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Bone formation and bone resorption are the processes which maintain bone
homeostasis. The balance in functioning of osteoblasts and osteoclasts regulates bone
remodeling. Dysregulated bone homeostasis results in bone diseases including
osteoporosis. Therefore, osteoclasts are one of the target cells for anti-resorptive therapies
to treat osteoporosis. To discover new anti-resorptive agents, we screened natural
compounds from plants that inhibit osteoclastogenesis. In this study, we screened ten
compounds from Kaempferia parviflora and six limonoid compounds from Xylocarpus
moluccensis. We found that 7-oxo-deacetoxygedunin (7-OG), a limonoid compound from
Xylocarpus moluccensis markedly inhibited the differentiation of osteoclasts induced by
receptor activator of nuclear factor-KB ligand (RANKL). Treatment with 7-OG decreased
the tartrate resistant acid phosphatase (TRAP) activity in pre-osteoclasts which was
induced by RANKL in RAW264.7 cell line. The IC50 for cytotoxicity and anti-
osteoclastogenic activity was more than 22.80 uyM and 2.50 uM, respectively. We
investigated the effects of 7-OG on the expression of osteoclast-related genes, NFATc1
and Cathepsin K, and found that treatment with 7-OG significantly suppressed the

expression of both genes (p<<0.05). Detailed analysis uncovered that 7-OG treatment

suppressed the activation of NF-KB and MAPK signaling pathways. These results

suggested that 7-OG inhibits osteoclastogenesis induced by RANKL by inferring with NF-

KB and MAPK pathways and has potential to be a therapeutic agent for osteoporosis.
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CHAPTER |

BACKGROUND

Osteoporosis is the common bone disease that occurs in elderly female after
menopause (40-80 years of age) because of estrogen deficiency. An imbalance
between osteoblast-bone forming cells and osteoclast-bone resorbing cells enhances
osteoclastogenesis causing increase bone resorption, low bone mass and high risk of

fracture (Pongchaiyakul et al., 2008).

Osteoclasts ~ are  multinucleated  giant cells, derived from
monocyte/macrophage lineage. Mature osteoclasts adhere to bone matrix and secrete
acids and lytic enzymes to degrade the bone resulting in bone loss (Boyle et al., 2003).
Receptor activator of NF-KB ligand (RANKL) and macrophage colony-stimulating factor

(M-CSF) are the key cytokines for osteoclast development (Suda et al., 1992).

Two major types of anti-resorptive agents, bisphosphonates and
calcitonin are the most prescribed treatments for osteoporosis. Bisphosphonates inhibit
lifespan and functions of osteoclasts but they have several side effects such as
heartburn, abdominal pain, pain in muscles and joints, difficulty swallowing etc. and
calcitonin inhibits functions of osteoclasts without affecting their survival. Although
calcitonin transiently inhibits bone resorption but continuous treatment with calcitonin
decreases its inhibitory effects, because of the down-regulation of calcitonin receptors

on osteoclasts (Woo et al., 2006).

Several natural compounds from plants or microorganisms can inhibit bone
resorption suggesting that they can be used for therapeutic treatment of bone diseases.

In recent studies, several types of compounds with anti-osteoclastogenic activity have



been reported such as flavonoid from onion (Woo et al., 2004), isoflavone from soybean
(Tang et al.,, 2010), FK-506 from Streptomyces sp. (lgarashi et al., 2004). These
compounds markedly inhibit differentiation of osteoclast from bone marrow derived

monocytes/macrophages or RAW264.7 cell line.

Therefore, in this study, we aimed at screening compounds from plants for anti-
osteoclastogenic activity and studying the molecular mechanisms of such activities. The
compounds which were identified in this study have potentials in becoming lead

compounds for anti-bone resorption drug to prevent and treat bone diseases.

In order to identify new natural agent for osteoporosis treatment, we identified
the limonoid compound 7-oxo-deacetoxygedunin (7-OG) from seeds of Xylocarpus
moluccensis (Family Meliaceae), which was collected from the southern area of Thailand
(Ravangpai et al., 2011). This compound has strong anti-osteoclastogenic activity but
low toxicity. Moreover, this compound has been reported that it has anti-inflammatory
activity because it can suppress nitric oxide production in RAW264.7 cell line treated

with lipopolysaccharide (LPS) (Ravangpai et al., 2011).



