 2018). However, we 

discovered that administration of 400 ppm OA diet resulted in a sharp drop in the body 

weight and food intake of the animals. The urine and skin on feet and lips presented 

yellow in color, which showed a symptom like cholestasis. In line with our findings, 

studies reported that long-term or high-dosage administration of OA (>225 mg/kg, p.o. 

for 10 days) could induce the liver injury and cholestasis in mice (Lu et al., 2013). 
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It has been well recognized that circulating 1,25(OH)2D3 levels and renal CYP27B1 are 

tightly controlled by systemic requirement of calcium and phosphate. OVX mice 

exhibited impaired calcium balance, reduction in renal CYP27B1 expression as well as 

elevation of renal CYP24A1 expression, although their circulating levels of calcium 

and 1,25(OH)2D3 were stable compared with sham operated mice. Colin et al. (1999) 

showed in their study that administration of E2 restored the impaired intestinal calcium 

absorption in OVX rats, but this effect was independent of circulating 1,25(OH)2D3 

levels. Even so, a significant upregulation of CYP27B1 protein expression in kidney 

was found in mice in response to E2, which was also observed in other species (Tanaka 

et al., 1976; Williams et al., 1988). This increase in renal CYP27B1 expression in 

response to E2 facilitated calcium reabsorption in kidney and the decrease in urinary 

calcium excretion. Moreover, when fed OVX mice with HCD, the system responded to 

suppress calcium absorption by decreasing renal CYP27B1 expression and circulating 

1,25(OH)2D3 levels. In line with our previous study, the present study confirmed that 

OA significantly elevated circulating levels of 1,25(OH)2D3 in OVX mice by 

upregulating renal expressions of CYP27B1, contributing to a positive calcium balance 

and improvement of bone properties (Cao et al., 2018).  

The understanding of the regulation of CYP27B1 in bone is limiting, although many 

studies appeared to show that it was different from that in kidney (Anderson et al., 2010; 

Anderson et al., 2005; Turner et al., 2007). In supporting of these reported findings, our 

results showed that ovariectomy did not affect the expressions of CYP27B1 as well as 

CYP24A1 in iliac crest, at both mRNA and protein expression levels. Similar 

phenomena were observed in mice administrated with E2, indicating the status of 

estrogen has little impact on the vitamin D metabolism in bone. In contrast to the kidney 

where HCD suppressed renal CYP27B1 expression, the protein expression of 

CYP27B1 increased in bone of mice in response to feeding with HCD. This 

phenomenon was also described in studies by Anderson et al. (2010) that high dietary 

calcium improved mRNA expression of CYP27B1 and mineralization in bone of rats. 

The upregulation of bone mineralization by HCD appeared to be dependent on the 
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expression of CYP27B1 in bone. Panda et al. (2004) demonstrated the decreased bone 

volume and mineral deposition rate in CYP27B1 knockout mice were hardly rescued, 

although the conditions of hypocalcemia and secondary hyperparathyroidism could be 

prevented, by feeding high calcium diet in these animals. Most importantly, OA was 

shown to increase CYP27B1 expression in kidney as well as in iliac crests, suggesting 

that OA could activate the paracrine or autocrine activity of 1,25(OH)2D3 to modulate 

cellular proliferation and differentiation in bone. 

It appears that regulation of CYP24A1 in extrarenal sites also differs from that in kidney. 

Generally, renal CYP24A1 was regulated in an opposite manner with CYP27B1. For 

instance, CYP24A1 was increased in response to elevated circulating levels of 

1,25(OH)2D3 and calcium to maintain calcium homeostasis. On contrary to CYP27B1, 

the activity and expression of CYP24A1 increase with ageing and pathological 

conditions like chronic renal failure and diabetes (Colussi et al., 2014; Tajiri et al., 

2019). In the present study, ovariectomy was found to significantly increase CYP24A1 

expressions in kidney, but not in bone. OA significantly increased mRNA expressions 

of CYP24A1 in iliac crest, although it did not influence renal expressions of CYP24A1. 

As speculated by Anderson et al. (2005), CYP24A1 expression in bone is more 

susceptible to levels of locally produced 1,25(OH)2D3. In supporting of this, we 

discovered the increase of CYP27B1 was followed by an upregulation of CYP24A in 

bone of mice fed with OA and HCD. 

In our in vitro experiments, the levels of CYP27B1 expression in both human and rat 

osteoblast-like cells were comparable to that in proximal tubule cells. In line with other 

studies, the present study showed that these osteoblasts were capable to generate 

1,25(OH)2D3 and modulate osteoblastic activities when supplemented with adequate 

levels of 25OHD3 (Anderson et al., 2007; Atkins et al., 2007; van Driel et al., 2006). 

PTH is well known to upregulate CYP27B1 activity and expression in kidney cells. 

Moreover, expressions of CYP27B1 in human mesenchymal stem cells (hMSCs), the 

progenitors give rise to osteoblasts, were also shown to increase in response to PTH 
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(Zhou et al., 2011). In the present study, OA at 10 μM was shown to effectively 

upregulate CYP27B1 in HKC-8 cells, and its effects was even more prominent than 

that of PTH. Compared with kidney cells, OA at 1-10 nM managed to induce 

expressions and enzymatic activity of CYP27B1 in UMR-106 and MG-63 cells. These 

lower effective dosages in osteoblasts seemed more accomplishable in view of the poor 

gastrointestinal absorption and bioavailability of OA. 

Our results showed OA significantly upregulated mRNA levels of ALP in both human 

and rat osteoblast-like cells. It appears that lower dosages (1-10 nM) of OA exerts a 

hormone-like effects on the osteogenesis of osteoblasts by increasing cellular 

production of 1,25(OH)2D3 as indicated in Fig. 3.9. Such actions on 1,25(OH)2D3 are 

tightly controlled by the catabolic enzyme CYP24A1 and the cellular feedback 

mechanisms to avoid the possible adverse effects caused by excessive 1,25(OH)2D3. 

This might be the reason why OA only upregulated the mRNA expression of ALP for 

1.2-1.4-fold. A study showed that the mRNA expression of ALP was upregulated for 

1.6-fold in response to 1,25(OH)2D3 (10 nM) in primary human osteoblasts (Van Der 

Meijden et al., 2014). Kyeyune-Nyombi et al. (1991) showed that 1,25(OH)2D3 

progressively increased the steady-state level of ALP mRNA from 5 to 24 h of 

treatment in human bone cells, at which time a plateau was observed. Such observation 

indicated that the regulation of mRNA expression is time dependent. OA at higher 

dosage (10000 nM) might improve the osteogenic potential through other mechanisms 

such as Notch signaling as indicated by other research group (Shu et al., 2017).  

Taken together, our results showed OA effectively improved BMD and bone 

microarchitectures in OVX mice. The bone protective effects of OA partially come 

from the improved calcium balance by increasing circulating 1,25(OH)2D3 levels via 

upregulation of renal CYP27B1. On the other hand, OA not only upregulated 

expressions and enzymatic activity of CYP27B1, but also increased levels of osteogenic 

markers in osteoblasts. However, it remains a question that the involvement of locally 

biosynthesized 1,25(OH)2D3 in osteogenic effects of OA in osteoblasts. This will be 

illustrated in the following chapters.  
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The involvement of 25-hydroxyvitamin D 1-
alpha-hydroxylase (CYP27B1) in the osteogenic 

effects of oleanolic acid in osteoblasts 
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4.1 Introduction  

The severe hypocalcemia and osteoporosis as consequences of vitamin D deficiency 

emphasized the importance of vitamin D in promoting calcium homeostasis and bone 

mineralization. In the endocrine system, 1,25(OH)2D is produced by CYP27B1 

presented in kidney and is released into circulation to exert physiological activities via 

activating its nuclear receptor presented in the target tissues. For example, 1,25(OH)2D 

binding to vitamin D binding protein (DBP) in plasma is transported to intestinal 

epithelium, it binds to vitamin D receptor (VDR) to initiate the transcription of genes 

encoding calcium transporters. These functions of 1,25(OH)2D were also revealed by 

the mice with CYP27B1 knockout and double knockout of CYP27B1 and VDR, which 

exhibit the phenotype of increased bone fragility due to the decreased mineral 

deposition in both cortical and trabecular bone (Panda et al., 2004). 

The presence of CYP27B1 and VDR for biosynthesis and biological activities of 

1,25(OH)2D in bone cells suggested the paracrine or autocrine activities of 1,25(OH)2D 

produced locally in skeletal microenvironment. As the active lineages responsible for 

the anabolic activities of bone, osteoblasts were implicated to be involved in the local 

production and activities of 1,25(OH)2D. In particular, 1,25(OH)2D/VDR system exerts 

anabolic activities by upregulation of genes that encode factors for bone homeostasis 

and mineralization such as osteopontin (OPN), osteocalcin (OCN) and bone 

sialoprotein (BSP) in osteoblasts (Donnelly et al., 2011). Studies observed detectable 

levels of 1,25(OH)2D3 in cell cultures of human osteosarcoma cells (Anderson et al., 

2007), human fetal osteoblasts (van Driel et al., 2006) and human primary osteoblasts 

(Atkins et al., 2007), when they were supplemented with adequate 25OHD3. Moreover, 

silencing of CYP27B1 with CYP27B1 siRNA abolished alkaline phosphatase (ALP) 

activity and OCN mRNA expression induced by intracellular produced 1,25(OH)2D3 in 

osteoblasts. Therefore, modulation of osteoblastic CYP27B1 serves as a promising way 

for optimizing bone mass and reducing risk of fracture. 
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Mesenchymal stomal cells (MSCs) in bone marrow, which serve as progenitors of 

osteoblasts, also express CYP27B1 (Geng et al., 2011a). The locally synthesized 

1,25(OH)2D3 enhanced osteoblastic differentiation of MSCs in an autocrine or 

paracrine manner (Posa et al., 2016). Geng et al. (2011a) showed there is a decline in 

expression of CYP27B1 with ageing, contributing to the decreased proliferation and 

osteogenesis of MSCs. Also, knockdown of CYP27B1 with CYP27B1 siRNA resulted 

in suppression of 1,25(OH)2D3 generation and subsequent osteogenesis of MSCs from 

younger subjects. However, little is known about the role of CYP27B1 and 

1,25(OH)2D3 at different stages of osteogenic differentiation of osteoblasts.  

In the previous chapter, we demonstrated that OA, as a naturally occurring small 

molecule, not only increased circulating 1,25(OH)2D3 and renal expressions of 

CYP27B1, but also significantly improved local biosynthesis of 1,25(OH)2D3 as well 

as transcription of ALP and OPN in osteoblasts. All these actions may contribute to the 

bone protective effects of OA. Recent studies showed that OA increased osteoblast 

number and osteogenesis of mice bone marrow stromal cells (BMSCs) (Bian et al., 

2012). Shu et al. (2017) also demonstrated OA enhanced differentiation of hMSCs 

towards osteoprogenitor commitment by inhibiting Notch signalling. However, the 

involvement of intracellular produced 1,25(OH)2D3 by CYP27B1 in the osteogenic 

effects of OA remains unclear. 

This chapter aimed to investigate the involvement of CYP27B1 in the osteogenic 

effects of OA in osteoblast lineage. We determined expressions and enzymatic activity 

of CYP27B1 in response to OA at different osteogenic stages of hMSCs. The effects of 

OA on osteogenesis were also investigated by evaluating expressions of osteogenic 

markers during the differentiation of hMSCs. To further characterize the involvement 

of CYP27B1 in the anabolic activities of OA, CYP27B1 was silenced with CYP27B1 

siRNA in osteoblast lineage. 
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4.2 Methodology  

4.2.1 Experimental design 

Firstly, hMSCs was cultured in osteogenic medium for 7, 14, 21 days to acquire the 

osteoblast lineages at stages of osteoprogenitors, pre-osteoblasts, and mature 

osteoblasts, respectively. Cells at different osteogenesis stages were incubated with 

different concentrations of OA. By using parathyroid hormone (PTH) as positive 

control, mRNA expressions levels of osteogenic markers and vitamin D metabolism 

enzymes were determined by RT-PCR. The role of cellular generated 1,25(OH)2D3 by 

CYP27B1 in osteogenesis of osteoblast lineages were subsequently characterized by 

silencing of CYP27B1 with CYP27B1 siRNA.  

4.2.2 Cell culture and treatment 

4.2.2.1 Human mesenchymal stem cells (hMSCs)  

hMSCs from a 61-year-old female subject (CREC Ref. No. 2010. 248) were provide by 

Dr. Lee Yuk wai, Wayne from the Prince of Wales Hospital of the Chinese University 

of Hong Kong (Lee et al., 2013). Cells were cultured in standard growth medium 

containing Minimum Essential Medium alpha (α-MEM) with 10% heat-inactivated 

fetal bovine serum (FBS) and 100 U/mL penicillin-streptomycin in a humidified 

environment with 5 % CO2 at 37 ℃. Passage of less than 6 were used, as MSCs display 

accumulated DNA damage and loss of multipotency with time of culture (Alves et al., 

2010). For osteoblastogenic differentiation of hMSCs, 2×105 cells/well were seeded in 

6-well plates. Upon attaining confluence (day 0), culture medium was replaced with 

osteogenic induction medium which is composed of standard growth medium 

supplemented with 10 mM β-glycerophosphate, 1 nM dexamethasone and 50 μg/mL 

L-ascorbic acid. The medium was changed every 3 days until they were differentiated 

for 0, 7, 14 and 21 days. After reaching different osteogenic time points, culture 

medium was then replaced by phenol red-free α-MEM with 1% charcoal-striped FBS. 

Cells were treated with PTH (100 nM) or OA (1, 10, 100, 1000 nM) for 24 hours and 
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proceeded for relevant assays. Effects of 10000 nM OA were not studied in hMSCs as 

OA at such higher concentration was discovered to be toxic to these cells. 

4.2.2.2 Human osteosarcoma MG-63  

MG-63 cells were cultured in DMEM supplemented with 10% heat-inactivated FBS 

and 100 U/ml P/S in a humidified incubator with 5 % CO2 at 37 ℃. Cells were 

subcultured twice every week. For the experiment, cells were seeded in six-well plates 

at a density of 2×105 cells/well to allow 80 % confluence 24 hours later. Before the 

treatment, culture medium was replaced by phenol red-free DMEM with 1% charcoal-

striped FBS. Osteogenic responses of cells to treatment of OA were evaluated. 

4.2.3 RNA interference with CYP27B1 siRNA 

To verify if the osteogenesis induced by OA was dependent on intracellular produced 

1,25(OH)2D3 by CYP27B1 in osteoblasts, small interfering RNAs (siRNAs) were used 

to silence CYP27B1. Cells were seeded in 6-well plates until reaching 80% confluence. 

Transfection was conducted by adding 25 nM SmartPool for human CYP27B1 specific 

siRNAs or non-silencing control siRNA with 4 uL/well Dharma-Fect-3 reagent 

(Dharmacon) according to the manufacturer’s instructions. 48 hours after transfection, 

cells were treated with OA for a further 24 hours. Knockdown of CYP27B1 was 

confirmed by RT-PCR and Western blotting analysis. 

4.2.4 Alkaline phosphatase (ALP) activity 

Cells were seeded in 24-well plates until reaching 80% confluence. Then they were 

treated with different concentrations of OA for 7 days in phenol red-free (PRF) medium 

with 1% charcoal-striped FBS. Medium and treatment were renewed every 3 days. 

After the treatment, cells were lysed with passive lysis buffer (Promega, USA). ALP 

activity of the cell lysate was determined with a LabAssay ALP kit (Wako, Japan) by 

following the manufacturer’s instruction. Total protein content was measured by 

Bradford method to normalize ALP activity. 



 

 79 

4.2.5 CYP27B1 activity 

Cells were seeded in 12-well plates until reaching 80% confluence. The culture medium 

was then changed to a phenol red-free and serum-free medium to minimize the 

interference from sterols for 24 hours before the treatment. Then cells were treated with 

PTH or OA in supplement with 25OHD3 (1 μM) as a substrate and N, N’-

diphenylethylene-diamine (1, 2-dianilinoethane, 10 μM) as an antioxidant (Schwartz et 

al., 1998). Upon incubation for 4 hours, the reaction was terminated by placing the 

plates on ice. The CYP27B1 activity was evaluated by determining the cellular secreted 

1,25(OH)2D3 in culture medium (Geng et al., 2011a). Concentrations of 1,25(OH)2D3 

in supernatant was qualified with 1,25(OH)2D3 ELISA kit by following manufacturer’s 

instruction (Immundiagnostik AG). Levels of 1,25(OH)2D3 were normalized to total 

protein content which were determined by Bradford assay (Bio-Red, CA, USA) to 

normalize the 1,25(OH)2D3 levels.  

4.2.6 RT-PCR 

Total RNA from treated cells was extracted using TRIzol reagent (Invitrogen, USA) 

following the manufacturer’s instructions. 1 μg of RNA was applied for reverse 

transcription (RT) by using PrimeScriptTM RT Master Mix (TaKaRa, Japan) in a 20 μl 

reaction system for cDNA generation. 500 ng of cDNA products and 0.4 μM primers 

were added to PCR reaction mixture with TB Green Premix Ex Taq II (TaKaRa, Japan). 

Real-time PCR was performed in 7900HT Fast Real-Time PCR System (Applied 

Biosystems, Carlsbad, CA, USA) under the amplification conditions and procedures: 

initial denaturation at 95 °C for 30 s, 40 cycles of denaturation at 95 °C (1 s) and 

extension at 60 °C (20 s). The sequences of primers for human and rat genes and the 

housekeeping gene GAPDH are listed in Table 4.1. Relative gene expression was 

calculated by 2−ΔΔCT method. 
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Table 4.1 Primer sequences for human genes 

Gene Primer Sequence (5’-3’) 

CYP27B1 
Forward: AGAGTTGCTATTGGCGGGAG 

Reverse: AGAACAGTGGCTGAGGGGTA 

CYP24A1 
Forward: ACCCAAAGGAATTGTCCGCA 

Reverse: ACCACCATCTGAGGCGTATT 

VDR 
Forward: CTTCAGGCGAAGGCATGAAGC 

Reverse: CCTTCATCATGCCGATGTCC 

Runx2 
Forward: ACTTCCTGTGCTCGGTGCT 

Reverse: GACGGTTATGGTCAAGGTGAA 

Col-1 
Forward: CACTGGTGATGCTGGTCCTG 

Reverse: CGAGGTCACGGTCACGAAC 

BSP2 
Forward: TTGGGAAAACCACCACCGTT 

Reverse: CTCGGTAATTGTCCCCACGA 

OPN 
Forward: GTACCCTGATGCTACAGACG 

Reverse: TTCATAACTGTCCTTCCCAC 

GAPDH 
Forward: ACCCACTCCTCCACCTTTGAC 

Reverse: TGTTGCTGTAGCCAAATTCGTT 
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4.2.7 Western blotting 

Treated cells were lysed with lysis buffer (10 μl/105 cells) supplemented with 1mM 

phenylmethyl sulfonyl fluoride (PMSF) as a protease inhibitor. 30 μg proteins of each 

sample were loaded and separated in a 10% SDS-PAGE, followed by transferring onto 

polyvinylidene fluoride (PVDF) membranes (Millipore, USA). The proteins on 

membranes were blocked with 5 % milk for 1 hour at room temperature and incubated 

with following primary antibodies overnight at 4℃: rabbit anti-CYP27B1 (1:1000, 

Invitrogen), rabbit anti-osteopontin (1:1000, Invitrogen), or mouse anti-β-Actin 

(1:5000, Abcam). followed by IgG-HRP-conjugated secondary antibodies anti-rabbit 

(1:3000, Abcam) or anti-mouse (1:3000, Invitrogen) for 1h at room temperature. 