Objective

To screen compounds from plants for anti-osteoclastic activity and study its

molecular mechanisms



CHAPTER I

LITERATURE REVIEWS

2.1 Bone remodeling cycle

Bone is a dynamic tissue that is regulated by osteoblast-bone forming cells and
osteoclast-bone resorbing cells to maintain mineral homeostasis (Kearns and Kallmes,
2008). Bone formation is mediated by mature osteoblasts to synthesize the bone matrix
and mineralization and bone resorption is mediated by mature osteoclasts to remove
mineralized tissues by secreting acids and lytic enzymes. Bone remodeling cycle
occurs by a mult-istep process : a) a resting period before the beginning of new
remodeling cycle; b) mature osteoclasts create the cavity to degrade bone matrix; c)
osteoblasts precursors prepare the bone surface to begin bone formation; d) mature
osteoblasts form the matrix with new bone. This process in human occurs in
approximately 4 months and is regulated by various cytokines and hormones such as

estrogen (Figure 2.1).



Bone remodeling cycle
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Fig 2.1 Bone remodeling cycle. The action of osteoclasts to degrade old bone and

osteoblasts to form new bone is depicted (Bringhurst et al., 2011).

2.1.1 Osteoporosis

Osteoporosis is one of public health that is associated with aging disorders. It is
characterized by decrease in bone mass and bone mineral density (Sipos et al., 2009).
Low bone mass increases high risk of fractures of wrist, tibia and hip (Kessenich, 1997).
The rate of bone loss in both women and men age 40-50 years is 0.3-0.5 percent per
year and this rate increases 10-fold in postmenopausal women or after castration in men
(Chin and Sarno, 1995). An imbalance between bone formation and bone resorption in
bone remodeling cycle by increasing in bone resorption comparing to bone formation
result in this condition. Osteoporosis occurs in postmenopausal women mainly because
of the deficiency in estrogen production. Estrogen directly involves in the signaling
cascade during bone remodeling. Therefore, the low level of estrogen results in bone
loss and osteoporosis in women. Age-related osteoporosis may occur because the
activity of osteoblasts in forming new bone is impaired while the resorption is hormal or

increases (Kessenich, 1997). Various risk factors for osteoporosis have been reported



such as alcohol abuse, cigarette smoking, endocrine diseases (e.g., thyrotoxicosis,
primary hyperparathyroidism) and rheumatoid arthritis (Eastell, 1998). Furthermore,
parathyroid hormone, calcium and vitamin D regulate immune system and function in

the pathogenesis of osteoporosis (Clowes et al., 2005).

2.1.2 Diagnosis and Treatment of osteoporosis

In general, bone mineral density (BMD) is measured for diagnosis of
osteoporosis. There are several techniques for measuring bone mineral density. The
most useful technique is dual-energy x-ray absorptiometry (DEXA) (Eastell, 1998).
Measurement of biochemical markers of bone remodeling in serum or urine is another
useful method. For example, the measurement of serum alkaline phosphatase or serum
osteocalcin which are the biochemical markers for bone formation can be used to detect
the condition of bone-related disorders. The measurement of serum tartrate-resistant
acid phosphatase or urinary excretion of pyridinium cross-link of collagen are used as
the biochemical markers of bone resorption. These techniques are used for predicting
fracture risk and monitoring clinical treatment (Eastell, 1998).

Several therapies are available for clinical treatment of osteoporosis. Most aim at
reducing the risk of fractures by increasing bone mineral density. The current therapies

are listed below

Bisphosphonates

Alendronate, etidronate and risedronate are the drugs in the bisphosphonate
group. The mode of action of bisphophonates is shortening the lifespan of mature
osteoclasts so they can prevent the bone fractures. Bisphosphonates have several side
effects such as heartburn, abdominal pain, pain in muscles and joints, difficulty in

swallowing.



Calcitonin

Calcitonin is produced by thyroid C cell. It can inhibit bone resorption by binding
to the calcitonin receptor on osteoclasts. They increase the bone mineral density but it is
expensive and its side effects are nausea and diarrhea (Eastell, 1998). Moreover, the
patients may become resistant to calcitonin after a long term use because of down-

regulation of calcitonin receptors on osteoclasts.