Washing with tris-buffered saline with 0.1% Tween 20 detergent (TBST) for 3 times 

was required between each of incubation. Finally, the blotting was probed and 

visualized with ClarityTM Western ECL substrate (Bio-Rad, USA) using AzureTM C600 

(Azure Biosystems, USA). The relative intensities of the bands were quantified by 

Image J software (National Institutes of Health, USA) and normalized with β-actin. 

4.2.8 Statistical analysis 

Data from all experiments were demonstrated as mean ± standard error of mean (SEM) 

for each treatment group. Inter-group differences were analyzed by one-way analysis 

of variance (ANOVA) followed by Tukey's Test for multiple comparisons (GraphPad 

Prism 8.0, USA). A P value of less than 0.05 was considered statistically significant. 
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4.3 Results 

4.3.1 Effects of OA on osteogenesis of human mesenchymal stem cells (hMSCs) 

4.3.1.1  Osteogenesis of hMSCs 

Firstly, osteogenic differentiation of hMSCs were assessed by visualization of the 

cellular morphology during the process of osteoblastogenesis. As shown in Fig. 4.1 A, 

under the light microscope with magnification of 200x, hMSCs distributed evenly with 

an irregular shape at the very beginning of differentiation. In the first week of 

osteogenic induction, cells with fibroblast-like shape formed gradually. Also, the 

collagen matrix began to be produced in the second week. Upon induction for 3 weeks, 

cells aggregated in a spiral shape with extracellular matrix mineralized, indicating the 

maturation and mineralization of cells.  

The patterns of expressions of osteogenic markers confirmed the osteogenic 

differentiation of hMSCs. A significant increase in the expression of osteoprogenitor 

marker runt-related transcription factor 2 (Runx2) for 1.9-fold was found in hMSCs 

upon osteogenic induction for 7 days, suggesting the commitment of hMSCs into 

osteoprogenitors (Fig. 4.1 B, P <0.05 vs. Day 0). Also, the expression of Runx2 

increased continuously in cells throughout the osteogenesis of hMSCs. The expression 

of collagen type 1 (Col-1) in cells reached highest levels (Fig. 4.1 B, P <0.001 vs. Day 

0) after two weeks of osteogenic differentiation, implicating the formation of 

osteoblasts. Simultaneously, mRNA expression of bone sialoprotein (BSP) and 

osteopontin (OPN) were also significantly elevated for 3-fold (Fig. 4.1 B, P <0.01 vs. 

Day 0) and 17-fold (Fig. 4.1 B, P <0.001 vs. Day 0), respectively. The highest 

expression levels of BSP (P <0.001 vs. Day 0) and OPN (p<0.001 vs. Day 0) in cells 

were reached after osteogenic differentiation for 3 weeks. 

4.3.1.2 Effects of OA on osteogenesis at different osteogenic stages of hMSCs 

To characterize the effects of OA on osteogenesis at different osteogenic stages, mRNA 

expressions of osteoblastic markers in response to OA upon osteogenic differentiation 
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of hMSCs for 7, 14 and 21 days were evaluated. The results were showed in Fig. 4.2. 

Neither PTH nor OA posed significant alteration on mRNA levels of Runx2, the 

osteoprogenitor-related transcription factor, at the early stages of osteogenesis of 

hMSCs. When the differentiation proceeded to day 21, the mRNA expression level of 

Runx2 was significantly upregulated in differentiated cells by OA (100 nM) for 1.3-

fold (Fig. 4.2 A, P <0.01 vs. Control of Day 21), but not by PTH.  

mRNA expressions of the osteoblastic marker Col-1 in hMSCs were not altered by 

treatment of PTH or OA, at the very beginning or after differentiation for 1 week. Co-

I expression level was significantly increased in hMSCs in response to PTH (100 nM) 

or OA (10 nM) for 1.2-fold upon osteogenic differentiation for 14 days (Fig. 4.2 B, P 

<0.05 vs. Control of Day 14). Although the basal expression level of Col-1 in the last 

week decreased slightly compared with the second week, its level was still markedly 

upregulated by PTH (100 nM) for 1.5-fold (P <0.001 vs. Control of Day 21), or by OA 

(10-1000 nM) for more than 1.3-fold (P <0.05 vs. Control of Day 21).  

BSP2 and OPN are the transcription factors largely expressed in the mature osteoblasts. 

PTH (100 nM) slightly increased mRNA expression of BSP2 after 7 and 14 days and 

significantly elevated in hMSCs for 1.8-fold (Fig. 4.2 C, P <0.001 vs. Control of Day 

21) by 21 days of osteogenic differentiation. Acting like PTH, OA (10, 100 nM) 

significantly increased BSP2 expression for 1.7-fold (P <0.01 vs. Control of Day 14) 

and 1.8-fold (P <0.001 vs. Control of Day 21) in the last two weeks, respectively. With 

the elevation of OPN in the last phases, not only PTH (100 nM) (Fig. 4.2 D P <0.01) 

but also OA (1-100 nM) (Fig. 4.2 D P <0.05) significantly improved its mRNA 

expression compared to the corresponding control groups. 
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Fig. 4.1 Cellular morphology (A) and mRNA expressions of osteogenic markers 

(B) and vitamin D metabolism enzymes (C) in human mesenchymal stem cells 

(hMSCs).  

hMSCs from a 61-year-old female subject were incubated in osteogenic induction 

medium for 7, 14, 21 days to obtain osteoprogenitors, pre-osteoblasts, and mature 

osteoblasts, respectively. Cellular morphology was visualized by light microscope with 

magnification of 200x, scale bars: 100 μm. mRNA expressions of runt-related 

transcription factor 2 (Runx2), collagen type 1 (Col-1), bone sialoprotein 2 (BSP2), 

osteopontin (OPN), CYP27B1, CYP24A1 and vitamin D receptor (VDR) were 

determined by RT-PCR. Data are expressed as mean ± SEM, n=3. Differences between 

treatment group and control were analyzed by one-way ANOVA followed by Tukey’s 

multiple comparison tests. * P < 0.05, ** P < 0.01, *** P < 0.001 vs. Day 0. 
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Fig. 4.2 Effects of OA on mRNA expressions of osteogenic markers during 

osteoblastic differentiation of human mesenchymal stem cells (hMSCs).  

hMSCs from a 61-year-old female subject were incubated in osteogenic induction 

medium for 7, 14, 21 days to obtain osteoprogenitors, pre-osteoblasts, and mature 

osteoblasts, respectively. At each of osteogenic stages, cells were treated with 

parathyroid hormone (PTH, 100 nM) or OA (1, 10, 100, 1000 nM) for 24 hours.  

mRNA expressions of runt-related transcription factor 2 (Runx2, A), collagen type 1 

(Col-1, B), bone sialoprotein 2 (BSP2, C) and osteopontin (OPN, D) were determined 

by RT-PCR. Data are expressed as mean ± SEM, n=3. Differences between treatment 

group and control were analyzed by one-way ANOVA followed by Tukey’s multiple 

comparison tests. * P < 0.05, ** P < 0.01, *** P < 0.001 vs. control. 
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4.3.2 Effects of OA on CYP27B1 at different osteogenic stages of hMSCs 

4.3.2.1 Basal expressions of vitamin D metabolism markers  

Another focus of the present study was the expressions of enzymes involved in vitamin 

D metabolism as well as vitamin D receptor (VDR) along with the osteogenesis of 

hMSCs. As shown in Fig. 4.1 C, the expression of CYP27B1 mRNA appeared to 

increase in hMSCs upon osteogenic differentiation. Compared with the first week of 

osteogenesis, CYP27B1 expression levels in hMSCs elevated slightly by 40% (P <0.05 

vs. Day 0) in the second week and further by 90% (P <0.001 vs. Day 0) in the last week. 

Also, expressions of CYP24A1 (P <0.001 vs. Day 0) and VDR (P <0.001 vs. Day 0) 

increased in hMSCs markedly during the last two weeks of osteogenic differentiation, 

they also reached the highest levels after differentiation for 21 days. 

4.3.2.2 Effects of OA on CYP27B1, CYP24A1 and VDR during osteogenesis of 

hMSCs 

By employing PTH (100 nM) as positive control, effects of OA on mRNA expressions 

of vitamin D metabolism enzymes as well as CYP27B1 activity at different osteogenic 

stages of hMSCs were evaluated. As shown in Fig. 4.3 A, mRNA levels of CYP27B1 

were slightly but not significantly increased by PTH (100 nM) and OA (1, 10 nM) in 

hMSCs in the first week of osteogenic differentiation. At the second stage of 

osteogenesis, mRNA expression levels of CYP27B1 in hMSCs were markedly 

increased for 1.5-fold in response to 24-hour treatment of OA (10, 100 nM) (P <0.05 

vs. Control). 21 days after osteogenic induction, PTH significantly improved mRNA 

expression of CYP27B1 in hMSCs for 1.6-fold (P <0.001 vs. Control). Similarly, OA 

(1-1000 nM) caused marked increase of CYP27B1in hMSCs for more than 1.5-fold at 

days 21 (P <0.01 vs. Control).  

Intracellular production of 1,25(OH)2D3 in response to PTH and OA in osteoblast 

lineages were evaluated by addition of adequate 25(OH)D3 (1 μM) to hMSCs at 

different osteogenic stages. Similar to the effects on CYP27B1 mRNA expression, PTH 
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and OA did not exert marked regulation of CYP27B1 activity until the later stages of 

osteogenic differentiation of hMSCs (Fig. 4.4). PTH significantly induced the 

biosynthesis of 1,25(OH)2D3 in hMSCs by 20% (P <0.01 vs. Control) at day 14 and 16% 

at day 21 (P <0.05 vs. Control). Similarly, OA (10-1000 nM) markedly improved 

CYP27B1 activity for more than 1.2-fold at the last two osteogenic stages in hMSCs. 

With the differentiation of hMSCs, the expressions of CYP24A1 increased dramatically, 

and its response to PTH and OA also became obvious accordingly (Fig. 4.3 B). PTH 

tended to increase expressions of CYP24A1 at day 14, and also significantly elevated 

its level for 1.5-fold at day 21 (P <0.001 vs. Control). OA (1-1000 nM) also showed 

significant upregulation of CYP24A1 in the last two weeks (P <0.01 vs. Control). As 

showed in Fig. 4.3 C, the expressions of VDR also increased with the osteogenesis of 

hMSCs. OA (10, 100 nM), but not PTH, markedly upregulated expressions of VDR in 

hMSCs for 1.3-fold (P <0.01 vs. Control). Moreover, mRNA levels of VDR were 

significantly induced in hMSCs in response to 24-treatment of PTH and OA (1-100 nM) 

(P <0.05). 
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Fig. 4.3 Effects of OA on mRNA expressions of CYP27B1 (A), CYP24A1 (B) and 

vitamin D receptor (VDR) (C) during osteoblastic differentiation of human 

mesenchymal stem cells (hMSCs).  

hMSCs from a 61-year-old female subject were incubated in osteogenic induction 

medium for 7, 14, 21 days to obtain osteoprogenitors, pre-osteoblasts, and mature 

osteoblasts, respectively. At each of osteogenic stages, cells were treated with 

parathyroid hormone (PTH, 100 nM) or OA (1, 10, 100, 1000 nM) for 24 hours.  

mRNA expression levels were determined by RT-PCR. Data are expressed as mean ± 

SEM, n=3. Differences between treatment group and control were analyzed by one-

way ANOVA followed by Tukey’s multiple comparison tests. * P < 0.05, ** P < 0.01, 

*** P < 0.001 vs. control. 
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Fig. 4.4 Effects of OA on CYP27B1 activity during osteoblastic differentiation of 

human mesenchymal stem cells (hMSCs).  

hMSCs from a 61-year-old female subject were incubated in osteogenic induction 

medium for 7, 14, 21 days to obtain osteoprogenitors, pre-osteoblasts, and mature 

osteoblasts, respectively. At each of osteogenic stages, cells were treated with PTH 

(100 nM) or OA (1, 10, 100, 1000 nM) in phenol red-free and serum-free medium in 

supplementation of 25(OH)D3 (1 μM) as substrate and N, N’-diphenylethylene-diamine 

(10 μM) as antioxidant for 4 hours. The CYP27B1 activity was determined by 

measuring cellular secreted 1,25(OH)2D3 in supernatant per hour. Data are expressed 

as mean ± SEM, n=3. Differences between treatment group and control were analyzed 

by one-way ANOVA followed by Tukey’s multiple comparison tests. * P < 0.05, ** P 

< 0.01, *** P < 0.001 vs. control. 

  

Day 0 Day 7 Day 14 Day 21
0

1

2

3

1,
25

(O
H)

2D
3

(p
m

ol
/m

g 
pr

ot
ei

n/
hr

)
Control
PTH (100 nM)
OA (1 nM)
OA (10 nM)

**** **

OA (100 nM)
OA (1000 nM)

* ** **
*



 

 90 

4.3.3 Role of CYP27B1 in osteogenic effects of OA in mature osteoblasts 

4.3.3.1 Effects of OA on CYP27B1 and osteogenesis in MG-63 cells 

To further confirm the osteogenic effects and regulation of CYP27B1 by OA in mature 

osteoblast lineages, the osteoblast-like MG-63 cells were employed. As shown in Fig. 

4.5, OA (1-1000 nM) effectively upregulated protein expression of CYP27B1 by 20% 

after 24-hour treatment (P <0.05 vs. Control). On the other hand, 1,25(OH)2D3 (10 nM) 

dramatically induced protein expression of OPN for 1.2-fold (Fig. 4.5 C, P <0.001 vs. 

Control) and improved ALP activity for 4-fold (Fig. 4.5 D, P <0.01 vs. Control), 

suggesting the stimulatory effects of 1,25(OH)2D3 on osteogenesis of MG-63 cells. 

Similarly, OA (1-100 nM) showed significant osteogenic effects through increasing 

OPN expression for 1.2-fold (P <0.01 vs. Control) and inducing ALP activity for 1.3-

fold (P <0.05 vs. Control).  

4.3.3.2 Effects of OA on osteogenesis in MG-63 cells in supplementation of 

25(OH)D3 

Serving as the substrate for enzymatic activity of CYP27B1, 25(OH)D3 increases 

intracellular production of 1,25(OH)2D3 and exerts subsequent osteogenic activities in 

osteoblasts. To further evaluate the regulation of CYP27B1 by OA and its involvement 

in osteogenesis of osteoblasts, MG-63 cells were pre-treated with 25(OH)D3 before 

exposing to OA. As shown in Fig. 4.6, expression of CYP27B1 were significantly 

increased for 1.3-fold in response to 25(OH)D3 treatment (P <0.05 vs. Control). More 

importantly, OA (10-1000 nM) further enhanced this effect of 25(OH)D3 (P <0.01 vs. 

25(OH)D3). In addition, treatment of 25(OH)D3 promoted osteogenesis of MG-63 cells 

by effectively upregulation of expression of OPN and ALP activity (P <0.01 vs. 

Control). Compared with 25(OH)D3 alone, addition of OA (10, 100 nM) markedly 

increased OPN expression by 25% (P <0.05), and also significantly increased ALP 

activity by 25% (P <0.05) in MG-63 cells. 
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Fig. 4.5 Effects of OA on protein expressions of CYP27B1 (A, B) and osteopontin 

(OPN) (A, C), as well as alkaline phosphatase (ALP) activity (D) in MG-63 cells.  

Cells were exposed to 1,25(OH)2D3 (10 nM) or OA (1, 10, 100, 1000 nM) in phenol 

red-free medium for 24 hours, protein expressions of CYP27B1 and OPN were 

determined by Western blotting. ALP activity was determined after treatment of 

1,25(OH)2D3 or OA for 7 days. Data are expressed as mean ± SEM, n=3. Differences 

between treatment group and control were analyzed by one-way ANOVA followed by 

Tukey’s multiple comparison tests. * P < 0.05, ** P < 0.01, *** P < 0.001 vs. control. 
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Fig. 4.6 Effects of OA on ALP activity (A) and protein expressions of CYP27B1 (B, 

C) and osteopontin (OPN) (B, D) in MG-63 cells in supplement with 25(OH)D3. 

Cells were pre-treated with 25(OH)D3 (100 nM) for 12 hours, followed by treatment of 

OA (1-1000 nM) for 7 days to determine responses of ALP activity. Protein expressions 

of CYP27B1 and OPN were determined in cells pre-treated with 25(OH)D3 (100 nM) 

for 12 hours before further treatment with OA for another 24 hours. Data are expressed 

as mean ± SEM, n=3. Differences between treatment group and control were analyzed 

by one-way ANOVA followed by Tukey’s multiple comparison tests. * P < 0.05, ** P 

< 0.01, *** P < 0.001 vs. control; # P <0.05, ## P < 0.01, ### P < 0.001 vs. 25(OH)D3. 
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4.3.3.3 Effects of OA on osteogenesis in MG-63 cells transfected with CYP27B1 

siRNA 

In the last part, the role of CYP27B1 in osteogenic effects of OA was determined in 

MG-63 cells with the knockdown of CYP27B1. Here 1 nM and 10 nM were selected 

as the optimal concentrations of OA, because these concentrations are within the range 

of serum levels of OA (10 ng/ml) after administration by healthy adults (Song et al., 

2006). As shown in Fig. 4.7, transfection of CYP27B1 siRNA significantly silenced 

protein expression of CYP27B1 by 55% (P <0.01 vs. Non-silencing control siRNA), 

which showed the effective knockdown of CYP27B1. OA at 1 nM and 10 nM showed 

significant induction of CYP27B1 expression in cells transfected with non-silencing 

siRNA (P <0.01), while did not alter the CYP27B1 expression in cells in the presence 

of CYP27B1 siRNA. Also, the increased expression of CYP27B1 were markedly 

attenuated with the knockdown of CYP27B1 (P <0.001 vs. Non-silencing control 

siRNA). Similarly, transfection of CYP27B1 siRNA abolished the osteogenesis in MG-

63 cells as revealed by decreased expression of OPN and ALP activity compared to the 

non-silencing control group (P <0.01). Moreover, the upregulated OPN expression and 

ALP activity in response to OA were significantly suppressed by knockdown of 

CYP27B1 in the cells (P <0.001). It seemed that when cells were transfected with 

CYP27B1 siRNA, OA failed to modulate expression of OPN or ALP activity, 

indicating the importance of CYP27B1 in the osteogenic effects of OA in MG-63 cells. 
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Fig. 4.7 Effects of CYP27B1 knockdown on protein expressions of CYP27B1 (A, 

B) and osteopontin (OPN) (A, C) and ALP activity (D) induced by OA in MG-63 

cells. 

Cells were transfected with non-silencing control siRNA or CYP27B1 siRNA for 48 

hours. Protein expressions of CYP27B1 and OPN in response to OA in the presence or 

absence of CYP27B1 siRNA were determined in cells after treatment for 24 hours. ALP 

activity was determined in cells treated with OA (1, 10 nM) for 7 days. Data are 

expressed as mean ± SEM, n=3. Differences between treatment group and control were 

analyzed by one-way ANOVA followed by Tukey’s multiple comparison tests. * P < 

0.05, ** P < 0.01, *** P < 0.001 vs. control; # P <0.05, ## P < 0.01, ### P < 0.001 vs. 

treatment group transfected with Non-silencing control siRNA. 
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4.4 Discussion 

The discovery of CYP27B1 in bone cells improved our understanding of the paracrine 

or autocrine activities of locally produced 1,25(OH)2D3 in bone microenvironment. 