Estrogen-replacement therapy

Estrogen can prevent bone loss and relieve menopausal symptoms in
postmenopausal women. There are, however, many side effects associated with this
therapy. For example, it can increase the risk of breast carcinoma and endometrial

carcinoma or the return of menstrual bleeding (Eastell, 1998).

2.2 Osteoclastogenesis

Osteoclasts are large multinucleated cells which are differentiated from
monocyte/macrophage progenitors (Wilson et al., 2009). The formation of mature
osteoclast occurs by the binding of macrophage colony-stimulating factor (M-CSF) to c-
fms receptor on osteoclast precursor and RANK receptors is engaged by its ligand,
receptor activator of NF-KB ligand (RANKL) which is produced by osteoblast in the
membrane-bond form and the soluble form. Both cytokines play a crucial role in
osteoclast differentiation and activation. M-CSF is essential for the proliferation and
survival of osteoclast precursors and RANKL regulates the formation of mature
osteoclast (Lorenzo et al., 2008). Osteoprotegerin (OPG) which is produced by
osteoblasts blocks osteoclast differentiation by binding to RANKL. OPG negatively
regulates the binding of RANKL to RANK receptor to balance the bone formation and

resorption processes in vivo (Shinohara and Takayanagi, 2007) (Figure 2.2).



Osteoclastogenesis
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090
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Figure 2.2 Molecules in osteoclastogenesis. Osteoclast precursor is induced by M-CSF
and RANKL via binding to their specific receptors, c-fms and RANK receptor,
respectively. These cytokines and OPG are expressed by osteoblasts. RANKL induces
the differentiation and activation of mature osteoclasts while OPG suppresses this

process. (Lorenzo et al., 2008)

2.3 Signaling pathways in osteoclast differentiation

Because millions of people worldwide are at risk or affected by osteoporosis and
other bone diseases, the understanding of the molecular mechanisms in osteoclast
differentiation is important for developing novel drugs for clinical treatment. Several
factors and signaling pathways that are involved in osteoclast differentiation and

functions have been reported and they are reviewed below (Figure 2.3).



Signaling pathways in osteoclast differentiation
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Figure 2.3 Signaling pathways in osteoclast differentiation. The signaling pathways are
activated by RANKL and ITAM. Stimulation by RANKL results in the activation of MAPK
and NF-KB pathway which induce NFATc1 expression via TRAF6. The phosphorylation
of ITAM upon stimulation by an unknown ligand results in the activation of calcium
signaling which activates CaMK/CREB pathway and calcineurin pathway. These
pathways are required for the optimal induction of NFATc1 expression and its

autoamplification (Shinohara and Takayanagi, 2007).

TRAF (TNF receptor-associated factor) 6

TRAF6 is an adaptor protein that mediates signaling pathways of several
cytokine receptors such as Toll/IL-1R family and TNF receptor superfamily. TRAF6 is a
major adaptor molecule associated with RANK receptor (Tanaka et al., 2003). It is
essential for the activation of MAPK and NF-KB pathways which is involved in osteoclast

differentiation and their functions.



10

MAPKs (Mitogen activated protein kinase)

MAPK family members consist of p38-MAPK (p38al, B, Y and 9), c-Jun N-
terminal kinase (JNK1, 2 and 3), extracellular signal-regulated kinase (ERK1 and 2)
(Wada et al., 2006) (Figure 2.4). The phosphorylated forms of these MAPKs which are
activated form play a crucial role in osteoclastogenesis. Previous studies reported that
p38 is involved in the induction of Cathepsin K mRNA expression (Matsumoto et al.,
2004). Moreover, inhibition of ERK by MEK inhibitor did not affect the differentiation of
osteoclast but ERK is essential for the survival of osteoclasts (Asagiri and Takayanagi,
2007). On the other hand, the induction of RANKL, IL-1, TNFOU and LPS induced the
phosphorylation of p38-MAPK in osteoclast precursors but not in osteoclasts. Taken
together, these data suggested that p38-MAPK is essential for osteoclast differentiation

but not for osteoclast functions (Li et al., 2002).

MAPK pathway

RANK

l

MKK4/7 MKK3/6 MEK1/2

I\

Figure 2.4 Activation of MAPK pathway. MAPK pathway is activated via TRAF6. MKK4/7,
MKK3/6 and MEK1/2 are downstream targets of TRAF6 and can be activated by
phosphorylation. JNK, p38-MAPK and ERK are phosphorylated by MKK4/7, MKK3/6 and
MEK1/2, respectively, resulting in the induction of transcription of specific target genes

(Wada et al., 2006).
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c-Fos and AP-1 proteins

Activator protein-1 (AP-1) is a dimeric complex consisting of the Fos (c-Fos, Fos-
B, Fra-1 and Fra-2), Jun (c-Jun, JunB and JunD) and ATF (ATFa, ATF2, ATF3, ATF4 and
B-ATF) proteins (Asagiri and Takayanagi, 2007). C-Fos forms heterodimer with AP1
which play an important role in the osteoclast differentiation. Osteoclast formation
cannot occur in the absence of these transcription factors (Boyce et al., 2005). Previous
studies reported that Fra-1 was controlled by JNK because the JNK inhibitor also
inhibited the expression of Fra-1 (Chang et al., 2009). These data suggested that the

activation of AP-1 components is regulated by MAPK pathway

NF-KB (nuclear factor kappa B)

The family of NF-KB transcription factor consists of p65/RelA, p50, RelB, p52,
IKBa, IKB, IKBE, NF-KB1/p105 and NF-KB2/p100. The activation of NF-KB is
essential for immune responses, inflammation and bone formation (Abu-Amer et al.,
2008). There are two major signaling transduction pathway of this protein family, the
classical pathway (canonical pathway) and the alternative pathway (non-canonical
pathway) (Figure 2.5). Both pathways are activated via RANK/RANKL and is mediated
by TRAF1, 2, 3, 5 and 6 in osteoclastogenesis (Sun, 2011).

Furthermore, previous study reported that the inhibition of IKK/NF-KB in
osteoblasts prevented bone loss by maintaining bone formation in mice with
ovariectomy (OVX). And they found the expression of Fra-1, the essential transcription
factor for bone matrix formation, increased after the inhibition of IKK/NF-KB. These data
suggested that IKK/NF-KB is the target for treatment of osteoporosis (Chang et al.,
2009).

NF-KB signaling pathway is activated via the stimulation of TRAF6 which is
associated with RANK' receptor in osteoclasts. Previous studies reported that the
subunits of IKK multisubunit enzyme, IKKy (NEMO) and IKK[, are essential for

osteoclastogenesis in the NF-KB classical pathway both in vitro and in vivo but another
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subunit, IKKQL, is essential only in vitro. These results indicated that the NF-KB classical

pathway is important in osteoclast differentiation and functions (Ruocco et al., 2005).

NF-xB pathway

RANK
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Cytoplasm 1
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| oo | IKKa IKK | o]
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Non-canonical ® ® ® ® Canonical

Proteasome

”
¥
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Figure 2.5 Activation of NF-KB pathway. In the classical pathway, NF-KB is activated
via TRAF6. IKK complex which consists of IKKQL, IKKB and IKKY (NEMOQO) subunits are
activated which results in the phosphorylation of IKBCOL. The phosphorylated form of
IKBQL is targeted for degradation by the proteasomes which generates the complex of
p50-Rel A (p65) in an active form and these complex translocate to the nucleus (Soysa
and Alles, 2009). Alternative pathway or non-canonical pathway is activated via NF-KB-

inducing kinase (NIK). The homodimers of IKKQL is activated resulting in the
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phosphorylation of p100. The phosphorylated form of p100 is degraded by proteasomes
which generates Rel-B in an active form. Rel-B forms a complex with p52 and

translocate to the nucleus.

NFAT (Nuclear factor of activated T cell) c1

NFAT is a transcription factor which was originally discovered in T cells. NFAT
families consist of five members including NFATc1 (NFAT2), NFATc2 (NFAT1), NFATc3
(NFAT4), NFATc4 (NFAT3), and NFAT5. NFATc1 is the master transcription factor in
osteoclastogenesis. Previous studies reported that NFATc1-deficient mice exhibit severe
osteopetrosis, a condition of excessive bone formation. These data suggested that
NFATc1 play a critical role in the differentiation and functions of osteoclasts
(Takayanagi, 2007). Furthermore, it has been reported that calcium signaling is essential
for the autoamplification of NFATc1 during osteoclast formation. The activation of
calcium signaling and NFATc1 leads to autoregulates NFATc? promoter during
osteoclastogenesis (Asagiri et al., 2005).