Among the bone cells, osteoblasts express CYP27B1 and also respond to 1,25(OH)2D3 

to mediate osteogenesis and bone mineralization. In this chapter, we attempted to 

characterize the expressions and enzymatic activity of CYP27B1 at different stages 

during the process of osteogenesis, and to further evaluate the involvement of 

endogenously produced 1,25(OH)2D3 on osteogenic effects of OA by supplying cells 

with 25(OH)D3 or knockdown of CYP27B1 by utilizing siRNA.  

Human and rodent mesenchymal stem cells (MSCs) derived from bone marrow are the 

multipotential cells which could give rise to osteoblasts, adipocytes, and chondrocytes 

(da Silva Meirelles et al., 2006). In vitro, with the induction of dexamethasone, β-

glycerophosphate and ascorbic acid, MSCs could differentiate into osteoblastic lineage 

(Heng et al., 2004) The different stages of osteoblastogenesis are characterized by 

sequentially expressed osteogenic markers. During the first phase of osteogenesis 

induction, lineage expand by intensive proliferation thus give rise to a committed 

osteoprogenitor (Nakashima et al., 2002). Our results showed runt-related transcription 

factor 2 (Runx2), a master regulator that is required at both early and late stages of 

osteogenesis, is highly expressed in this process, and its expression increase 

continuously until the end of differentiation (Fig. 4.1). Following the lineage 

commitment, MSCs amplify the expressions of transcription factors engaged in 

osteogenesis, indicating their differentiation towards pre-osteoblasts. At this 

intermediate stage, cells take to secrete an extracellular matrix containing type 1 

collagen (Col-1), osteocalcin, bone sialoprotein (BSP) as well as osteopontin (OPN), 

which were expressed under the control of Runx2 (Marie et al., 2015). BSP is a heavily 

glycosylated protein which serves as the nucleator for mineralization of the matrix 

(Bianco et al., 1991). OPN is a phosphorylated glycoprotein which has the affinity for 

calcium ions and hydroxyapatite (Somerman et al., 1987). Our results showed that 
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BSP2 and OPN increased their expressions at later stages of differentiation, which is 

consistent with their functions in osteoblast maturation and mineralization. Thereby, 

both the cellular morphology and the kinetics of osteogenic gene expressions confirmed 

the differentiation of hMSCs towards osteoblasts. 

Our results showed a time-dependent increase of CYP27B1 expression as well as 

cellular production of 1,25(OH)2D3 along with the process of osteogenesis of hMSCs, 

implicating the requirement of 1,25(OH)2D3 for osteogenesis and functions of 

osteoblasts. Also, we and others (Olivares-Navarrete et al., 2012) showed the hMSCs 

improved their expressions of VDR following the osteogenic induction. Acting through 

binding to VDR, 1,25(OH)2D3 modulate transcription of osteogenic factors including 

osteocalcin, collagen type 1, bone sialoprotein and osteopontin. However, responses of 

these factors to 1,25(OH)2D3 differ at different differentiation stages of osteoblast 

lineage (Owen et al., 1991). For example, 1,25(OH)2D3 acts via VDR and initiates 

production of OPN and OCN in osteoblasts at later stages, but not at early stages, of 

differentiation (Bikle, 2018). It is worth noting that most of these factors are matrix 

protein that engaged in the extracellular matrix mineralization and maturation of the 

osteoblasts (Donnelly et al., 2011). This is positively correlated with our results 

showing that there is a robust in expressions of BSP2 and OPN with increased 

expression of VDR at later stages of osteogenesis of hMSCs. Actions of 1,25(OH)2D3 

on osteogenic differentiation of hMSCs were also demonstrated by Lou et al. (2017), 

they showed supplementation of 10 nM 1,25(OH)2D3 in osteogenic medium resulted in 

significant improvement of gene expressions of OPN and osteocalcin, but not Runx2, 

after 21 days of osteogenic differentiation of hMSCs.  

Apart from 1,25(OH)2D3, many hormonal factors are also reported to play a positive 

impact on functions of osteoblasts as well as osteogenesis of MSCs including IGF-1, 

PTH and PTHrP (Hock et al., 1990; Huang et al., 2010; White et al., 2005). Geng et al. 

(2011a) showed PTH at 100 nM improved CYP27B1 and the osteogenic 

responsiveness to 25(OH)D3 in hMSCs. Our results showed the effects of PTH on 
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CYP27B1 and osteogenesis were more marked at later stages, rather than the onset of 

osteogenic induction, although it seems that expressions of BSP2 and OPN were also 

upregulated by PTH in the first week of differentiation. Acting like PTH, OA 

significantly increased CYP27B1 expressions and cellular production of 1,25(OH)2D3 

with the formation of extracellular matrix. Given the physiological functions of 

1,25(OH)2D3 on systemic calcium and phosphate homeostasis, the paracrine or 

autocrine activity of 1,25(OH)2D3 in osteoblasts seems regulate matrix deposition and 

mineral homeostasis by modulating matrix proteins such as BSP2, OPN and Col-1. This 

is supported by our results which showed elevated CYP27B1 expression as well as 

BSP2, OPN and Col-1 by PTH and OA at later osteogenic stages where higher levels 

of calcium and phosphate is required for bone formation.  

We and others (Lou et al., 2017) noticed that the effective concentration of 

1,25(OH)2D3 in vitro (10 nM) is much higher than its physiological level as well as the 

intracellular synthesized level (0.03-0.14 nM) (Vieth et al., 2002). This variation 

between the exogenous and endogenous levels means that it is hard for osteoblasts to 

respond to the circulating 1,25(OH)2D3 generated from renal proximal tubule cells, 

owing to the short half-life of 1,25(OH)2D3 which is less than 4 hours (Boullata, 2010) 

as well as its inferior level than that required for osteogenesis. Moreover, the increased 

expression of CYP24A1 which is sensitive to the induction of 1,25(OH)2D3 indicated 

that the intracellular synthesized 1,25(OH)2D3 was enough to exert the biological 

effects in osteoblast lineages. In addition, regulation of systemic calcium homeostasis 

by 1,25(OH)2D3 is prior of that in bone (Carmeliet et al., 2015). The excessive levels 

of 1,25(OH)2D3 in circulation trigger the bone resorption in osteoclasts to maintain 

mineral homeostasis, in the condition of negative calcium balance (Maierhofer et al., 

1983). In addition, the presence of CYP24A1 in osteoblasts prevent the toxicity induced 

by excessive intracellular 1,25(OH)2D3 and maintain the optimal level of 1,25(OH)2D3 

to regulate anabolic activities of osteoblasts. These observations underlined that with 

optimal levels, locally produced 1,25(OH)2D3 plays significant role in the osteogenesis 

and mineralization of osteoblasts. Lending support to this concept, our results showed 
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OA improved locally produced 1,25(OH)2D3 at later osteogenic stages and thus 

modulated the expressions of vitamin D-regulated osteogenic genes in osteoblast 

lineages, emphasizing the importance of osteoblastic CYP27B1 in mediating the 

regulatory effects of OA.  

To further confirm the involvement of CYP27B1 in osteogenic effects of OA in mature 

osteoblasts, we determined protein expression of OPN as well as ALP activity which is 

a generally used marker for osteogenesis, in human osteosarcoma MG-63 as these cells 

consistently express CYP27B1 as well as osteogenic markers for mature osteoblasts 

(Atkins et al., 2007; Pautke et al., 2004). Our results showed OA not only markedly 

upregulated CYP27B1 expression, but also act like 1,25(OH)2D3 to improve the 

expression of OPN and ALP activity in mature osteoblasts. By using of CYP27B1 

siRNA which silenced expression of CYP27B1 at a post-translational level, our results 

showed OA failed to induce OPN expression as well as ALP activity in the absence, or 

at least in part, of CYP27B1 in MG-63 cells. Again, these results emphasized the 

importance of cellular production of 1,25(OH)2D3 induced by OA in the osteogenesis 

of mature osteoblast. 

Lou et al. (2017) in their study showed that the presence of 25(OH)D3 in osteogenic 

medium improved osteogenesis and mineralization of MSCs by improving ALP, OPN 

and osteocalcin. By supplement of 25(OH)D3 in culture medium, we attempted to 

mimic the physiological condition and determine the effects of OA on vitamin D 

metabolism as well as osteogenesis of osteoblasts. In line with previous study (Atkins 

et al., 2007), our results showed exposure of mature osteoblastic cells to the 

physiological levels of 25(OH)D3 resulted in not only the upregulation of CYP27B1 

but also the induction of 1,25(OH)2D3 responsive markers in these cells. More 

importantly, these induction by 25(OH)D3 were further enhanced by adding of OA as 

revealed by elevated OPN expression as well as ALP activity. Considering the reduced 

bone mass and osteogenesis of osteoblasts with ageing, which has been associated with 

reduced expression of CYP27B1 in osteoblast lineages, treatment of OA could, at least 
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in part, increase the activity of CYP27B1 thus to improve osteogenesis of osteoblasts 

in ageing adults. 

Taken together, our results showed an increased expression of CYP27B1 along with 

the process of osteogenic differentiation of hMSCs. Treatment of OA further enhanced 

the expression of CYP27B1 as well as cellular production of 1,25(OH)2D3 at later 

stages rather than the early stages of osteogenic differentiation, which in turn improved 

the expressions of 1,25(OH)2D3 responsive genes including Col-1, BSP2 and OPN in 

mature osteoblast lineage. These findings provided evidence for the differential 

regulation of paracrine or autocrine activity of 1,25(OH)2D3 at different osteogenic 

stages of osteoblasts. Moreover, the locally produced 1,25(OH)2D3 by CYP27B1 is 

essential in mediating the osteogenic effects of OA by facilitating the maturation and 

mineral homeostasis in osteoblasts.  
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Chapter 5 

 

Investigation of the potential mechanism 
mediating the effects of oleanolic acid on 

osteoblastic 25-hydroxyvitamin D 1-alpha-
hydroxylase (CYP27B1) 
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5.1 Introduction  

Since the critical role of this enzyme in biosynthesis of 1,25(OH)2D3 was identified by 

Fraser et al. (1970), numerous studies focused on the regulation of its expression and 

activity in kidney. Parathyroid hormone (PTH) was reported to directly regulate 

transcription of CYP27B1 through a cyclic adenosine monophosphate (cAMP) 

transduction mechanism (HENRY et al., 1989). PTH binds to its membrane receptor 

(commonly known as PTHR1), a G protein-coupled receptor (GPCR), and results in 

the activation of Gs and production of cAMP and subsequent initiation of protein kinase 

A (PKA) and the phosphorylation of cAMP-responsive elements-binding protein 

(CREB) (Brenza et al., 1998). In mesenchymal stem cells (MSCs), the regulation of 

CYP27B1 seems to be similar to that in kidney cells. Geng et al. (2011a) has reported 

that CYP27B1 acutely responded to the stimulation of PTH via phosphorylation of 

CREB in human MSCs.  

Van der Meijden et al. (2016) showed that CYP27B1 in primary human osteoblasts 

responded differently to classic regulators of renal CYP27B1 such as PTH, calcitonin 

and calcium, suggesting that the regulation of CYP27B1 in osteoblasts is different from 

that in kidney. Our previous study demonstrated that oleanolic acid (OA), a naturally 

occurring pentacyclic triterpenoid compound, managed to improve circulating 

1,25(OH)2D3 and calcium balance by regulating renal CYP27B1 expression and 

activities (Cao et al., 2018). More importantly, we also found OA markedly increased 

maturation and mineralization of osteoblast lineages. These actions were associated 

with its upregulation of CYP27B1 expression and locally synthesis of 1,25(OH)2D3 in 

mature osteoblasts. However, the mechanism by which OA regulates osteoblastic 

CYP27B1 remains unclear.  

Three potential cAMP-responsive elements (CRE) sites were identified in the promoter 

of CYP27B1, which were found to mediate the direct regulation of CYP27B1 

transcriptional activity by cAMP. Based on these findings, forskolin, a specific inducer 
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for cAMP, was shown to stimulate CYP27B1 promoter activity and mRNA expressions 

in kidney cells (Armbrecht et al., 2003; Brenza et al., 2000). Similarly, the promoter 

activity and mRNA level of CYP27B1 was significantly increased when the kidney 

cells were incubated with a cAMP analog 8-Bromo-cAMP (Armbrecht et al., 2003). 

However, the involvement of cAMP-activated pathway in regulating CYP27B1 in 

osteoblasts remains unclear.  

Takeda G-protein coupled receptor 5 (TGR5), encoded by GPBAR1 gene, is a member 

of GPCR superfamily. It was reported to initiate intracellular signaling by inducing the 

production of cAMP upon activated by bile acids such as lithocholic acid (LCA) 

(Fiorucci et al., 2009). Since it was discovered in 2002, TGR5 has been identified to be 

ubiquitously expressed in various tissues such as kidney, intestine, gall bladder and 

bone (Duboc et al., 2014). TGR5 is recently recognized as a potential target to moderate 

different human diseases due to its role as a pleotropic regulator in bile acids 

homeostasis, energy metabolism, glucose metabolism, as well as the inflammatory 

response (Jin et al., 2021). With a structure resembling that of LCA, OA has been 

identified as an agonist of TGR5 in a CRE-driven luciferase reporter assay based on 

studies using Chinese Hamster Ovary (CHO) cell line transfected with TGR5 

expression plasmid (Sato et al., 2007). Thus, it is of interest to determine whether TGR5 

is involved in mediating the effects of OA on CYP27B1 expression. 

In the present chapter, we attempted to delineate role of TGR5 in mediating the 

regulatory effects of OA on CYP27B1 in osteoblasts. We first determined the time-

dependent response of CYP27B1 expression to the treatment of OA. Based on the 

findings, we speculated that OA might regulate CYP27B1 expression via activation of 

acute signaling. To test the hypothesis, we determined the impact of TGR5 on 

CYP27B1 expressions by transfection of TGR5 overexpression plasmid or TGR5 

siRNA. Finally, the involvement of CREB signaling in the regulation of CYP27B1 in 

osteoblasts were determined. 
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5.2 Methodology  

5.2.1 Experimental design 

The time course of the response of CYP27B1 expression to the treatment of OA was 

determined by RT-PCR and Western blotting analysis in human osteosarcoma MG-63 

cells. To characterize the impact of activation of TGR5 on the expression and activity 

of CYP27B1, cells were treated with lithocholic acid (LCA) which has been identified 

as a specific TGR5 agonist. We also overexpressed or silenced TGR5 by transfection 

of a TGR5 cDNA vector or TGR5 siRNA in cells, respectively, to evaluate the 

dependence of CYP27B1 induced by OA on TGR5. To further determine the 

underlining mechanisms, the regulatory effects of phosphorylation of CREB on the 

promoter activity and protein expression of CYP27B1 were determined by using a 

chemical blocker for TGR5. 

5.2.2 Cell culture and treatment 

MG-63 cells were cultured in DMEM supplemented with 10% heat-inactivated FBS 

and 100 U/ml P/S in a humidified incubator with 5 % CO2 at 37 ℃. Cells were sub-

cultured twice every week. For the experiment, cells were seeded in six-well plates at 

a density of 2×105 cells/well, to allow reaching 80 % confluence 24 hours later. Culture 

medium were then replaced by phenol red-free DMEM with 1% charcoal-striped FBS. 

24 hours after changing medium, cells were treated with OA or LCA for relevant 

experiments.  

5.2.3 CYP27B1 activity 

Cells were seeded in 12-well plates until 80% confluence. The culture medium was 

then changed to a phenol red-free and serum-free medium to minimize the interference 

from sterols for 24 hours before the treatment. Then cells were treated with LCA in the 

presence of 25OHD3 (1 μM) as a substrate and N, N’-diphenylethylene-diamine (1, 2-

dianilinoethane, 10 μM) as an antioxidant (Schwartz et al., 1998). Upon incubation for 
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4 hours, the reaction was terminated by placing the plates on ice. The CYP27B1 activity 

was evaluated by determining the cellular secreted 1,25(OH)2D3 in culture medium 

(Geng et al., 2011a). Concentrations of 1,25(OH)2D3 in supernatant was qualified with 

1,25(OH)2D3 ELISA kit by following manufacturer’s instruction (Immundiagnostik 

AG). To normalize the 1,25(OH)2D3 levels, contents of protein in cells were determined 

by Bradford assay (Bio-Red, CA, USA).  

5.2.4 Overexpression of human GPBAR1 (TGR5) gene 

To study the relationship between TGR5 and CYP27B1 expressions in osteoblasts, cells 

were transfected with a human GPBAR1 gene open reading frame (ORF) cDNA clone 

expression plasmid (Sino Biological, China). For transfection, cells were seeded in 6-

well plates to reach 80% confluence. TGR5 expression plasmid (4 μg/well) and a 

negative control plasmid (pCMV3) (4 μg/well) were transfected by combining with 

LipofectamineTM 2000 reagent (Invitrogen, USA) (4 μL/well) in antibiotics-free 

medium for 48 hours. The medium was then replaced with phenol red-free DMEM and 

cells were treated with OA (1-10 nM) for 2 hours. The transfection efficiency and 

response of OA were determined by studying the protein expression of TGR5 analyzed 

by Western blotting. 

5.2.5 RNA interference with TGR5 siRNA 

To verify if TGR5 could mediate the effects of OA on CYP27B1 expression in 

osteoblasts, MG-63 cells were transfected with a pool of 4 independent small interfering 

RNAs (siRNAs) to silence the expression of TGR5. Cells were seeded in 6-well plates 

until reaching 80% confluence. Transfection was conducted by adding 25 nM 

SmartPool for human GPBAR1 (TGR5) specific siRNAs (Dharmacon, USA) or non-

silencing control siRNA (Dharmacon, USA) with 4 uL/well Dharma-Fect-3 reagent 

(Dharmacon, USA) according to the manufacturer’s instructions. 48 hours after 

transfection, cells were treated with OA for a further 2 hours. Knockdown of TGR5 
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was confirmed by studying their mRNA and protein expression using RT-PCR and 

Western blotting. 

5.2.6 Dual luciferase reporter assay 

To determine the effects of OA on transcriptional activity of CYP27B1 promoter, MG-

63 cells were seeded in 24-well plates until reaching 80%. Cells were transiently 

transfected with CYP27B1-promoter construct which contains a full-length insert of 

1567bp CYP27B1 promoter region in pGL-3 vector. Transfection was conducted by 

combining the CYP27B1 promoter plasmid (0.4 μg/well) and constitutive thymidine 

kinase plasmid (Promega, USA) (0.1 μg/well), an internal control for normalization of 

efficiency of transfection, with LipofectamineTM 2000 reagent (Invitrogen, USA) (1 

μL/well) in antibiotics-free medium for 6 hours. The medium was then replaced with 

phenol red-free DMEM and cells were pretreated with triamterene (100 nM) for 30 min 

followed by treatment with OA (1-10 nM) for 2 hours. Treated cells were lysed with 

Passive Lysis Bufer (Promega, USA) and subject to dual-luciferase reporter assay 

according to the protocol (Promega, USA). 