There are several target genes of NFATc1 which are involved in osteoclast
functions including Cathepsin K (degradation of bone matrix), TRAP (tartrat-resistant
acid phosphatase production), [33 integin (adherence of osteoclast to bone matrix),
dendritic cell-specific transmembrane protein or DC-STAMP (cell-cell fusion of
osteoclast precursors), osteoclast-associated receptor or OSCAR (cell-cell interaction
between osteoclast and osteoblast) and calcitonin receptor. These osteoclast-related

genes are directly regulate by NFATc1 (Negishi-Koga and Takayanagi, 2009).

Cathepsin K (CTSK) is a member of cysteine protease family which is expressed
in mature osteoclast. Cathepsin K cleaves the helical and telopeptide of collagen Type |
which is found more than 97 percent in bone matrix (Figure 2.6). The action of cathepsin
K is important in the degradation of bone matrix during bone resorption (Zaidi et al.,
2001). Metrix metalloproteinases (MMPs), another protease which is synthesized by

mature osteoclasts consist of MMP-9, MMP-10, MMP-12 and MMP-14. MMP-9 and
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MMP-14, they are the key enzymes involved in the migration of osteoclasts through

collagen (Delaisse et al., 2003).
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Figure 2.6 Regulations of Cathepsin K and its role during bone resorption by osteoclast.
The osteoclast adheres to bone by the binding of O(,VB?) integrin to bone matrix. The H'-
ATPase proton pump transports H" ions to the lacuna causing acidic condition. The
electrical balance in the cell is maintained by CI ions which are released by chloride
channel (CIC-7). Cathepsin K (CTSK) and matrix metalloproteinases (MMPs) are
transported from endoplasmic reticulum in lysosomes into the resorption pit (Troen,

2006).

Interferon regulatory factor-8 (IRF8) is a member of IRF familes. IRF8 was
reported to be expressed in B lymphocytes and activated T lymphocytes, monocytes
and macrophages (Zhao et al., 2009). Previous studies reported that IRF8 was a
negative regulator of osteoclastogenesis because the levels of IRF8 were reduced

during the initial step of osteoclastogenesis stimulated by RANKL. The activation of NF-

KB and AP-1 occurr in osteoclast precursors which are induced by RANKL, resulting in

the positive regulation of NFATc1 promoter. At the same time, stimulation with RANKL
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downregulates the levels of IRF8 results in releasing NFATc1 to autoamplify its own

expression (Zhao et al., 2009) (Figure 2.7).
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Figure 2.7 The negative roles of IRF8 in osteoclastogenesis. IRF8 is present in
abundance in osteoclast precursors. In the absence of RANKL, IRF8 suppresses the

activity of NFATc1 by binding to NFATc1 causing the transcription of the target genes to
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be suppressed. In the presence of RANKL, the levels of IRF8 are reduced and NFATc1

can be freed to stimulate its own promoter (Zhao et al., 2009).

2.4 7-oxo-deacetoxygedunin (7-OG)

Limonoids are triterpene derivatives found only in plant of family Meliaceae such
as mahogony and family Rutaceae such as citrus fruits (Manners, 2007). Limonoids are
derived from limonin and first characterized in 1949 as the bitterness agents from navel
orange juice. The chemical composition of limonin is C,H,,0, (Figure 2.8) and its
molecular weight is 470 (Roy and Saraf, 2006). Limonoids are moderately polar,
insoluble in water but soluble in ketones, alcohols and hydrocarbons (Pudhom et al.,
2010). Previous studies reported the bioactivities of limonoid compounds such as anti-
colon cancer activity of limonoids from Xylocarpus granatum (Uddin et al., 2007), anti-
malarial activity of limonoids from Khaya grandifoliola of the combination between these
limonoids and chloroquine exhibits additive effect for anti-malarial activity (Kayser et al.,
2003). The anti-HIV activity of limonoids from Clausena excavate was also reported

(Sunthitikawinsakul et al., 2003).

Figure 2.8 The structure of limonin from citrus (Roy and Saraf, 2006)

7-oxo-deacetoxygedunin (7-OG) is a limonoid compound from seeds of
Xylocarpus moluccensis or cedar mangrove which collected from Phuket, in southern

Thailand. It has an inhibitory effect against nitric oxide production in LPS-stimulated
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macrophages (Ravangpai et al., 2011). Moreover, 7-OG obtained from Gaurea
grandiflora (Family Meliaceae) inhibits ATP synthesis and phospholyrating electron flows

in thylakoids of spinach (Achnine et al., 1999)



CHAPTER III

MATERIALS AND METHODS

3.1 Cell line and media

A macrophage like cell line, RAW264.7 (ATCC TIB-71) was used in this study.
RAW?264.7 was cultured in DMEM (Hyclone, UK) and supplemented with 10% Fetal
Bovine Serum (FBS) (Hyclone, UK), 1% 10 mM sodium pyruvate (Hyclone, UK), 1%
HEPES free acid (Hyclone, UK), 100 U/ml penicillin G (General Drugs House, Thailand)
and 0.4 mg/ml streptomycin (M & H Manufacturing, Thailand) and incubated at 37 °Cin
a humidified atmosphere of 5% in the CO, incubator (Thermo Electron Corporation,

USA).

3.1.1 Cell preservations

RAW?264.7 was collected from culture dishes and centrifuged at 1000 rpm for 5
min. Cell pellets were resuspended in 1 ml of freezing media (10%(v/v) DMSO (Sigma
Aldrich, USA) in DMEM complete media) and transferred to cryogenic vialx (Corning
Incorporation, USA). Cells were immediately stored at -80 °C and moved to store in
Liquid Nitrogen Tank model 34 HC Taylor Wharton Cryogenic (Harsco Corporation,

USA) after at least 24 hr at -80°C for long term storage.

3.2 Cell preparation

After removing culture media, RAW264.7 was collected from culture dishes
(Hycon, Germany) by using cold PBS and centrifuged at 1000 rpom for 5 min (Hettich,
Germany). The supernatant was discarded and the cell pellets were resuspended in
DMEM complete media. Viable cells were diluted in trypan blue dye and counted by
using a hemacytometer. The cell numbers were calculated by using the following

formula:
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Cell number (cells/ml) = number of counted cells in 16-large square x dilution factor x

10"

3.3 MTT assay
RAW264.7 was cultured at density of 1 x 10" cells/well in 96-well plates (Corning

Incorporation, USA) and treated with 7-OG dissolved in DMSO (a kind gift from Dr.
Khanitha Pudhom, Department of Chemistry, Faculty of Science, Chulalongkorn
University) at various concentrations for 24 hrs. Ten microliter of 5 mg/ml MTT
solution was added at 20 hr after treatment and cells were incubated further for 4 hrs
at 37° C in a humidified atmosphere with 5% CO,. At the end of treatment, 0.04 N
HCI in isopropanol (200 ul) was added to dissolve the purple formazan and the
absorbance was measured at 540 nm by microplate reader (Biochrom Anthos 2010,
Cambridge, UK). DMSO was used as a vehicle control. Percent of cell viability was

calculated by using the following formula:

% cell viability = (Abs test — Abs blank) x 100 / Abs control — Abs blank

3.4 TRAP activity assay and TRAP staining

RAW264.7 (1x104 cells/well, in total volume of 500 pl or 5x10” cellsiwell in total
volume of 250 pl) was cultured with 100 ng/ml rRANKL (PeproTech) in the presence of
7-OG and using DMSO as the vehicle control in 24 or 48-well plate for 5 days at 37°C
and 5% CO,. During this period, 100 ng/ml of rRANKL, 7-OG or vehicle control DMSO
and fresh media were changed every 2 days. After 5 days in culture, cells were washed
with PBS and fixed with 10% formaldehyde for 10 min. After fixation, cells were treated
with 95% ethanol for 1 min and washed with PBS. To measure TRAP activity, 500 pl of
50 mM citrate buffer (pH4.6) containing 10 mM sodium tartrate and 10 mM p-
nitrophenylphosphate (Sigma Aldrich, USA) was added to the fixed cells and incubated

for 30 min. The solutions were transferred to microcentrifuge tubes (Axygen Scientific,
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USA) containing 500 pl of 0.1 N NaOH. The absorbance was measured at 410 nm by
microplate reader.