5.2.7 RT-PCR 

Cells were seeded in 6-well plates and treated with different concentrations of OA for 

24 hours. Total RNA from treated cells was extracted in TRIzol reagent by following 

the manufacturer’s instructions. 1 μg of RNA was applied for reverse transcription (RT) 

by using PrimeScriptTM RT Master Mix (TaKaRa, Japan) in a 20 μl reaction system for 

cDNA generation. 500 ng of cDNA products and 0.4 μM primers were added to PCR 

reaction mixture containing TB Green Premix Ex Taq II (TaKaRa, Japan). Real-time 

PCR was performed in 7900HT Fast Real-Time PCR System (Applied Biosystems, 

Carlsbad, CA, USA) under the amplification conditions and procedures: initial 

denaturation at 95 °C for 30 s, 40 cycles of denaturation at 95 °C for 1 s and 60 °C for 

20 s. The sequences of primers for target genes and the housekeeping gene 
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glyceraldehyde-3-phosphate dehydrogenase (GAPDH) are listed in Table 5.1. Relative 

gene expression was calculated by 2−ΔΔCT method. 

5.2.8 Western blotting 

Treated cells were lysed with lysis buffer (Beyotime, Shanghai, China) (10 μL/105 cells) 

supplemented with 1mM phenylmethyl sulfonyl fluoride (PMSF) as a protease inhibitor. 

30 μg extracted proteins of each sample were loaded and separated in a 10% SDS-

PAGE, followed by transblotting onto polyvinylidene fluoride (PVDF) membranes 

(Millipore, Danvers, USA). The proteins on membranes were blocked with 5 % milk 

for 1 hour at room temperature and incubated with following primary antibodies 

overnight at 4℃: rabbit anti-CYP27B1 (1:1000, Invitrogen, USA), rabbit anti-TGR5 

(1:1000, Invitrogen, USA), mouse anti-p-CREB1 (1:500, Santa Cruz, USA), mouse 

anti-CREB1 (1:500, Santa Cruz, USA), or mouse anti-β-Actin (1:5000, Abcam, UK), 

followed by IgG-HRP-conjugated secondary antibodies anti-rabbit (1:3000, Abcam, 

UK) or anti-mouse (1:3000, Invitrogen, USA) for 1h at room temperature. Washing 

with tris-buffered saline with 0.1% Tween 20 detergent (TBST) for 3 times was 

required between each of incubation. Finally, the blotting was probed and visualized 

with ClarityTM Western ECL substrate (Bio-Rad, USA) using AzureTM C600 (Azure 

Biosystems, USA). The relative intensities of the bands were quantified by ImageJ 

software (National Institutes of Health, USA) and normalized with β-actin.  

5.2.9 Statistical analysis 

Data from both in vivo and in vitro experiment were shown as mean ± standard error of 

mean (SEM) for each treatment group. Inter-group differences were analyzed by one-

way analysis of variance (ANOVA) followed by Tukey's Test for multiple comparisons 

(GraphPad Prism 8.0, USA). A P value of less than 0.05 was considered statistically 

significant. 
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Table 5.1 Primer sequences for human genes 

Gene Primer Sequence (5’-3’) 

CYP27B1 
Forward: AGAGTTGCTATTGGCGGGAG 

Reverse: AGAACAGTGGCTGAGGGGTA 

TGR5 
Forward: CAGTGTCGACCTGGACTTGA 

Reverse: TAACGGCCAGAGGAGCTTTA 

GAPDH 
Forward: ACCCACTCCTCCACCTTTGAC 

Reverse: TGTTGCTGTAGCCAAATTCGTT 

 

  



 

 108 

5.3 Results 

5.3.1 Time course of CYP27B1 expression in response to OA 

In the previous chapters, we demonstrated that OA at 1 nM upregulated expression and 

activity of CYP27B1 in MG-63 cells in 24 hours. The time-dependent effects of OA (1 

nM) on CYP27B1 expression at transcriptional and translational levels were further 

determined in this chapter. As shown in Fig 5.1 A, the induction of CYP27B1 by OA 

was rapid and transient. OA significantly increased mRNA expression of CYP27B1 for 

2.2-fold (P <0.001 vs. 0 h) within 1 hour of incubation, and this induction was 

maintained until 6 hours of incubation (P <0.05 vs. 0 h). For protein expression, there 

were two peaks of increase in CYP27B1 upon treatment with OA for 2 hours and 6 

hours, with the fold changes of 1.6-fold (Fig. 5.1 B, P <0.001 vs. 0 h) and 1.4-fold (P 

<0.01 vs. 0 h), respectively. The result suggests that OA regulates CYP27B1 through 

rapid signaling cascade. 
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Fig. 5.1 Time course of effects of OA on mRNA (A) and protein (B) expressions of 

CYP27B1 in human osteosarcoma MG-63 cells. 

MG-63 cells were treated with OA (1 nM) in phenol red-free medium for 1, 2, 4, 6, 8 

hours. mRNA and protein expression levels of CYP27B1 were determined by RT-PCR 

and Western blotting, respectively. Data are expressed as mean ± SEM, n=3. 

Differences between time points were analyzed by one-way ANOVA followed by 

Tukey’s multiple comparison tests. * P < 0.05, ** P < 0.01, *** P < 0.001 vs. control. 
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5.3.2 Effects of TGR5 agonist on CYP27B1 expression 

To evaluate if TGR5 activation could mediate the induction of CYP27B1 expression in 

osteoblasts, lithocholic acid (LCA), a well identified TGR5 agonist, was used as an 

induction agent. As shown in Fig 5.2, LCA appears to induce the expressions of TGR5 

in MG-63 cell dose-dependently. LCA at 10 μM significantly improved mRNA levels 

of TGR5 for 7.2-fold (Fig. 5.2 A, P <0.001 vs. control) and its protein levels for 1.3-

fold (Fig. 5.2 C, P <0.01 vs. control) in MG-63 cells upon treatment for 24 hours. In 

addition, the mRNA levels of CYP27B1 were significantly upregulated in response to 

LCA at 1μM for 1.9-fold (Fig. 5.2 B, P <0.001 vs. control) and at 10 μM for 3.2-fold 

(P <0.001 vs. control) in MG-63 cells. Similarly, the protein expression of CYP27B1 

in MG-63 cells were markedly elevated by LCA (Fig. 5.2 D, P <0.01 vs. control). The 

cellular production of 1,25(OH)2D3 in response to LCA were also evaluated in MG-63 

cells in the presence of adequate levels (1 μM) of 25(OH)D3 (Fig. 5.3). Compared with 

cells treated with 25(OH)D3 alone, LCA at 1 μM and 10 μM significantly induced 

CYP27B1 activity to produce 1,25(OH)2D3 by 29 % (P <0.01) in MG-63 cells. Thus, 

activation of TGR5 by LCA was positively associated with its induction of 

CYP27B1expression and activity in MG-63 cells.  
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Fig. 5.2 Effects of lithocholic acid (LCA) on mRNA and protein expressions of 

TGR5 and CYP27B1 in human osteosarcoma MG-63 cells.  

MG-63 cells were treated with lithocholic acid (LCA) (1, 10, 100, 1000, 10000 nM), in 

phenol red-free medium for 24 hours. mRMA expression levels of (A) TGR5 and (B) 

CYP27B1 were determined by RT-PCR. Protein expression levels of (C) TGR5 and (D) 

CYP27B1 were determined by Western blotting. Data are expressed as mean ± SEM, 

n=3. Differences between time points were analyzed by one-way ANOVA followed by 

Tukey’s multiple comparison tests. * P < 0.05, ** P < 0.01, *** P < 0.001 vs. control. 
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Fig. 5.3 Effects of lithocholic acid (LCA) on enzymatic activities of CYP27B1 in 

human osteosarcoma MG-63 cells.  

Cells were treated with lithocholic acid (LCA) (10, 100, 1000, 10000 nM) in phenol 

red-free and serum-free medium in supplementation of 25(OH)D3 (1 μM) as substrate 

and N, N’-diphenylethylene-diamine (10 μM) as antioxidant for 4 hours. The CYP27B1 

activity was determined by measuring cellular secreted 1,25(OH)2D3 in supernatant per 

hour. Data are expressed as mean ± SEM, n=3. Differences between time points were 

analyzed by one-way ANOVA followed by Tukey’s multiple comparison tests. ** P < 

0.01 vs. control. 
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5.3.3 Involvement of TGR5 in mediating effects of OA on CYP27B1 expression 

5.3.3.1 Effects of OA on CYP27B1 expression in MG-63 cells transfected with 

TGR5 expression plasmid 

To evaluate the role of TGR5 in mediating the effects of OA on CYP27B1 expressions 

in osteoblasts, MG-63 cells were transfected with a human TGR5 cDNA expression 

plasmid. As shown in Fig. 5.4, protein expression of TGR5 was successfully increased 

by 1.6-fold (P <0.01 vs. control plasmid) in MG-63 cells upon transfection with 4 μg 

TGR5 expression plasmid for 48 hours. More importantly, overexpression of TGR5 not 

only resulted in a marked induction of CYP27B1 in osteoblasts (P <0.05 vs. control 

plasmid), but also potentiated the effects of OA to induce CYP27B1 expression by 35% 

at 1 nM (P <0.05) and 43% at 10 nM (P <0.01) in MG-63 cells upon treatment for two 

hours, when compared to the corresponding treatment group transfected with pCMV-

control plasmid. These results suggested the rapid effects of OA on CYP27B1 in MG-

63 cells might be dependent on the level of membrane receptor TGR5 expression. 

5.3.3.2 Effects of OA on CYP27B1 expression in MG-63 cells transfected with 

TGR5 siRNA 

To further verify the role of TGR5 in mediating the effects of OA, MG-63 cells were 

transfected with TGR5 siRNA to interfere with the expression of TGR5, followed by 

studying the effects of OA on CYP27B1 expression (Fig. 5.5). Transient transfection 

of TGR5 siRNA significantly reduced mRNA and protein expressions of TGR5 in MG-

63 cells by 38% (P <0.05 vs. Non-silencing control siRNA) and 46% (P <0.001 vs. 

Non-silencing control siRNA), respectively, indicating the effective knockdown of 

TGR5 in these cells. Treatment of OA at 1 nM and 10 nM for two hours significantly 

induced TGR5 mRNA expression for 1.35-fold (P <0.05) in MG-63 cells transfected 

with non-silencing siRNA but did not alter the TGR5 expression in cells in the presence 

of TGR5 siRNA. It is notable that transfection of TGR5 siRNA markedly attenuated 

the expression of CYP27B1 in MG-63 cells for more than 52% (P <0.001 vs. Non-
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silencing control siRNA) at both transcriptional and translational levels. Moreover, the 

upregulated mRNA and protein expressions of CYP27B1 in response to OA were 

significantly suppressed by knockdown of TGR5 in MG-63 cells (P <0.001 vs. Non-

silencing control siRNA).  
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Fig. 5.4 Effects of OA on protein expression of CYP27B1 in human osteosarcoma 

MG-63 cells with TGR5 overexpression.  

MG-63 cells were transfected with pCMV-Control plasmid or pCMV-TGR5 plasmid 

for 48 hours, followed by treatment of OA (1, 10 nM) for 2 hours. The transfection 

efficiency (A) and effects of OA (B) were determined by Western blotting. Data are 

expressed as mean ± SEM, n=3. Differences between time points were analyzed by 

one-way ANOVA followed by Tukey’s multiple comparison tests. * P < 0.05, ** P < 

0.01, *** P < 0.001 vs. control; # P <0.05, ## P < 0.01 vs. treatment group transfected 

with pCMV-Control. 
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Fig. 5.5 Effects of OA on mRNA and protein expressions of TGR5 and CYP27B1 

in human osteosarcoma MG-63 cells with TGR5 knockdown. 

Cells were transfected with non-silencing control siRNA or TGR5 siRNA for 48 hours, 

followed by treatment of OA (1, 10 nM) for 2 hours. mRNA expressions of TGR5 (A) 

and CYP27B1 (B) in the presence or absence of CYP27B1 siRNA were determined by 

RT-PCR. Protein expressions of TGR5 (C) and CYP27B1 (D) in the presence or 

absence of CYP27B1 siRNA were determined by Western blotting. Data are expressed 

as mean ± SEM, n=3. Differences between treatment group and control were analyzed 

by one-way ANOVA followed by Tukey’s multiple comparison tests. * P < 0.05, ** P 

< 0.01, *** P < 0.001 vs. control; # P <0.05, ## P < 0.01, ### P < 0.001 vs. treatment 

group transfected with Non-silencing control siRNA. 
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5.3.4 Involvement of CREB signaling in mediating effects of OA on CYP27B1 

expression 

5.3.4.1 Time course of CREB phosphorylation and CYP27B1 expression 

It has been reported that phosphorylation of CREB, a nuclear transcription factor, is 

one of the signaling pathway by which activated TGR5 modulates the expression of 

genes (Pearman et al., 1996). Hence, we assessed the time-dependent changes in 

phosphorylation of CREB and expression of CYP27B1 in MG-63 cells in response to 

OA treatment. As shown in Fig. 5.6, protein expression of TGR5 and total CREB were 

not significantly affected in MG-63 cells by treatment with OA. CREB phosphorylation 

was induced in MG-63 cells in response to treatment with OA (1 nM) at two time points. 

OA rapidly induced phosphorylation of CREB at 10 minutes of treatment for 1.2-fold 

(P <0.001 vs. 0 minute) and the induction continued to 30 minutes followed by a slow 

decline thereafter in MG-63 cells. A second induction of CREB phosphorylation by OA 

was observed at 120 minutes of treatment in MG-63 cells for 1.2-fold (P <0.001 vs. 0 

minute). For CYP27B1, OA did not alter its expression in MG-63 cells until 90 minutes 

of incubation. OA (1 nM) markedly upregulated protein expressions of CYP27B1 in 

MG-63 cells for 1.3-fold (P <0.001) and 1.2- fold (P <0.01) at 90 minutes and 120 

minutes, respectively. The results showed that the stimulation of CREB 

phosphorylation by OA preceded its induction of CYP27B1 protein expression in MG-

63 cells, indicating the potential of OA to alter CYP27B1 transcription through 

induction of CREB phosphorylation. 
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Fig. 5.6 Time course of effects of OA on CREB phosphorylation and CYP27B1 in 

human osteosarcoma MG-63 cells. 

MG-63 cells were treated with OA (1 nM) in phenol red-free medium for 10, 30, 45, 

90, 120 minutes. Protein expression levels of TGR5, phosphorylation of CREB and 

CYP27B1 were determined by Western blotting, respectively. Data are expressed as 

mean ± SEM, n=3. Differences between time points were analyzed by one-way 

ANOVA followed by Tukey’s multiple comparison tests. ** P < 0.01, *** P < 0.001 

vs. p-CREB at 0 minute; ## P < 0.01, ### P < 0.001 vs. CYP27B1 at 0 minute. 
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5.3.4.2 Effects of OA on CREB phosphorylation and CYP27B1 expression in the 

presence of TGR5 inhibitor 

In the last part, we evaluated the role of TGR5 in inducing CREB phosphorylation and 

CYP27B1 expression by using a chemical inhibitor of TGR5. Triamterene has been 

identified as a chemical inhibitor of TGR5 in vivo and in vitro (Li et al., 2017). Our 

results showed that treatment of MG-63 cells with triamterene markedly decreased the 

promoter activity of CYP27B1 (Fig. 5.7, P <0.05 vs. control without inhibitor). 

Similarly, pre-treatment of triamterene significantly reduced basal expression of 

phosphorylated CREB and CYP27B1 (Fig. 5.8, P <0.05 vs. control without inhibitor) 

in MG-63 cells without altering the expression of TGR5. In the absence of triamterene 

pre-treatment, OA at 1 nM and 10 nM markedly increased phosphorylation of CREB 

in MG-63 cells for 1.4-fold (Fig. 5.8, P <0.01 vs. control without inhibitor). In addition, 

the promoter activity (Fig. 5.7) and protein expression (Fig. 5.8) of CYP27B1 were 

significantly elevated MG-63 cells upon treatment with OA for 2 hours (P <0.05 vs. 

control without inhibitor). However, when MG-63 cells were pretreated with 

triamterene, OA failed to induce phosphorylation of CREB and expression of 

CYP27B1. Inhibiting of TGR5 activation by triamterene significantly abolished the 

stimulatory effects of OA on CYP27B1, as revealed by the decreased expression of 

phosphorylated CREB (P <0.001) and CYP27B1 (P <0.001) when compared to each 

treatment group without inhibitor. Thus, our results suggested that OA might stimulate 

CYP27B1 transcription through the activation of TGR5 and subsequent CREB 

phosphorylation. 
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Fig. 5.7 Involvement of TGR5 in OA-induced CYP27B1 promoter activity in 

human osteosarcoma MG-63 cells. 

Cells were transfected with CYP27B1-promoter plasmid for 6 hours. Then cells were 

pre-treated with triamterene (100 nM) for 30 minutes, followed by treatment of OA (1, 

10 nM) for 2 hours. CYP27B1 promoter activity in the presence or absence of 

triamterene, the inhibitor for TGR5, was determined by dual luciferase reporter assay. 

Data are expressed as mean ± SEM, n=3. Differences between treatment group and 

control were analyzed by one-way ANOVA followed by Tukey’s multiple comparison 

tests. * P < 0.05, ** P < 0.01 vs. control; # P <0.05, ### P < 0.001 vs. treatment group 

without inhibitor.  

 

 

 

Control OA (1 nM) OA (10 nM)
0.0

0.5

1.0

1.5

C
YP

27
B

1 
Pr

om
ot

er
 a

ct
iv

ity
(v

s.
 C

on
tr

ol
) 

** ***

Without inhibitor

###
###

#

*

Triamterene (100 nM)

* **



 

 121 

 

 

Fig. 5.8 Involvement of TGR5 in OA-induced CREB phosphorylation and 

CYP27B1 in human osteosarcoma MG-63 cells. 

Cells were pre-treated with triamterene (100 nM) for 30 minutes, followed by treatment 

of OA (1, 10 nM) for 2 hours. Protein expressions of TGR5 (A, B), phosphorylation of 

CREB (A, C) and CYP27B1 (A, D) in the presence or absence of triamterene, the 

inhibitor for TGR5, were determined by Western blotting. Data are expressed as mean 

± SEM, n=3. Differences between treatment group and control were analyzed by one-

way ANOVA followed by Tukey’s multiple comparison tests. * P < 0.05, ** P < 0.01 

vs. control; ### P < 0.001 vs. treatment group without inhibitor.  
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5.4 Discussion 

Regulating CYP27B1 in osteoblasts has been the major focus since the discovery of 

CYP27B1 in extra-renal sites. As a naturally occurring compound, OA was identified 

to upregulate CYP27B1 expression and cellular biosynthesis of 1,25(OH)2D3 in human 

osteoblastic cells in our previous study. Given the fact that OA is a natural agonist of 

the G protein-coupled bile acid receptor 1 (TGR5), we attempted to characterize the 

involvement of TGR5 and its downstream signaling in mediating the actions of OA to 

regulate CYP27B1 in osteoblasts.  

Emerging as a transmembrane receptor for bile acids, TGR5 was identified to respond 

to lithocholic acid (LCA) in a dose-dependent manner by increasing the production of 

cAMP in the Chinese hamster ovary cells (CHO) overexpressed human TGR5 cDNA 

(Kawamata et al., 2003). Our preliminary results showed TGR5 was consistently 

expressed in the human osteoblast-like MG-63 cells. By using MG-63 as osteoblastic 

cells model, our results showed the regulatory effects of OA on CYP27B1 was 

mimicked by LCA. Treatment of LCA for 24 hours dose-dependently upregulated 

expressions of CYP27B1 and cellular production of 1,25(OH)2D3 in MG-63 cells, 

indicating the potential of regulating CYP27B1 by activation of TGR5 in osteoblasts. 

This was supported by our findings that the expression of CYP27B1 decreased slightly 

when the activation of TGR5 was blocked by using the small molecule inhibitor. Two 

experimental approaches were used to determine the role of TGR5 in OA upregulation 

of CYP27B1: specific overexpression of TGR5 and targeted silencing of TGR5 in MG-

63 cells. It seems that expression of CYP27B1 was associated with the expression of 

TGR5. Overexpression or silencing of TGR5 not only significantly changed TGR5 

expression but also result in the corresponding alteration of CYP27B1 expressions. 

Moreover, overexpression of TGR5 potentiated the effects of OA on CYP27B1, while 

OA failed to alter CYP27B1 expression when the expression of TGR5 was decreased 

by transfection of TGR5 siRNA. These results illustrated TGR5 is critical for the 
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expressions of CYP27B1 as well as stimulatory effects of OA on CYP27B1 in 

osteoblasts. 

The classical pathway involving activation of TGR5 is similar to those of other G 

protein-coupled receptors, which is usually accompanied by the alteration of 

intracellular second messengers (such as cAMP), subsequent alteration of the activities 

of protein kinases (such as protein kinase A), resulting in the change in activities of the 

transcription factor (such as CREB) via phosphorylation (Kim et al., 2013). CREB 

binding to the cAMP response element (CRE) initiates the transcription of target genes 

upon the phosphorylation of CREB by activated protein kinases at Ser 133 (Altarejos 

et al., 2011). Indeed, CREs were being identified within the promoter region of 

CYP27B1 gene and the phosphorylation of CREB is a critical modulator for 

transcription of CYP27B1 (Kong et al., 1999). In line with this, the stimulation of 

CYP27B1 by PTH in human mesenchymal stem cells (hMSCs) was reported to be 

attenuated by the presence of KG501, an inhibitor that blocks the interaction between 

p-CREB and CREB-binding protein, or the CREB siRNA (Geng et al., 2011a). Our 

results showed that the increase in phosphorylated levels of CREB in response to OA 

was completely obliterated by pre-treatment with TGR5 inhibitor, indicating that the 

phosphorylation of CREB induced by OA attribute to its activation of TGR5. In 

addition, the induction of promoter activity and mRNA expression of CYP27B1 in MG-

63 cells by OA was completely obliterated in the presence of TGR5 inhibitor. These 

results suggested that the activation of TGR5 by OA resulted in the phosphorylation of 

CREB that subsequently lead to the induction of CYP27B1 transcription in osteoblasts. 

Forskolin, a TGR5-independent cAMP activator, was reported to upregulate CREB 

phosphorylation to a maximal level in kidney cells upon treatment for 15 minutes 

(Armbrecht et al., 2003). It is worth noting that our results showed OA rapidly increased 

CREB phosphorylation in 10 minutes in osteoblastic cells. In line with our findings, 

OA was reported to stimulate CREB phosphorylation in human vascular smooth muscle 

cells in 5 minutes and to the highest level at 15 minutes (Martinez-Gonzalez et al. 
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(2008). This rapid induction implicated the potential of OA to induce cAMP-activated 

rapid signaling through activation of the transmembrane receptor TGR5. Following the 

first episode of the increase in CREB phosphorylation, mRNA and protein expressions 

of CYP27B1 were stimulated to the maximal levels in MG-63 cells upon treatment with 

OA for 1 hour and 2 hours, respectively. These results provided evidence for the 

modulation of CYP27B1 in osteoblastic cells by OA at the transcriptional level. We 

also found a second stimulation of CREB phosphorylation and an induction of 

CYP27B1 promoter activity by treatment with OA for 2 hours, indicating that OA 

activated TGR5 in an intermittent manner. Moreover, OA significantly increased TGR5 

mRNA expression in MG-63 cells upon treatment for two hours. The modest induction 

of TGR5 signaling and CYP27B1 ensured the cells with adequate levels of intracellular 

1,25(OH)2D3 for biological activities and also prevented the cells from the toxic effects 

induced by excessive intracellular 1,25(OH)2D3. As indicated by Goltzman (2018), 

high levels of 1,25(OH)2D3 increased expression of RANKL/OPG by binding the VDR 

in osteoblasts, which further promoted the osteoclastic bone resorption. 

CYP27B1 is known to express in numerous renal and extra-renal sites, which is 

responsible for the circulating and intracellular 1,25(OH)2D3 to exert endocrine and 

autocrine activities (Bikle et al., 2018). Mapping studies has described a wide 

distribution of TGR5 gene expression in various human and rodents tissues such as 

liver, kidney, brain, adipose tissue and muscles, although the level of TGR5 expression 

varied in these sites (Duboc et al., 2014; Kawamata et al., 2003). These ubiquitous 

distribution of TGR5 made it possible for OA to regulate the expression of CYP27B1 

and cellular production of 1,25(OH)2D3 in other tissues. Emerging evidence showed 

that apart from OA and LCA, plenty of natural bile acids and synthesized compounds 

could activate TGR5 and induce the production of cAMP (Budzik et al., 2010; 

Pellicciari et al., 2009). Thus, it is of interest to know if other selective TGR5 agonists 

could also modulate CYP27B1 expression and the biosynthesis of 1,25(OH)2D3 in 

different tissues to exert cell-specific activities.  
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Our previous studies showed that OA improved osteogenesis and mineralization of 

osteoblastic lineages at the mature stages by increasing locally produced 1,25(OH)2D3 

by CYP27B1. Our findings are supported by a recent report by Wang et al. (2018) that 

TGR5 expression increased with the osteogenic differentiation of pre-osteoblast 

MC3T3-E1 cells. Such an increase in TGR5 expressions further facilitate the effects of 

OA to induce CYP27B1 expression and activities in mature osteoblasts, which has been 

demonstrated by our study with TGR5 overexpression in MG-63 cells. Moreover, 

treatment of a specific TGR5 agonist was reported to improve osteogenesis of MC3T3-

E1 cells by upregulation of alkaline phosphatase (ALP) activity and gene expressions 

of osteocalcin and type I collagen (Wang et al., 2018). These findings were also 

consistent with the results of our study reported in Chapter 4 that OA treatment could 

improve the expressions of 1,25(OH)2D3 responsive genes in hMSCs. Taken together, 

these studies suggest that the osteogenic differentiation induced by activation of TGR5 

might be mediated by the increase in cellular produced 1,25(OH)2D3 by CYP27B1 in 

the osteoblasts. 

Renal CYP27B1 expression are known to be regulated by calciotropic hormones such 

as parathyroid hormone (PTH) and calcitonin through the activation of the 

corresponding functional GPCRs (Armbrecht et al., 2003; Yoshida et al., 1999). 

However, the regulation of CYP27B1 in extrarenal sites, especially in osteoblasts, was 

controversial (Van der Meijden et al., 2016). The present study was the first to 

investigate the possible involvement of TGR5 signaling in the regulation of CYP27B1 

in human osteoblastic cells. Further studies are required to determine the role of TGR5 

in regulation of CYP27B1 in other tissues. Moreover, the involvement of TGR5 in 

mediating the regulation of CYP27B1 and 1,25(OH)2D3 levels should further be 

confirmed in animals with targeted ablation of TGR5.  

Taken together, our results showed that the expression of CYP27B1 in MG-63 cell was 

partially dependent on the presence of TGR5. Also, TGR5 was required for mediating 

the effects of OA on the expression of CYP27B1 in osteoblasts. Moreover, the 
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activation of TGR5 by OA resulted in rapid induction of CREB phosphorylation and 

subsequent activation of CYP27B1 transcription. Our results are the first to demonstrate 

that CYP27B1 expression and cellular production of 1,25(OH)2D3 in extra-renal site 

can be modulated by small molecules via the GPCR-activated rapid signaling.   
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Chapter 6 

 

Characterization of the effects of oleanolic acid 
on adipogenesis and 25-hydroxyvitamin D 1-

alpha-hydroxylase (CYP27B1) in bone marrow 
stem cells (BMSCs) 
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6.1 Introduction  

Obesity and osteoporosis are considered the major threat to public health due to their 

increasing prevalence worldwide (Melton III, 1995). The systemic impact of fat on 

bone health has drawn much attention in the last decade. Accumulating evidence 

showed that the body mass index (BMI) was inversely correlated with bone mineral 

density (BMD) in healthy adults, indicating the detrimental effects of obesity on bone 

metabolism (Bredella et al., 2013; Cohen et al., 2013). The development of imaging 

techniques enabled researchers to accurately differentiate and quantify the adipose 

tissues in bone marrow cavities. By using magnetic resonance imaging (MRI), 

researchers discovered that the content of vertebral marrow fat is much higher in 

postmenopausal women with osteoporosis, which account for bone fragility and 

increased risk of fracture in elder women (Yong et al., 2009). Moreover, marrow 

adipose tissues (MAT) has been recognized as a critical dominator of age-related bone 

loss as the content of MAT was discovered to be positively associated with fractures in 

elderly (Schwartz et al., 2013). 

Bone marrow has been identified as the only region where fat tissues lie adjacently to 

bone. Moreover, it also provides a complex microenvironment where different cell 

types interact with each other by sharing growth factors and cytokines in a common 

space. In the bone marrow, mesenchymal stem cells (MSCs) serve as the progenitors 

that give rise to both osteoblasts and adipocytes. MSCs are believed to differentiate to 

these two different lineages in a mutually exclusive manner (Muruganandan et al., 

2009). Accumulation of adipose tissue will occur in the expense of osteoblasts, leading 

to a gradual decrease of bone mass (Muruganandan et al., 2009). The alternative 

commitment of MSCs toward either the adipocyte or osteoblast lineages is the results 

of different transcription factors. Adipogenesis of MSCs is directed by the activation of 

peroxisome proliferator activated receptor gamma (PPAR γ) and CCAAT enhancer 

binding proteins (C/EBP α), while runt-related transcription factor 2 (Runx2) and 

Osterix trigger the osteogenesis of MSCs (Lefterova et al., 2008; Nakashima et al., 

2002). 
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Increasing number of studies reported vitamin D and its bioactive metabolites play 

important roles in adipose tissues, including effects on adipogenesis and inflammation. 

In murine pre-adipocytes 3T3-L1, treatment of 1,25(OH)2D3 suppressed adipogenesis 

in a dose-dependent manner (Chang et al., 2016). Also, the inhibitory effects of 

1,25(OH)2D3 on MAT has been reported in senescence-accelerated mice (SAM-P/6) 

(Duque et al., 2004). In fact, the expressions of CYP27B1 and vitamin D receptor (VDR) 

were well described in human and rodents adipose tissues (Li et al., 2008; Wamberg et 

al., 2013), indicating the potential of 1,25(OH)2D3 locally synthesized by adipocytes to 

exert autocrine or paracrine activities via its nuclear receptor. However, the regulation 

of CYP27B1 in adipocytes and role of locally produced 1,25(OH)2D3 in adipogenesis 

have not been reported. 

The anti-obesity activities of oleanolic acid (OA) were reported in mice fed with high 

fat diet (HFD) (Liu et al., 2007; Yunoki et al., 2008). Studies showed that OA 

suppressed the increase in visceral adipose tissue in HFD fed animals by improving 

carbohydrate and lipid metabolism (Liu et al., 2007; Yunoki et al., 2008). Sung et al. 

(2010) showed OA dose-dependently suppressed adipogenesis and cellular lipid 

accumulation of 3T3-L1 cells at the dose of 1-25 μM. However, the effects of lower 

concentrations of OA have not been reported. In Chapter 3 and 4, we reported that OA 

upregulated the production of 1,25(OH)2D3 by CYP27B1 in kidney and osteoblasts, 

which were believed to exert endocrine and autocrine activity to regulate systemic 

mineral homeostasis and osteoblasts mineralization. However, it is unclear if OA 

modulates the expression and activity of CYP27B1 in another extra-renal site, 

adipocytes, to exert their beneficial effects on bone. 

This chapter aimed to evaluate the effects of OA on adipogenesis of and CYP27B1 in 

BMSCs. First, we employed a stabilized ovariectomized (OVX) mice model to evaluate 

the effects of OA on bone marrow adipose tissues and adipogenesis of BMSCs in these 

animals. This is followed by a series of in vitro experiment to determine the effects of 

OA on CYP27B1 expressions in the process of adipogenesis of human mesenchymal 

stem cells (hMSCs) and murine 3T3-L1 preadipocytes. Also, the role of TGR5 in 
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mediating regulatory effects of OA on CYP27B1 and adipogenesis were evaluated in 

adipogenic differentiated 3T3-L1 cells. 

6.2 Methodology  

6.2.1 In vivo experiment 

6.2.1.1 Experimental design 

The protocol of the animal study conducted was approved by the Animal Ethics 

Committee of The Hong Kong Polytechnic University (ASESC No.: 19-20/4-ABCT-

R-STUDENT). To investigate the actions of OA on bone marrow adipose tissues, forty 

4-month-old female C57BL/6J mice weighing 20 ± 1 g were purchased and housed in 

centralized animal facilities (CAF) of the Hong Kong Polytechnic University in an 

environment with 12 h light and dark cycle and constancy of temperature (22 ℃). Mice 

were sham operated or ovariectomized (OVX) after acclimation for one week. 

Following the surgery, mice were maintained with phytoestrogen-free AIN-93M rodent 

diet (Research diet, USA). After stabilization of the model for 6 weeks, mice were 

randomly assigned into five groups (n=8/group) and pair fed with 3 g phytoestrogen-

free AIN-93M rodent diet (Research diets, USA) (Table 6.1), the estimated daily intake 

of mice. For each treatment group, the sham-operated (Sham) and OVX mice (OVX) 

were treated with vehicle, other OVX mice were orally administrated with 17β-estradiol 

(E2, 200 μg/kg/day), high calcium diet (HCD, 1% calcium in AIN-93M based rodent 

diet) and OA (200 ppm in AIN-93M based rodent diet) for 8 weeks. Mice in Sham, 

OVX and E2 treatment groups were fed with AIN-93M rodent diet. OA was 

administrated by incorporation of OA into AIN-93M based rodent diet at the 

concentration of 200 mg OA/kg diet. The concentration of OA in the diet was designed 

based on the dosage used in our previous study (Cao et al., 2018) and daily dietary 

intake of mice. E2 and HCD were employed as positive controls to evaluate the actions 

of OA on bone metabolism and adipogenesis in OVX mice. Body weight of animals 

were monitored every week throughout the study.  
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Table 6.1 Composition of modified AIN-93M rodent diet (Research diets, USA) 

Diet  
(Product #) 

Phytoestrogen-free 
AIN-93M rodent diet 

High calcium 
diet (HCD) 

OA diet 

D00031602 D19072407 D19072409 

Protein (gm%) 14 14 14 
Carbohydrate (gm%) 73 72 73 
Fat (gm%) 4 4 4 
Total (kcal/gm) 3.85 3.80 3.85 

Ingredient (gm)    
Casein 140 140 140 
L-Cystine 1.8 1.8 1.8 
Corn Starch 495.692 495.692 495.692 
Maltodextrin 10 125 125 125 
Sucrose 100 100 100 
Cellulose, BW200 50 50 50 
Corn Oil 40 40 40 
t-Butylhydroquinone 0.008 0.008 0.008 
    
Mineral Mix S10022M 35 35 35 
Calcium Carbonate 0 13 0 
    
Vitamin Mix V10037 10 10 10 
Choline Bitartrate 2.5 2.5 2.5 
    
Ca (g) 5.0 10 5.0 
Ca (%) 0.5 1 0.5 
Oleanolic Acid (mg) 0 0 200 
Total (g) 1000 1013 1000.2 
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6.2.1.2 Sample collection 

Upon anesthesia, mice were sacrificed by collection of blood via cardiac stick 

exsanguinations. After clotting, the blood was centrifuged at 4000 rpm/min for 20 min 

at 4 ℃. Serum was isolated and stored at - 80 ℃ for further biochemical measurement. 

Uterus were freshly isolated and wet weight were recorded for assessing the uterine 

index. The left legs were collected and wrapped with PBS-soaked gauze and stored at 

- 20 °C for micro-computed tomography (μCT) analysis. Bone marrow stromal cells 

(BMSCs) were freshly isolated from right legs for the measurement of the expression 

of osteogenic markers and adipogenic markers.  

6.2.1.3 Micro-CT analysis for bone marrow adipose tissues 

Bone marrow adipose tissues in tibia were stained with osmium tetroxide followed by 

visualization and quantification by micro-CT following the protocol by Scheller et al. 

(2014). Briefly, the tibias were immediately immersed in 10% neutral buffered formalin 

(Thermo Fisher, USA) after removing the soft tissues from legs. After fixation at 4 ℃ 

for 3 days, the bones were decalcified in 4.14 % EDTA solution (pH 7.0-7.4) at 4 ℃ 

for two weeks during which the decalcification solution were changed every 3-4 days. 

The decalcified bones were then stained with 1% osmium tetroxide at room temperature 

for 48 hours. Adipose tissues in the entire bone marrow cavity were scanned by micro-

CT system (viva-μCT40; Scanco Medical, Switzerland) in an axial direction with 

power of 55 kVp and high resolution (10.5 μm). The fractional volume of adipose tissue 

stained by osmium tetroxide was evaluated by a three-dimensional direct model with a 

constant threshold of 420 and Gaussian filtering (support=1, σ=0.8). The data was 

expressed as adipose volume/total volume (AV/TV) which was similar with the bone 

volume fraction (BV/TV). 
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6.2.1.4 Micro-CT analysis for bone properties 

Bone properties of trabecular bone at the proximal tibia were determined by μCT 

system (viva-μCT40; Scanco Medical, Switzerland). The bones were scanned in an 

axial direction with high resolution (10.5 μm), power of 70 kVp and intensity of 114 

μA. A total of 100 continuous slices were scanned from the growth plate to metaphysis, 

50 serials of which were selected for analysis. The volume of interest (VOI) was 

evaluated by using a three-dimensional direct model with a constant threshold of 375. 

Trabecular bone parameters including bone mineral density (BMD, mg HA/cm3), bone 

volume/tissue volume (BV/TV, %), trabecular number (Tb.N, 1/mm), trabecular 

thickness (Tb.Th, mm), trabecular separation (Tb.Sp, mm), and connectivity density 

(Conn.D, 1/mm3) were evaluated. 

6.2.1.5 Serum analysis 

Serum levels of total cholesterol (TC), triglyceride (TG), low-density lipoprotein 

cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C) and non-esterified 

fatty acids (NEFA) were measured by standard colorimetric methods using commercial 

kits (Nanjing Jiancheng Bioengineering Institute, China). Concentrations of 

1,25(OH)2D3 in serum were determined by a mouse 1,25-dihydroxyvitamin D3 

(1,25(OH)2D3) ELISA kit (BlueGene Biotech, Shanghai, China). Serum levels of 

procollagen I N-terminal propeptide (PINP) and C-terminal telopeptide of type I 

collagen (CTX-1) were tested by using mouse PINP ELISA kit (ABclonal, USA) and 

mouse cross linked CTX-I ELISA kit (CUSABIO technology, USA) following the 

manufacturer’s instructions, respectively. 