For TRAP staining, cells were fixed and permeabilized as described above. After
washing with PBS, 500 ul of 50 mM acetate buffer (pH 5.0) containing 50 mM sodium
tartrate and 0.1 mg/ml naphthol AS-MX phos phate and 0.6 mg/ml Fast red violet LB salt
(Sigma Aldrich, USA) was added to the fixed cells and incubated for 30 min. Cells were
washed with PBS and the osteoclasts (TRAP-positive multinucleated cells (3 or more

nuclei) were counted under a light microscope.

3.5 RNA extraction

RAW264.7 (8><104 cells/well in total volume 500 ul) was plated in 24-well plate
overnight to allow for adhesion. Cells were treated with 100 ng/ml rRANKL in the
presence or the absence of 7-OG at indicated concentration for 0, 6, 12, 24, 48 and 72
hrs. DMSO was used as vehicle control. During this period, rRANKL, 7-OG or DMSO
and fresh media were changed every 2 days. Total RNA was isolated by using TriZol
reagent (1 ml/well) (Invitrogen, UK) and transferred to microcentrifuge tubes. The
samples were extracted with 200 uyl of chloroform (Lab-Scan, Ireland) and vigorously
mixed for 15 sec. After incubation for 2-3 min, the samples were centrifuged at 12000xg
for 15 min at 4 °C using refrigerated centrifuge (model 1920 (Kubota, Japan)). The
aqueous phase was carefully collected and gently mixed with 400 pl of isopropanol
(Merck, Germany). The samples were incubated for 10 min at room temperature to
precipitate RNA and centrifuged at 12000xg for 10 min at 4 °C. The supernatants were
removed and RNA pellets were washed with 1 ml of cold 75% ethanol. After mixing by
Vortex mixer (model G560E (Scientific Industries, USA)), the samples were centrifuged
at 7500xg for 5 min at 4 °C. The resulting RNA pellets were air dried for 10-15 min. RNA
pellets were resuspended in 10-15 pl of 0.01% diethylpyrocarbonate (DEPC) water and

incubated for 10 min at 55-60 °C. RNA samples were stored at -80 °C until use.
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3.5.1 Quantitation of RNA using Quan iT Assays

Total RNA was measured by using Quan-iT (Invitrogen, UK) according to the
manufacturer’s instruction. Quan-iT reagent and buffer were prepared as working
solution. To prepared standard RNA, 10 pl of 0 ng/ml and 10 ng/ml RNA were mixed
with 190 pl of working solution. RNA samples were diluted 1:10 in Hypure® water PCR
grade (Hyclone, England). One hundred ninety eight ul of working solution was mixed
with 2 pl of diluted RNA sample. The standard RNA were used to calibrate and
measured RNA concentrations. The concentrations of RNA were calculated by using the

following formula:
RNA (ug/ml) = measured concentration x dilution factor

3.6 cDNA synthesis by reverse transcription

Total RNA (0.2 ug) was used to synthesized cDNA. Total RNA was mixed with
0.2 pug of random hexamer (Qiagen, Germany) and adjusted the volume to 12.5 pl by
DEPC water. The mixtures were heated at 65 °C for 5 min. The PCR master mix was
prepared by mixing 1x Reverse transcriptase buffer (Fermentas, Canada), 1 mM dNTP
mix (Fermentas, Canada) and 20 U of RNase inhibitor (Fermentas, Canada). After
heating the RNA mixtures, the master mix was added to the mixtures and finally 200 U of
reverse transcriptase per reaction was added to the mixtures. The reactions were
performed by Bioer Life Express (Bioer Technology, China) at 25 °C for 10 min, 42°C

for 60 min and 70 °C for 10 min. The cDNA was stored at -20°C until use.