6.2.1.6 Isolation of BMSCs 

BMSCs were freshly isolated from right legs of treated animals upon sacrifice 

following protocol by Huang et al. (2015). Briefly, the soft tissues were thoroughly 

removed from the bones followed by washing the bones with Hanks' Balanced Salt 
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Solution (HBSS, Gibco) containing 1% penicillin-streptomycin (P/S, Gibco). Then the 

proximal and distal ends of long bones were cut off, the bone marrow were slowly 

flushed out with low glucose DMEM (L-DMEM, Gibco) containing 10% heat-

inactivated fetal bovine serum (FBS) by using syringe equipped with a 23-gauge needle, 

until the diaphysis become pale. The cell clumps were dissociated by slowly pull the 

cell suspension up and down using a 25-gauge. Then the cells were centrifuged at 800 

rpm for 5 minutes, followed by resuspension with L-DMEM containing 1% and 10% 

FBS. After incubation at 37 ℃ in a humidity environment with 5 % CO2 for 7 days, the 

suspension blood cells were discarded. The adherent BMSCs were collected in 500 μl 

TRIzol reagent (Invitrogen, USA) for further analysis.  

6.2.1.7 RT-PCR 

Total RNA from BMSCs isolated from legs of treated animals was extracted by using 

500 μl TRIzol reagent (Invitrogen, USA) following the manufacturer’s instructions. 1 

μg of RNA was applied for reverse transcription (RT) by using PrimeScriptTM RT 

Master Mix (TaKaRa, Japan) in a 20 μl reaction system for cDNA generation. 500 ng 

of cDNA products and 0.4 μM primers were added to PCR reaction mixture containing 

TB Green Premix Ex Taq II (TaKaRa, Japan). Real-time PCR was performed in 

7900HT Fast Real-Time PCR System (Applied Biosystems, Carlsbad, CA, USA) under 

the amplification conditions and procedures: initial denaturation at 95 °C for 30 s, 40 

cycles of denaturation at 95 °C for 1 s and 60 °C for 20 s. The sequences of primers for 

target genes and the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) are listed in Table 6.1. Relative gene expression was calculated by 2−ΔΔCT 

method. 
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Table 6.2 Primer sequences for mouse genes 

Gene Primer Sequence (5’-3’) 
Mouse    

CYP27B1 
Forward: GCATCACTTAACCCACTTCC 
Reverse: CGGGAAAGCTCATAGAGTGT 

CYP24A1 
Forward: AAGAGATTCGGGCTCCTTCA 
Reverse: GCAGGGCTTGACTGATTTGA 

Runx2 
Forward: CGCACGACAACCGCACCAT 
Reverse: CAGCACGGAGCACAGGAAGTT 

Osterix 
Forward: CTCGTCTGACTGCCTGCCTAG 
Reverse: GCGTGGATGCCTGCCTTGTA 

PPAR γ 
Forward: GGTTGACACAGAGATGCCATTC 
Reverse: ATCACGGAGAGGTCCACAGAG 

C/EBP α 
Forward: ACTAGGAGATTCCGGTGCCT 
Reverse: GAATTCTCCCCTCCTCGCAG 

GAPDH 
Forward: CAGAACATCATCCCTGCATC 
Reverse: CTGCTTCACCACCTTCTTGA 
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6.2.2 In vitro experiment 

6.2.2.1 Experimental design 

To verify the effects of OA on adipogenesis and CYP27B1 expression in adipogenic 

MSCs, hMSCs were maintained in adipogenic medium to induce their commitment to 

adipogenic lineages. The effects of OA on CYP27B1 and PPAR γ expressions at 

different adipogenic time points were determined by Western blotting. Subsequently, 

the role of TGR5 in mediating the modulating effects of OA on CYP27B1 expression 

and adipogenesis were evaluated in murine pre-adipocyte 3T3-L1. Cells were treated 

with different concentrations of OA in adipogenic medium in the presence or absence 

of triamterene, a chemical inhibitor for TGR5, for 7 days. The protein expression of 

CYP27B1 was evaluated by Western blotting. The effects of different treatment on 

adipogenesis were determined by studying the protein expressions of PPAR γ by 

Western blotting. Moreover, the lipid accumulation in 3T3-L1 in response to treatment 

with OA were evaluated by Oil Red O staining.  

6.2.2.2 Cell culture and adipogenesis 

hMSCs from a 61-year-old female subject (CREC Ref. No. 2010. 248) were provide by 

Dr. Lee Yuk wai, Wayne from the Prince of Wales Hospital of the Chinese University 

of Hong Kong (Lee et al., 2013). The cells were cultured in standard growth medium 

containing Minimum Essential Medium alpha (α-MEM) with 10% heat-inactivated 

fetal bovine serum (FBS) and 100 U/mL penicillin-streptomycin in a humidified 

environment with 5 % CO2 at 37 ℃. For adipogenic differentiation, hMSCs at passage 

4-7 were seeded in 6-well plates at the density of 2×105 cells/well. Upon attaining 

confluence (day 0), culture medium was replaced with adipogenic induction medium 

which consist of high glucose DMEM supplemented with 500 μM 3-isobuty-1-

methylxanthine (IBMX), 1 μM dexamethasone, 100 μM indomethacin, and 10 μg/mL 

insulin (all from Sigma-Aldrich, UK). The medium was changed every 2 days until they 

were differentiated for 7 and 14 days. At each osteogenic time point, culture medium 
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was then replaced by phenol red-free α-MEM with 1% charcoal-striped FBS. Cells 

were treated with 1,25(OH)2D3 (10 nM) or OA (1 nM, 10 nM, 100 nM) for 24 hours 

and proceeded for relevant assays.  

Mouse fibroblast preadipocytes 3T3-L1 were maintained in DMEM supplemented with 

10% heat-inactivated FBS and 100 U/ml P/S in a humidified incubator with 5 % CO2 

at 37 ℃. Cells were sub-cultured twice every week. For adipogenic differentiation, cells 

were seeded in 12-well plates or 6-well plates to allow 100% confluence (day 0). Then 

cells were treated with 1,25(OH)2D3 (10 nM) or OA (1 nM, 10 nM, 100 nM) in 

adipogenic induction medium which consist of standard growth medium supplemented 

with 500 μM 3-isobuty-1-methylxanthine (IBMX), 500 nM dexamethasone, and 10 

μg/mL insulin (all from Sigma-Aldrich, UK) for two days. Treatment was continued 

for additional 5 days in normal culture medium supplemented with 10 μg/mL insulin, 

during which the medium was changed every 2 days.  

6.2.2.3 Oil red O staining  

Adipogenesis of 3T3-L1 were determined by measuring lipid accumulation in cells 

using Oil Red O (Sigma-Aldrich, UK) staining method. A working solution of Oil Red 

O was prepared by mixing stock solution (60 mg Oil Red O in 20 mL isopropanol) with 

distilled water at a ratio of 3:2. The working solution was filtered through a 0.45 μm 

filter before use. 3T3-L1 cells treated and differentiated in 12-well plates were fixed 

with 10% neutral buffered formalin (Thermo Fisher, USA) at room temperature for 1 

hour before incubation with Oil Red O working solution for 20 minutes. Upon rinsing 

for 5 times, lipid droplets were visualized under light microscope. After that, the Oil 

Red O stain in cells was eluted in isopropanol and measured at 492 nm. 

6.2.2.4 Western blotting 

Cells (10 μL/105 cells) were lysed with lysis buffer (Beyotime, Shanghai, China) 

supplemented with 1mM phenylmethyl sulfonyl fluoride (PMSF) as a protease inhibitor. 
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Following protein extraction, 30 μg proteins of each sample were loaded and separated 

in a 10% SDS-PAGE, followed by transblotting onto polyvinylidene fluoride (PVDF) 

membranes (Millipore, Danvers, USA). The membrane blots were blocked with 5 % 

milk for 1 hour at room temperature and incubated with following primary antibodies 

overnight at 4℃: rabbit anti-CYP27B1 (1:1000, Invitrogen, USA), rabbit anti-TGR5 

(1:1000, Invitrogen, USA), rabbit anti-phospho-AMPKα (Thr172) (1:1000, Cell 

Signaling, USA), rabbit anti-AMPKα (1:1000, Cell Signaling, USA), mouse anti-PPAR 

γ (1:1000, Abcam, UK), or mouse anti-β-Actin (1:5000, Abcam, UK). followed by 

IgG-HRP-conjugated secondary antibodies anti-rabbit (1:3000, Abcam, UK) or anti-

mouse (1:3000, Invitrogen, USA) for 1h at room temperature. Washing with tris-

buffered saline with 0.1% Tween 20 detergent (TBST) for 3 times was required 

between each of incubation. Finally, the blotting was probed and visualized with 

ClarityTM Western ECL substrate (Bio-Rad, USA) using AzureTM C600 (Azure 

Biosystems, USA). The relative intensities of the bands were quantified by Image J 

software (National Institutes of Health, USA) and normalized with β-actin.  

6.2.3 Statistical analysis 

Data from both in vivo and in vitro experiment were shown as mean ± standard error of 

mean (SEM) for each treatment group. Inter-group differences were analyzed by one-

way analysis of variance (ANOVA) followed by Tukey's Test for multiple comparisons 

(GraphPad Prism 8.0, USA). A P value of less than 0.05 was considered statistically 

significant. 
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6.3 Results 

6.3.1 Effects of OA on bone properties and bone metabolism in OVX mice 

6.3.1.1 Body weight and uterine index 

Upon treatment for 8 weeks, body weight and uterus wet weight were recorded, body 

weight gain and uterus index were calculated accordingly (Table 6.3). Body weight 

gain of mice in sham group was 2.27% upon treatment with vehicle for 8 weeks. Body 

weight gain of OVX mice was 7.99% and was more than 3-fold of that of the sham-

operated mice (P <0.001). This accelerated weight gain was markedly suppressed in E2 

treated mice by more than 10-fold (P <0.001 vs. OVX). HCD and OA also decreased 

body weight gain in OVX mice by 1.85-fold (P <0.05) and 1.76-fold (P <0.05), 

respectively. As expected, estrogen deficiency in OVX mice resulted a marked 

shrinkage of uterus (P <0.001 vs. sham). E2 significantly increased uterus index in OVX 

mice by 2.82-flod (P <0.05). Unlike E2, administration with HCD and OA-contained 

diet did not alter the atrophy of uterus in OVX mice. 

6.3.1.2 Bone properties at proximal tibia 

The trabecular bone mineral density (BMD) and bone microarchitectural properties at 

proximal tibia of mice in different treatment group were characterized by micro-CT 

analysis (Table 6.4). As compared to sham-operated mice, OVX markedly reduced 

BMD for 2.5-fold (P <0.001) and also significantly deteriorated bone 

microarchitectures as revealed by the decrease in bone volume fraction (BV/TV, P 

<0.001), trabecular number (Tb. N, P <0.05), trabecular thickness (Tb. Th, P <0.001) 

and connectivity density (Conn. D, P <0.001), as well as the increase in trabecular 

separation (Tb. Sp, P <0.01) and structural model index (SMI, P <0.001). Serving as 

positive control for monitoring bone protective effects, E2 and HCD not only markedly 

improved BMD (P <0.001, vs OVX mice), but also improved bone microarchitectural 

parameters in OVX mice. Like E2 and HCD, OA prevented OVX-induced bone loss in 

mice as revealed by the increase in BMD for 1.5-fold (P <0.05), as well as the changes 
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in trabecular BV/TV (P <0.05), Tb.N (P <0.05), Conn.D (P <0.05), Tb.Th (P <0.05), 

Tb.Sp (P <0.01) and SMI (P <0.05). 

6.3.1.3 Bone turnover markers and serum 1,25(OH)2D3 

Serum levels of bone turnover markers can be used for monitoring the effects of 

oleanolic acids on bone metabolism. Procollagen I N-terminal propeptide (PINP) and 

C-telopeptide of type I collagen (CTX-1) are a pair of bone turnover biomarkers for 

monitoring the effects on bone formation and bone resorption, respectively. As shown 

in Table 6.3, OVX significantly increased bone resorption but decreased bone 

formation of mice. Serum CTX-1 levels were 45 % higher (P <0.001) while PINP levels 

were 17 % lower (P <0.001) in OVX mice when compared to sham operated mice. 

Treatment with E2, HCD and OA significantly restored bone formation in OVX mice 

as they significantly increased serum PINP levels for more than 10% (P <0.05 vs. OVX). 

On the other hand, the increase in serum CTX-1 levels induced by OVX were markedly 

suppressed by E2 and OA, but not HCD, for more than 50% (P <0.001 vs. OVX). 

1,25(OH)2D3 is a calciotropic hormone which remains stable in circulation in normal 

physiological conditions. OVX appeared to slightly decrease the circulating level of 

1,25(OH)2D3 in mice, but the change did not reach statistical significance. Levels of 

1,25(OH)2D3 was suppressed by 46% in OVX mice (P <0.01 vs. OVX) in response to 

fed with HCD. In contrast, circulating levels of 1,25(OH)2D3 increased by 56% in OVX 

mice fed with OA-contained diet (P <0.01 vs. OVX).  
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Table 6.3 Body weight gain, uterine index, serum markers in ovariectomized (OVX) in response to 

treatment with 17β-estradiol (E2), high calcium diet (HCD) and oleanolic acid (OA) 

 Sham OVX E2 HCD OA 

Body weight and uterus index     

Weight gain, % 2.27 ± 1.17*** 7.99 ± 0.93 0.75 ± 1.10 *** 4.30 ± 0.91* 4.55 ± 0.48* 

Uterus index, mg/g 3.81 ± 0.35*** 0.67 ± 0.09 1.89 ± 0.14 *** 0.69 ± 0.04 0.65 ± 0.05 

Serum markers      

PINP, ng/mL 36.92 ± 0.96 *** 31.45 ± 1.00 35.34 ± 0.99 ** 36.00 ± 0.67 ** 35.01 ± 0.53 * 

CTX-I, ng/mL 0.40 ± 0.04 *** 0.58 ± 0.02 0.35 ± 0.03 *** 0.52 ± 0.04  0.38 ± 0.02 *** 

1,25(OH)2D3, pg/mL 55.58 ± 4.73 48.22 ± 6.10 48.28 ± 4.68 26.18 ± 3.45 ** 75.28 ± 6.61 ** 

 

Six-month-old sham operated mice were fed with phytoestrogen-free AIN-93M diet, the ovariectomized 

(OVX) mice were orally administrated with vehicle, E2 (200 μg/kg/day), HCD (1% calcium in AIN-93M 

based rodent diet) and OA (200 ppm in AIN-93M based rodent diet) for 8 weeks. Uterine index was 

calculated from the wet weight of uterus over the body weight, respectively. Procollagen I N-terminal 

propeptide (PINP), C-telopeptide of type I collagen (CTX-1). Data are shown as mean ± SEM and analyzed 

by using one-way ANOVA, followed by Tukey’s multiple comparison test. * P < 0.05, ** P < 0.01, *** P 

< 0.001 vs. OVX (n=8/group).  
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Table 6.4 Bone microarchitectural parameters at proximal tibia in ovariectomized (OVX) mice in 

response to treatment with 17β-estradiol (E2), high calcium diet (HCD) and oleanolic acid (OA) 

 Sham OVX E2 HCD OA 

BMD (mg HA/cm3) 185.33 ± 15.95 *** 73.64 ± 7.00  144.49 ± 5.15 *** 128.00 ± 4.22 *** 116.39 ± 6.99 *  

BV/TV (%) 14.60 ± 1.86 *** 5.34 ± 0.74  11.44 ± 0.52 *** 9.91 ± 0.60 * 9.69 ± 0.72 * 

Tb.N (1/mm) 4.51 ± 0.10 * 3.99 ± 0.05  4.49 ± 0.11 * 4.46 ± 0.12 * 4.51 ± 0.20 * 

Tb.Th (mm) 59.64 ± 2.81 *** 49.30 ± 1.49  61.06 ± 1.25 *** 57.80 ± 1.33 ** 56.51 ± 1.46 * 

Tb.Sp (mm) 228.34 ± 4.33 ** 255.52 ± 2.27  226.14 ± 6.32 *** 233.57 ± 4.99 * 231.80 ± 5.64 ** 

Conn.D (1/mm3) 75.34 ± 6.43 *** 34.47 ± 2.96  65.53 ± 7.23 *** 52.57 ± 1.66 * 53.36 ± 3.68 * 

SMI 1.61 ± 0.06 *** 2.70 ± 0.14 2.14 ± 0.07 ** 2.34 ± 0.12 * 2.32 ± 0.09 * 

 

Six-month-old sham operated mice were fed with phytoestrogen-free AIN-93M diet, the ovariectomized (OVX) 

mice were orally administrated with vehicle, E2 (200 μg/kg/day), HCD (1% calcium in AIN-93M based rodent 

diet) and OA (200 ppm in AIN-93M based rodent diet) for 8 weeks. Trabecular bone properties were evaluated by 

microcomputed tomography (μCT). (A) representative 3D images of trabecular bone at L4, (B) bone mineral 

density (BMD), (C) bone volume/total volume (BV/TV), (D) trabecular number (Tb.N), (E) connectivity density 

(Conn.D), (F) trabecular thickness (Tb.Th), (G) trabecular separation (Tb.Sp), and (H) structural model index 

(SMI). Data are shown as mean ± SEM and analyzed by using one-way ANOVA, followed by Tukey’s multiple 

comparison test. * P < 0.05, ** P < 0.01, *** P < 0.001 vs. OVX (n=8/group).  
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6.3.2 Effects of OA on bone marrow adipose tissues and adipogenesis of BMSCs 

in OVX mice 

6.3.2.1 Serum lipid profile  

Considering the fact that osteoporosis in postmenopausal women is usually 

accompanied with dyslipidemia which may contribute to the development of bone 

marrow adipose tissues (Bone et al., 2007), we evaluated effects of OA on circulating 

lipid profile in OVX mice. As shown in Fig. 6.1, OVX significantly increased serum 

levels of TG and LDL-C (P <0.05 vs. sham), but did not alter the levels of TC, HDL-C 

and NEFA. E2 treatment markedly improved lipid metabolism in OVX mice, as 

revealed by the reduction of serum levels of TC, TG, LDL-C and NEFA and the 

induction of HDL-C level (P <0.05 vs. OVX). Serum TG and NEFA in OVX mice were 

also significantly suppressed by HCD and OA for more than 30% (P <0.01 vs. OVX). 

In addition, HCD and OA improved serum HDL-C for 1.4-fold and 1.3-fold, 

respectively. OA also significantly suppressed elevated serum LDL-C in OVX mice by 

32% (P <0.01 vs. OVX).  
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Fig. 6.1 Effects of OA on serum lipid profile in OVX mice.  

Six-month-old sham operated mice were fed with phytoestrogen-free AIN-93M diet, 

the ovariectomized (OVX) mice were orally administrated with vehicle, E2 (200 

μg/kg/day), HCD (1% calcium in AIN-93M based rodent diet) and OA (200 ppm in 

AIN-93M based rodent diet) for 8 weeks. Serum levels of (A) triglyceride (TG), (B) 

non-esterified fatty acid (NEFA), (C) total cholesterol (TC), (D) high-density 

lipoprotein cholesterol (HDL-C), and (E) low-density lipoprotein cholesterol (LDL-C) 

was determined by commercial kits. Data are shown as mean ± SEM and analyzed by 

using one-way ANOVA, followed by Tukey’s multiple comparison test. * P < 0.05, ** 

P < 0.01, *** P < 0.001 vs. OVX (n=8/group). 
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6.3.2.2 Bone marrow adipose tissues in tibia 

By using osmium tetroxide staining with micro-CT, we were able to visualize the 

amount of marrow adipose tissues (MAT) accumulated in bone marrow cavity. 

Distribution of bone marrow adipose tissues in mice tibia in response to different 

treatment were shown in Fig. 6.2. In sham-operated mice, bone marrow adipose tissues 

(MAT) were mostly distributed at the growth plate and distal tibia near the ankle, which 

account for around 10% of total volume of tibia. OVX significantly increased the 

accumulation of MAT at proximal to middle tibia by 3.5-fold in mice when compared 

to those with sham operation (P <0.001 vs Sham). E2 treatment significantly suppressed 

MAT accumulation in OVX mice by 37% (P <0.001 vs OVX). Similarly, marked 

reduction in MAT accumulation were also observed in OVX mice fed with HCD and 

OA-contained diet, in which MAT fraction was decreased in OVX mice by 24% (P 

<0.01 vs. OVX) and 40% (P <0.001 vs OVX), respectively. 
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Fig. 6.2 Effects of OA on bone marrow adipose tissues in tibias of OVX mice.  

Six-month-old sham operated mice were fed with phytoestrogen-free AIN-93M diet, 

the ovariectomized (OVX) mice were orally administrated with vehicle, E2 (200 

μg/kg/day), HCD (1% calcium in AIN-93M based rodent diet) and OA (200 ppm in 

AIN-93M based rodent diet) for 8 weeks. Accumulation of bone marrow adipose tissue 

in tibias were evaluated by Osmium tetroxide staining with microcomputed 

tomography (μCT). (A) representative 3D images of adipose tissue in in the entire bone 

marrow cavity of tibias, (B) bone adipose volume fraction (adipose volume/total 

volume, AV/TV). Gray, bone; white, marrow adipose tissue. Data are shown as mean 

± SEM and analyzed by using one-way ANOVA, followed by Tukey’s multiple 

comparison test. * P < 0.05, ** P < 0.01, *** P < 0.001 vs. OVX (n=8/group). 
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6.3.2.3 Osteogenic markers and adipogenic markers in BMSCs 

To investigate the in-vivo effects of OA on osteogenesis and adipogenesis of BMSCs, 

mRNA expressions of osteogenic markers (Runx2 and Osterix) and adipogenic markers 

(PPAR γ and C/EBP α) in BMSCs of treated mice were determined. As shown in Fig. 

6.3, OVX significantly suppressed osteogenesis of BMSCs, as revealed by 44% and 54% 

reduction in mRNA expressions of Runx2 (P <0.01 vs sham) and Osterix (P <0.01, vs 

Sham), respectively. E2 and HCD significantly restored osteogenesis of BMSCs in 

OVX mice by upregulating mRNA expressions of Runx2 and Osterix for more than 

1.6-fold (P <0.05 vs. OVX). In contrast, OVX resulted in a marked elevation of mRNA 

expression of adipogenic markers in BMSCs of mice. Levels of PPAR γ and C/EBP α 

mRNA expression in BMSCs were increased by 2.8-fold (P <0.001 vs. sham) and 4.3-

fold (P <0.001 vs. sham) in OVX mice. Such increases in OVX mice could be 

significantly suppressed in mice in response to treatment with E2 and HCD (P <0.05 vs. 

OVX). Similarly, OA not only significantly improved osteogenesis of BMSCs by 

increasing mRNA expressions of Runx2 by 1.4-fold (P <0.001 vs. OVX) and Osterix 

by 1.5-fold (P <0.001 vs. OVX), but also suppressed adipogenesis of BMSCs by 

decreasing mRNA expressions of PPAR γ and C/EBP α by 34% (P <0.01 vs. OVX) 

and 72% (P <0.001 vs. OVX), respectively. 
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6.3.3 Effects of OA on CYP27B1 and CYP24A1 of BMSCs in OVX mice 

To investigate if CYP27B1 play a role in mediating the modulating effects of OA on 

adipogenesis or osteogenesis of BMSCs, we determined mRNA expressions of 

CYP27B1 and CYP24A1 in BMSCs in treated mice. As shown in Fig. 6.4, it appeared 

that the mRNA expressions of CYP27B1 and CYP24A1 were not altered in mice 

BMSCs in response to OVX as well as E2 treatment. However, the mRNA expression 

levels of CYP27B1 and CYP24A1 were significantly upregulated in BMSCs from mice 

fed with OA by 2.3-fold (P <0.01 vs. OVX) and 1.6-fold (P <0.05 vs. OVX), 

respectively. Moreover, mice fed with HCD appeared to have higher expression of 

CYP24A1 in BMSCs, but its level did not reach statistical significance. 
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Fig. 6.3 Effects of OA on mRNA expressions of osteogenic markers and adipogenic 

markers in BMSCs of OVX mice.  

Six-month-old sham operated mice were fed with phytoestrogen-free AIN-93M diet, 

the ovariectomized (OVX) mice were orally administrated with vehicle, E2 (200 

μg/kg/day), HCD (1% calcium in AIN-93M based rodent diet) and OA (200 ppm in 

AIN-93M based rodent diet) for 8 weeks. mRMA expression levels of (A) runt-related 

transcription factor 2 (Runx2), (B) osterix (Osx) (C) peroxisome proliferator-activated 

receptor gamma (PPAR γ) and (D) CCAAT/enhancer binding protein-alpha (C/EBP α) 

in BMSCs were determined by RT-PCR. Data are shown as mean ± SEM and analyzed 

by using one-way ANOVA, followed by Tukey’s multiple comparison test. * P < 0.05, 

** P < 0.01, *** P < 0.001 vs. OVX (n=8/group). 
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Fig. 6.4 Effects of OA on mRNA expressions of CYP27B1 and CYP24A1 in BMSCs 

of OVX mice.  

Six-month-old sham operated mice were fed with phytoestrogen-free AIN-93M diet, 

the ovariectomized (OVX) mice were orally administrated with vehicle, E2 (200 

μg/kg/day), HCD (1% calcium in AIN-93M based rodent diet) and OA (200 ppm in 

AIN-93M based rodent diet) for 8 weeks. mRNA expression levels of (A) CYP27B1 

and (B) CYP24A1 in BMSCs were determined by RT-PCR. Data are shown as mean 

± SEM and analyzed by using one-way ANOVA, followed by Tukey’s multiple 

comparison test. * P < 0.05, ** P < 0.01, *** P < 0.001 vs. OVX (n=8/group). 
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6.3.4 Effects of OA on adipogenesis and CYP27B1 expression in hMSCs  

We first determined the protein expressions of CYP27B1 and PPAR γ during the 

adipogenic differentiation of hMSCs. As shown in Fig. 6.5A & B, the protein 

expression of PPAR γ increased continuously along with the process of adipogenesis 

in hMSCs, indicating the commitment of hMSCs to become adipoprogenitors. In 

contrast, the protein expression of CYP27B1 decreased significantly in hMSCs with 

the development of adipocytes. Upon differentiation for 14 days, the protein expression 

of PPAR γ in hMSCs reached maximal levels (1.6-fold of day 0, P <0.001) while the 

protein expression level of CYP27B1 in hMSCs was approximately 40 % of that at day 

0.  

We also determined the effects of OA on protein expressions of CYP27B1 and PPAR 

γ at different adipogenic stages using 1,25(OH)2D3 (1 nM) as positive control. 

1,25(OH)2D3 slightly suppressed CYP27B1 protein expression in hMSCs at day 0, but 

this suppression became more significant in the immature (P <0.001 vs. Control of Day 

7) and mature (P <0.01 vs. Control of Day 14) adipocytes which were differentiated for 

7 days and 14 days, respectively. On the contrary, protein expressions of CYP27B1 

were significantly upregulated in hMSCs in response to treatment with OA (1 nM and 

10 nM) for more than 10% (P <0.05 vs. Control of Day 0) at day 0 and 21% (P <0.05 

vs. Control of Day 7) at day 7. Moreover, OA at 10 nM and 100 nM markedly improved 

the protein expression of CYP27B1 in hMSCs which are adipogenic differentiated for 

2 weeks (P <0.001 vs. Control of Day 14). On the other hand, 1,25(OH)2D3 significantly 

suppressed adipogenesis of hMSCs by decreasing the protein expressions of PPAR γ 

by 65 % (P <0.001 vs. Control of Day 0), 60% (P <0.001 vs. Control of Day 7) and 64% 

(P <0.001 vs. Control of Day 14) at day 0, day 7 and day 14, respectively. Similarly, 

OA (1 nM and 10 nM) markedly downregulated the expressions of PPAR γ by 15% at 

day 0 (P <0.05 vs. Control of Day 0), 42% at day 7 (P <0.05 vs. Control of Day 7) and 

33% at day 14 (P <0.05 vs. Control of Day 14). 
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Fig. 6.5 Effects of OA on adipogenesis and CYP27B1 protein expression in hMSCs.  

hMSCs from a 61-year-old female subject were differentiated in adipogenic medium 

for 0, 7 and 14 days. (A, B) Protein expressions of peroxisome proliferator-activated 

receptor gamma (PPAR γ) and CYP27B1 were determined by Western blotting. At 

each of adipogenic time point, cells were treated with 1,25(OH)2D3 (1 nM) or OA (1, 

10, 100 nM) for 24 hours. Protein expressions of PPAR γ (C, D) and CYP27B1 (C, E) 

were determined by Western blotting. Data are expressed as mean ± SEM, n=3. 

Differences between treatment group and control were analyzed by one-way ANOVA 

followed by Tukey’s multiple comparison tests. * P < 0.05, ** P < 0.01, *** P < 0.001 

vs. control 
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6.3.5 Effects of OA on adipogenesis and lipid accumulation in 3T3-L1 

preadipocytes  

Apart from the expressions of adipogenic marker PPARγ, the accumulation of lipid 

droplets in adipocytes could also serve as an indicator for adipogenesis. The effects of 

OA on lipid accumulation in 3T3-L1 preadipocytes were showed in Fig. 6.6. 

Adipogenic differentiation resulted in a dramatic increase in intracellular lipid 

accumulation in 3T3-L1 cells by 5-fold (P <0.001 vs. non differentiated cells). These 

induction of lipid droplets were significantly decreased by 56% (P <0.001 vs. 

differentiated control) when cells were differentiated in the presence of 1,25(OH)2D3. 

OA also markedly prevented lipid accumulation in 3T3-L1 cells in a dose-dependent 

manner. OA at 10 nM and 100 nM significantly suppressed the accumulation of lipid 

droplets in differentiated cells by 30 % (P <0.01) and 45% (P <0.001), respectively. 

6.3.6 Involvement of TGR5 in effects of OA on adipogenesis in 3T3-L1 

preadipocytes  

We evaluated the role of TGR5 in mediating the modulatory actions on adipogenesis 

and CYP27B1 expression in adipogenic differentiated 3T3-L1 preadipocytes using 

triamterene, which has been identified as a chemical inhibitor of TGR5 in vivo and in 

vitro (Li et al., 2017),. As shown in Fig. 6.7, a significant drop in protein expressions 

of TGR5 (P <0.05 vs. undifferentiated control) and CYP27B1 (P <0.05 vs. 

undifferentiated control) was accompanied by an elevation of PPAR γ expression (P 

<0.001 vs. undifferentiated control) upon adipogenic differentiation of 3T3-L1 cells.  

The induction of PPARγ expressions could be significantly suppressed in 3T3-L1 cells 

treated with1,25(OH)2D3 (1 nM) and OA (10 nM and 100 nM) by more than 52% (P 

<0.01 vs. differentiated control) and 41% (P <0.05 vs. differentiated control), 

respectively. Moreover, the presence of triamterene not only increased protein 

expression of PPARγ in 3T3-L1 cells by 1.6-fold (P <0.01 vs. differentiated control), 

but also significantly (P <0.001) abolished the suppressive effects of OA on PPAR γ 
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expression, indicating the important role of TGR5 in regulating the process of 

adipogenesis in 3T3-L1 cells. Incubation of 3T3-L1 cells with 10 nM and 100 nM OA 

significantly restored the expressions of TGR5 by more than 1.4-fold (P <0.05 vs. 

differentiated control), and the expressions of CYP27B1 by more than 1.7-fold (P 

<0.001 vs. differentiated control), to the levels that were comparable with that in 

undifferentiated cells. However, the effects of OA on protein expressions of TGR5 and 

CYP27B1 were also markedly (P <0.05) attenuated in 3T3-L1 cells in the presence of 

triamterene. 

Activation of AMP-activated protein kinase α (AMPK α) via phosphorylation at Thr 

172 plays a central role in regulating cellular energy homeostasis involving glucose and 

lipid metabolism (Kim et al., 2016). Our results showed that the phosphorylated levels 

of AMPKα in adipogenic differentiated cells was significantly increased in 3T3-L1 

cells treated with 1,25(OH)2D3 (1 nM) and OA (10 nM and 100 nM) by more than 2-

fold (P <0.001 vs. differentiated control). Similarly, the effects of OA on 

phosphorylation of AMPK α were also markedly (P <0.001) abolished in 3T3-L1 cells 

in the presence of triamterene. 
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Fig. 6.6 Effects of OA on lipid accumulation of 3T3-L1 preadipocytes.  

3T3-L1 preadipocytes were differentiated in adipogenic medium in the presence of 

1,25(OH)2D3 (1 nM) or OA (1, 10, 100 nM) for 2 days, followed by treatment in 

adipocyte maintenance medium for another 5 days. (A) Intracellular lipid droplets were 

stained with Oil Red O and visualized by light microscope with magnification of 200x, 

scale bars: 100 μm. (B) The absorbance of Oil Red O staining intensity was measured 

at 492 nm. Non differentiated (ND). Data are from three independent experiments and 

are shown as mean ± SEM and analyzed by using one-way ANOVA, followed by 

Tukey’s multiple comparison test. ### P < 0.001 vs. ND; * P < 0.05, ** P < 0.01, *** 

P < 0.001 vs. Control. 
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Fig. 6.7 Involvement of TGR5 in mediating effects of OA in 3T3-L1 preadipocytes.  

3T3-L1 preadipocytes were differentiated in adipogenic medium in the presence of 

1,25(OH)2D3 (1 nM) or OA (1, 10, 100 nM) for 2 days, followed by treatment in 

adipocyte maintenance medium in the presence or absence of triamterene (100 nM) for 

another 5 days. Protein expressions of TGR5 (A, B), CYP27B1 (A, C), PPAR γ (A, D) 

and p-AMPK α (A, E) were determined by Western blotting. Data are from three 

independent experiments and are shown as mean ± SEM and analyzed by using one-

way ANOVA, followed by Tukey’s multiple comparison test. * P < 0.05, ** P < 0.01, 

*** P < 0.001 vs. differentiated Control; # P < 0.05, ### P < 0.001 vs. treatment group 

without inhibitor. 
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6.4 Discussion 

The role of bone marrow adipose tissue (MAT) has drawn much attention as its amount 

increase with age, obesity and other metabolic disorders (Paccou et al., 2015). As the 

major components within the bone marrow cavity, MAT plays an important role in 

regulating bone homeostasis (Li et al., 2018). In this chapter, we attempted to 

characterize the potential effect of OA in modulating MAT accumulation and 

adipogenesis of BMSCs in ovariectomized (OVX) mice, and to further evaluate its 

actions on CYP27B1 expression and involvement in the process of adipogenesis and 

commitment to the adipogenic lineages in vitro. 

In the present study, we found an intense accumulation of MAT accompanied with an 

accelerated bone loss in estrogen-deficient mice. In line with our findings, clinical 

studies reported an inverse association between BMD and the number and size of bone 

marrow adipocytes in osteoporotic postmenopausal women (Syed et al., 2008). It has 

been recognized that MAT located at distal skeleton, also known as constitutive MAT 

(cMAT), are formed in early life. MAT located within proximal and middle regions of 

tibia, femur and lumbar vertebra, also known as regulated MAT (rMAT), tends to 

develop in later life and is sensitive to the environmental stimuli such as estrogen 

deficiency and dyslipidemia (Scheller et al., 2015). Lending support to this concept, our 

results showed that OVX significantly elevated MAT accumulation at the proximal to 

middle tibia, while treatment of E2 not only suppressed the increase in rMAT but also 

significantly prevented estrogen deficiency-induced bone loss. These E2 actions might 

be associated with its regulatory effects on osteogenesis of BMSCs by promoting the 

expressions of Runx2 and Osterix, and on adipogenesis by suppressing expressions of 

PPARγ and C/EBP α in BMSCs induced by OVX. Our results also agreed with those 

of  Okazaki et al. (2002) which reported that estrogen dose-dependently induced 

osteoblastic differentiation and suppressed adipogenesis of mouse bone marrow 

stromal cell line in a estrogen receptor (ER)-specific manner. 
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Besides the increase in MAT content, body weight gain was significantly increased in 

OVX mice in the present study, even though their level of food intake was controlled 

to be similar to that of the sham-operated mice. Such estrogen-deficiency induced 

weight gain is often accompanied with the condition of hyperlipidemia in 

postmenopausal women, and was reported to be associated with the incidence of 

osteoporotic fractures in these women (Bredella et al., 2013; Papakitsou et al., 2004). 

Our results showed an elevated levels of serum triglyceride (TG) and low-density 

lipoprotein cholesterol (LDL-C) with decreased BMD in OVX mice, confirming the 

detrimental effects of serum lipids on bone metabolism. Accumulating evidence has 

suggested that increased levels of lipid and lipoproteins in serum posed an inhibitory 

effects on osteoblastic differentiation while promoted differentiation and survival of 

osteoclast lineages (Parhami et al., 2001; Tintut et al., 2004). Our results showed that 

treatment of E2 attenuated these damages as indicated by the restoration of serum levels 

of PINP and reduction in serum CTX-1. These effects of E2 appeared to be associated 

with its actions to suppress serum levels of non-esterified fatty acids (NEFA, also 

known as free fatty acids), TG and LDL-C (Fig. 6.1). Besides, MAT accumulation in 

tibia of OVX mice was significantly suppressed upon treatment with E2 for 8 weeks. 

Our findings are in line with the clinical observations reported by Bredella et al. (2013) 

in which a positive relationship between serum TG levels and the content of MAT was 

found in obese men and women, indicating that TG could serve as an important 

predictor of bone marrow fat. Moreover, high-density lipoprotein cholesterol (HDL-C), 

which has been reported to be positively correlated with BMD Bredella et al. (2013), 

was significantly elevated by E2. 

An inadequate calcium intake in individuals of all ages were reported to be associated 

with higher BMI and fat mass (Kremer et al., 2009; Parikh et al., 2004). Moreover, the 

beneficial effects of calcium on regulating body weight and lipid metabolism were 

reported in elderly women (Caron‐Jobin et al., 2011). Our results were in agreement 

with these observations by showing that intake of high calcium diet (HCD) significantly 

suppressed body weight gain as well as serum levels of TG and NEFA in OVX mice. 
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Numerous studies have reported that supplementation of calcium and/or vitamin D 

favored the reduction in visceral adipose tissue (VAT) in obese adults (Caron‐Jobin et 

al., 2011; Rosenblum et al., 2012). Our present study was the first to report the 

inhibitory effects of HCD on MAT accumulation in OVX mice, although some studies 

reported MAT was positively correlated with VAT in overweight women (Bredella et 

al., 2011). Moreover, our results showed that as a result of restoration of imbalanced 

osteogenesis and adipogenesis of BMSCs, HCD improved bone properties and 

decreased accumulation of MAT in OVX mice.   

The results of the present study confirmed our previous observations that OA induced 

a marked elevation of circulating levels of 1,25(OH)2D3 in OVX mice (Cao et al., 2018). 

Such an increase will favor intestinal calcium absorption and renal reabsorption of 

calcium to improve Ca balance in OVX mice. Our results indicated that OA, acting like 

HCD, significantly suppressed body weight gain and hyperlipidemia in OVX mice 

induced by estrogen deficiency. Similar actions of OA on periphery adipose tissues and 

lipid metabolism were also found in animals fed with high fat diet (Liu et al., 2007; 

Yunoki et al., 2008). Moreover, our study showed that the decrease in BMD and the 

deterioration of bone microarchitecture were markedly improved in OVX mice upon 

treatment with OA. It is possible that OA, through its modulatory effects on lipid 

metabolism, attenuated the detrimental effects of elevated serum lipids on the balance 

between bone formation and bone resorption in OVX mice. This concept was supported 

by our findings that OA significantly restored the changes in serum levels of PINP and 

CTX-1 in mice induced by OVX. More importantly, OA effectively decreased the 

accumulation of MAT in OVX mice, indicating the balance between osteoblasts and 

adipocytes in bone marrow niche was improved. 

Accumulating evidence demonstrate that the physiological effects of 1,25(OH)2D3 are 

not limited to the regulation of calcium homeostasis. The presence of CYP27B1 and 

vitamin D receptor (VDR) in adipose tissues indicated the presence of paracrine or 

autocrine activities of 1,25(OH)2D3 in such extra-renal site. It has been reported that 
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the adipogenic potential of MSCs increases with aging, and contributes to the increase 

in MAT accumulation and age-related bone loss in elderly (Bateman et al., 2017). 

Based on these findings, we evaluated the effects of OA on adipogenesis of MSCs in 

the present study by employing hMSCs from a 61-year-old female subject. Our results 

showed a significant reduction in CYP27B1 expression along with the adipogenic 

differentiation of hMSCs, indicating a reduced bioactivation of vitamin D at later phase 

of adipogenesis. Treatment of OA significantly increased CYP27B1 expression at 

different adipogenic stages of hMSCs. Moreover, our results showed that 1,25(OH)2D3 

and OA exerted inhibitory effects on adipogenesis of hMSCs and 3T3-L1 preadipocytes, 

as revealed by the reduction in the protein expressions of PPARγ as well as the decrease 

in accumulation of lipid droplets in adipogenic differentiated 3T3-L1 cells. Our 

findings are in agreement with those reported previously in which 1,25(OH)2D3 was 

shown to modulate adipogenic differentiation and energy metabolism in 3T3-L1 

preadipocytes through binding VDR (Kong et al., 2006). 

It is worth noting that TGR5, a potential target of OA, also plays a part in mediating 

the modulatory effects of OA on CYP27B1 expression in differentiated preadipocytes. 

Moreover, inhibition of TGR5 abolished the inhibitory effects of OA on adipogenesis 

of 3T3-L1 cells, indicating the important role of TGR5 in regulating adipogenesis. Our 

results are in agreement with the findings of previous studies in which diet-induced 

body weight gain in mice was prevented by dietary supplementation of bile acids and 

specific agonists for TGR5 (Velazquez-Villegas et al., 2018; Watanabe et al., 2006). In 

addition, our results showed that the phosphorylated levels of AMPK, a signaling 

protein that involved in regulation of lipolysis and fatty acid oxidation, were 

significantly increased in 3T3-L1 cells in response to treatment of 1,25(OH)2D3 and 

OA. Such an increase in phosphorylation of AMPK might account for the decrease in 

lipid droplets in adipogenic differentiated 3T3-L1 cells in response to these treatments. 

Our study indicated that the increase in AMPK phosphorylation might be associated 

with the activation of TGR5 by OA in 3T3-L1 cells, as our results showed that 

inhibition of TGR5 by triamterene suppressed the AMPK phosphorylation in these cells. 
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Such observation was also supported by others (Velazquez-Villegas et al., 2018) in 

which specific knockout of TGR5 in adipose tissues was found to impair AMPK-

regulated mitochondrial function and lipolysis. Future study will be needed to 

determine if causal relationship exists between TGR5 and AMPK phosphorylation in 

adipose tissue.  

Taken together, our results demonstrated the inverse relationship between BMD and 

the content of MAT in mice. The modulating effects of OA on bone properties and bone 

marrow fat accumulation appear to be associated with its actions on improving the 

balance between osteogenesis and adipogenesis of BMSCs. OA consistently 

upregulated CYP27B1 expression in adipocytes, which might be involved in its 

inhibitory effects on adipogenesis. In addition, TGR5 plays an important role in 

mediating the bone protective effects of OA by serving as a membrane target for the 

actions of OA to regulate vitamin D and lipid metabolism. 
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Summary and conclusion 
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7.1 Summary 

Osteoporosis has been considered a serious public health concern due to its increasing 

prevalence among men and women, especially the elderly. It has been recognized that 

the increase in bone fragility and risk of fractures are closely related to the vitamin D 

deficiency and inadequate calcium intake. However, emerging studies reported that the 

use of vitamin D and calcium supplement could not reduce the incidence of fractures 

in older adults (Zhao et al., 2017). Possible reasons for this contradiction are the poor 

absorption of vitamin D and calcium in intestine and the deterioration in the vitamin D 

bioactivation in older people. Thus, improvement of vitamin D activation and calcium 

absorption become the major focus of the present study. 

Oleanolic acid is a natural pentacyclic triterpenoid compound with pleiotropic effects. 

The activities of OA in bone protection are also documented. Moreover, our previous 

study demonstrated the ability of OA to modulate circulating 1,25(OH)2D3 and calcium 

absorption in ovariectomized (OVX) mice. These beneficial effects of OA on Ca 

balance and bone properties might be associated with its modulatory effects on renal 

CYP27B1 (Cao et al., 2018). Paracrine or autocrine activities of 1,25(OH)2D3 in 

skeletal microenvironment has also drawn much attention due to the ubiquity of 

CYP27B1 and vitamin D receptor (VDR) in extrarenal sites including bone. Moreover, 

a reduced CYP27B1 activity was reported to be accompanied with an increase in bone 

marrow adipose tissue accumulation with aging, which in turn contribute to the 

impaired bone properties and increased risk of fractures in elderly. 

Based on these findings, the hypothesis of the present study is that OA exerts bone 

protective effects by modulating extra-renal expression and activities of CYP27B1 in 

osteoblasts and bone marrow adipocytes. To validate the hypothesis, we characterized 

the effectiveness and the underlying mechanisms of OA to modulate extrarenal 

CYP27B1 in osteoblasts. In addition, the actions of intracellular produced 1,25(OH)2D3 

induced by OA in mediating osteogenesis were evaluated. Considering the important 
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role of bone marrow adipose tissues (MAT) in bone homeostasis, the effects of OA on 

MAT and its interaction with osteoblastic lineages in bone marrow niche were 

investigated. The details were illustrated in four parts. 

7.1.1 OA upregulated CYP27B1 expression and activity in kidney and 

osteoblasts  

In Chapter 3, we employed OVX mice as osteoporotic animal model to investigate the 

effects of OA to regulate vitamin D metabolism and bone metabolism, given the fact 

that vitamin D deficiency is prevalent in postmenopausal women suffering from 

osteoporotic fractures. We confirmed the bone protective effects of OA, as revealed by 

the increase in bone mineral density (BMD) and the improvement of bone 

microarchitectural parameters in OVX mice administrated with OA (200 ppm in diet) 

for 8 weeks. Such actions of OA were partially attributed to the restoration of bone 

turnover rate in the midst of negative calcium balance due to estrogen deficiency, as 

supported by the significant reduction in urinary calcium excretion of mice fed with 

OA-contained diet.  

It has been well recognized that circulating 1,25(OH)2D3 levels and renal CYP27B1 

activity are tightly controlled by systemic requirement of calcium and phosphate. Our 

results showed that calcium balance and vitamin D metabolism were impaired in OVX 

mice. OA effectively elevated circulating 1,25(OH)2D3 levels by upregulating renal 

CYP27B1 expression, which contribute to a positive calcium balance and the 

improvement of bone properties in mice. More importantly, the expressions of 

CYP27B1 in iliac crests were significantly increased in response to OA, indicating the 

potential action of OA to modulate paracrine or autocrine activities of 1,25(OH)2D3 in 

skeletal microenvironment. 

The modulatory activities of OA on CYP27B1 expressions in kidney and bone cells 

were confirmed by in-vitro experiments using human proximal tubule cells as well as 

human and rat osteoblast-like cells. Our results indicated that the effective dosages of 
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OA in osteoblasts (1-10 nM) appeared more accomplishable than that in kidney cells 

(10 μM) in view of the poor gastrointestinal absorption and bioavailability of OA. Most 

importantly, our results indicated the abilities of the osteoblasts to generate 

1,25(OH)2D3 for cellular activities when the cells were incubated with 25(OH)D3 (1 

μM) as substrate. Moreover, the production of 1,25(OH)2D3 was effectively enhanced 

in osteoblasts in response to treatment with OA (1 nM). Our results also demonstrated 

that the actions of OA on cellular production of 1,25(OH)2D3 was associated with its 

induction of the expressions of alkaline phosphatase (ALP) and osteopontin (OPN) in 

osteoblasts. 

7.1.2 CYP27B1 is critical in mediating osteogenic effects of OA in mature 

osteoblasts  

In the second part, we determined the expressions and enzymatic activity of CYP27B1 

at different osteogenic stages of human mesenchymal stem cells (hMSCs), which were 

characterized by sequentially expressed osteogenic markers including runt-related 

transcription factor 2 (Runx2), containing type 1 collagen (Col-1), bone sialoprotein 

(BSP) and OPN. Our results showed a time-dependent increase in CYP27B1 expression 

as well as cellular production of 1,25(OH)2D3 along with the process of osteogenesis 

of hMSCs, implicating the requirement of 1,25(OH)2D3 for osteogenesis and functions 

of mature osteoblasts. This concept was supported by our results which demonstrated a 

robust increase in expressions of BSP2 and OPN, the matrix proteins engaged in the 

extracellular matrix mineralization and maturation, with the increase in expression of 

VDR at mature stages of osteogenesis in hMSCs. In addition, OA further enhanced 

CYP27B1 expression and cellular production of 1,25(OH)2D3 in mature osteoblastic 

lineages, where higher levels of calcium and phosphate is required for bone formation. 

The expressions of Col-1, BSP2 and OPN were also upregulated by OA, indicating the 

involvement of intracellular synthesized 1,25(OH)2D3 in mediating the effects of OA 

on maturation of osteoblastic lineages. 
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We further determined the involvement of CYP27B1 in the osteogenic effects of OA 

in the mature osteoblastic MG-63 cells. In line with our findings in Chapter 3, OA 

markedly upregulated expression of CYP27B1 in MG-63 cells. OA also markedly 

improved OPN expression and ALP activity in these cells, which resemble the actions 

of 1,25(OH)2D3. However, such actions were attenuated, at least in part, in osteoblasts 

in the presence of CYP27B1 siRNA. Again, these results emphasized the important role 

of cellular production of 1,25(OH)2D3 induced by OA in the osteogenesis of mature 

osteoblast. Moreover, OA potentiated the actions of 25(OH)D3 to regulate CYP27B1 

and osteogenesis when the cells were incubated with physiological levels of 25(OH)D3 

(100 nM). The results indicated that OA could modulate vitamin D metabolism and 

osteogenesis of mature osteoblasts independent of the vitamin D status.  

These findings provided evidence for the differential regulation of paracrine or 

autocrine activity of 1,25(OH)2D3 at different osteogenic stages of osteoblasts. 

Moreover, the locally produced 1,25(OH)2D3 by CYP27B1 is essential in mediating the 

osteogenic effects of OA by facilitating the maturation and mineral homeostasis in 

osteoblasts. 

7.1.3 TGR5 was required for mediating the actions of OA on modulating 

CYP27B1 transcription in osteoblasts 

Regulating CYP27B1 in osteoblasts has been the major focus since the discovery of 

CYP27B1 in extra-renal sites (Bikle et al., 2018). In Chapter 4, we characterized the 

involvement of G protein-coupled bile acid receptor 1 (TGR5) in mediating the 

regulatory effects of OA on CYP27B1 expression in MG-63 cells. With a structure 

resembling bile acids, OA has been identified as a natural ligand for the activation of 

TGR5 (Sato et al., 2007). Our results showed that the modulatory effects of OA on the 

expression and activity of CYP27B1 in osteoblasts were mimicked by lithocholic acid 

(LCA), a bile acid and an agonist of TGR5, indicating the potential role of TGR5 in 



 

 167 

regulating CYP27B1 in osteoblasts. This was supported by the decreased expression of 

CYP27B1 in osteoblasts in the presence of TGR5 inhibitor.  

Moreover, specific overexpression of TGR5 not only improved CYP27B1 expression 

in MG-63 cells, but also potentiated the effects of OA on CYP27B1 expression. 

However, these changes were attenuated in MG-63 cells when TGR5 was silenced with 

TGR5 siRNA. Wang et al. (2018) showed an increase in TGR5 expression with the 

osteogenic differentiation of pre-osteoblast MC3T3-E1 cells. Such elevated TGR5 

expressions could further facilitate the effects of OA to induce CYP27B1 expression 

and activities in mature osteoblasts. 

Subsequently, we determined the actions of OA on the phosphorylation of cAMP-

responsive elements-binding protein (CREB) in osteoblasts, a transcription factor that 

was involved in the classical pathway for activation of TGR5 as well as activation of 

CYP27B1 transcription. The results showed that OA (1 nM) rapidly induced CREB 

phosphorylation in MG-63 cells, which was followed by the stimulation of mRNA and 

protein expressions of CYP27B1 to the maximal levels by 1 hour and 2 hours, 

respectively. However, the increase in CREB phosphorylation and CYP27B1 promoter 

activity in response to OA was completely obliterated by pre-treatment with TGR5 

inhibitor. These results provided evidence for the modulation of CYP27B1 

transcription in osteoblastic cells through the activation of TGR5 and CREB 

phosphorylation by OA. 

7.1.4 OA suppressed the accumulation of MAT and adipogenesis of BMSCs  

In Chapter 6, we characterized the potential effect of OA in modulating MAT 

accumulation and adipogenesis of BMSCs in OVX mice. In line with those findings in 

the clinical studies, our results showed an intense accumulation of MAT accompanied 

with the condition of hyperlipidemia in estrogen-deficient mice. In addition to the 

improvement in BMD and bone microarchitectures, OA significantly suppressed the 

accumulation of MAT and levels of serum lipids in OVX mice. It has been reported 
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that increased levels of lipid and lipoproteins in serum posed detrimental effects on 

bone metabolism by suppressing osteoblastic differentiation and improving the 

differentiation and survival of osteoclasts (Parhami et al., 2001; Tintut et al., 2004). It 

is possible that the modulation of lipid metabolism contributes to the restoration of bone 

turnover rate, as supported by our findings that OA significantly restored the changes 

in serum levels of PINP and CTX-1 in OVX mice. 

The balance between adipocytes and osteoblasts also drawn our attention due to the fact 

that they shared common progenitors in bone marrow niche. It is believed that the 

differentiation of MSCs towards these two different lineages is in a mutually exclusive 

manner in which the accumulation of adipose tissue will occur in the expense of 

osteoblasts (Muruganandan et al., 2009). Our results showed that OA significantly 

improved the balance between adipogenesis and osteogenesis of BMSCs, as indicated 

by the decrease in expressions of peroxisome proliferator activated receptor gamma 

(PPAR γ) and CCAAT enhancer binding proteins (C/EBP α) while the increase in 

expressions of runt-related transcription factor 2 (Runx2) and Osterix in BMSCs of 

OA-fed mice. 

Our results showed a significant reduction in CYP27B1 expression along with the 

adipogenic differentiation of hMSCs and murine 3T3-L1 preadipocytes, indicating a 

reduced bioactivation of vitamin D in mature adipocytes. Treatment of OA significantly 

inhibited adipogenesis of hMSCs and 3T3-L1 preadipocytes. Meanwhile, OA improved 

the expression of CYP27B1 in adipogenic differentiated cells, which was believed to 

partially contribute to the inhibitory effects of OA on adipogenesis and lipid droplets 

accumulation. Moreover, the phosphorylated levels of AMP-activated protein kinase 

alpha (AMPK α), the master regulator of lipid metabolism, in differentiated 3T3-L1 

cells were increased in response to 1,25(OH)2D3 and OA. It is worth noting that these 

actions of OA could be abolished when the cells were co-treated with TGR5 inhibitor, 

indicating that TGR5 plays an important role in mediating the bone protective effects 
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of OA by serving as a membrane target for the actions of OA to regulate vitamin D and 

lipid metabolism.  

7.2 Conclusion 

In conclusion, the results of the present study support our hypothesis that OA 

effectively upregulated the expression and activity of CYP27B1 in renal and extra-renal 

sites such as osteoblasts and bone marrow adipocytes, which in turn contribute to its 

bone protective effects (Fig. 7.1). On the one hand, OA improved calcium balance by 

its actions on increasing circulating 1,25(OH)2D3 levels via the upregulation of renal 

CYP27B1. On the other hand, OA increased locally production of 1,25(OH)2D3 by 

CYP27B1 in mature osteoblasts, which further facilitated the maturation and mineral 

homeostasis in osteoblasts. Moreover, OA consistently upregulated CYP27B1 

expression in adipocytes that were associated with its effects on adipogenesis and lipid 

metabolism in BMSCs. More importantly, our results demonstrated that the actions of 

OA on regulating CYP27B1 expressions in osteoblasts and adipocytes were mediated 

by a membrane receptor TGR5 via a rapid induction of CREB phosphorylation and 

subsequent activation of CYP27B1 transcription.  

This study provides evidence for the use of small molecule to modulate CYP27B1 

expression and cellular production of 1,25(OH)2D3 in extra-renal sites via the activation 

of TGR5 and improves our understanding of the paracrine or autocrine activities of 

1,25(OH)2D3 in the skeletal microenvironment. 
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Fig. 7.1 Diagram illustrating the proposed effects of OA on the expression and 

activity of CYP27B1 in renal and extra-renal sites and their contribution to the 

optimal bone properties. 
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7.3 Limitation and future studies 

To investigate the effects of OA on the age-related changes in CYP27B1 expression as 

well as osteogenesis or adipogenesis of MSCs, the present study employed hMSCs from 

a 61-year-old female donor. However, the results might be not be representative due to 

the limitation in sample size. With such consideration, hMSCs from different subjects 

should be included in the future study. 

In the present study, the dependence of OA-regulated CYP27B1 expression on TGR5 

was determined in in-vitro experiments using transient transfection of TGR5 siRNA. 

However, the efficiency of knockdown varied in each transfection. The involvement of 

TGR5 in mediating the regulation of CYP27B1 and 1,25(OH)2D3 levels should further 

be confirmed in animals with targeted ablation of TGR5. 

We employed 3T3-L1, preadipocytes from murine peripheral adipose tissues, for the 

characterization of the effects of OA on MAT formation and lipid metabolism. 

However, although the peripheral adipocytes used in present study resemble those bone 

marrow adipocytes in many ways, evident differences between them exist due to their 

unique localization and functions. Therefore, advances in techniques for isolating bone 

marrow adipose tissues are urgently needed to fully understand the actions of OA on 

vitamin D metabolism and energy metabolism in them. 
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