3.7 Quantitative polymerase chain reaction (qQPCR)

gPCR was performed by using Maxima™ SYBR Green gPCR Master Mix
(Fermentas). Two ul of cDNA, 0.3 uM of forward and reverse primer and nuclease free
water were prepared. The specific primers used to amplify each target genes were as
follows (Table 3.1). The reactions were performed in MJ Mini personal Thermal cycler

(BioRad, USA) by conditions as follows; 95°C for 10 min, 95°C for 5 min, annealing
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temperature of each gene indicated in Table 3.1 for 30 sec and 72°C for 1 min and

72°C for 10 min, 40 cycles. The relative expression of mMRNA levels were calculated and

AA
analyzed by 2 T

Gene

Primer sequences

(5'—>3"

Annealing

temp. (OC)

Product size

(bp)

Ref.

NFATc1

Forward:
GGTAACTCTGTCTTTCTAA
CCTTAAGCTC

Reverse:
GTGATGACCCCAGCATGC
ACCAGTCACAG

62

240

(Nishikawa
et al., 2010)

Cathepsin K

Forward:
GGCCAACTCAAGAAGAAA
Reverse:

GTACCCTCTGCATTTAGC

58

225

(Yasuda et

al., 2004)

IRF8

Forward:
GGAAAGCCTTACCTGCTG
AC

Reverse:

AAGGTCACCGTGGTCCTT

55

112

(Nishikawa
et al., 2010)

,B—act/n

Forward:
ACCAACTGGGACGACATG
GAGAA

Reverse:
GTGGTGGTGAAGCTGTAG
CcC

55

380

(Kuroda et

al., 2002)

Table 3.1 Primer sequences and conditions used in gPCR for osteoclast-related genes.
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3.8 Western blot

3.8.1 Protein extraction and quantitation

RAW264.7 (8><104 cells/well, in total volume 500 pl) was plated in 24-well plate
overnight to allow for adhesion. Cells were pretreated with 9 uM 7-OG or vehicle control
DMSO for 30 min and stimulated with 100 ng/ml rRANKL for 0, 15, 30 and 60 min. After
removing culture supernatant, cells were washed with 1 ml of cold PBS and added with
35 ul of cold RIPA buffer composed of 1% (v/v) phosphatase inhibitor (Sigma Aldrich,
USA). After mixing a few times by micropipetted (Gilson, France) for cell lysis, cell
lysates were collected and centrifuged at 5000 rpm for 5 min at room temperature. The
supernatants were kept at -80 °c.

Protein concentrations were measured by using BCA (bicinchoninic acid) ™
protein assay (PIERCE, USA) according to the manufacturer’s instruction. Reagent A
and reagent B were prepared by mixing at ratio 50:1 as the working reagent. 1 mg/ml
Bovine Serum Albumin (BSA) was used as protein standard. BSA was prepared in 96-
well plate at concentrations 0, 31.25, 62.5, 125, 250, 500 and 1000 ug/ml by diluting in
sterile deionized water. The samples were diluted at 1:10 in sterile deionized water and
added with 200 ul of working reagent. After incubation at 37 °C, the absorbance was

measured at 540 nm by microplate reader and calculated the protein concentrations.

3.8.2 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Twenty micrograms of proteins were mixed with 2x Laemmli buffer by an equal
volume of cell lysates. The protein samples were heated at 100 °C for 5 min on
Thermomixer Compact (Microcentrifuge tubes, Germany). The samples and molecular
weight marker (BioRad, USA) were loaded on 10% separating gel and electrophoresis
was carried out at 100 volts for 105 min using Protein Il system (BioRad, USA).

The stacking gel was removed after separation and the separating gel was
equilibrared in the transfer buffer (Appendix). Polyvinylidene fluoride (PVDF) membrane

(GE Healthcare, USA) was prepared by soaking in an absolute methanol (Merck,
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Germany) and washed twice in deionized water. PVDF membrane and 6 pieces of
Whatman filter paper were immersed in transfer buffer. PYDF membrane, filter paper
and gel were placed on a semi-dry transfer Trans-Blot® SD (BioRad, USA). The protein

samples were transferred at 90 mA for 90 min.

3.8.3 Antibody probing

The PVDF membrane was blocked twice with 3% non-fat dried milk in PBS and
0.05% Tween-20 (blocking solution) for 5 min at room temperature on Labnet Rocker 25
(Labnet International Inc, USA). The membrane was probed with primary antibody
preparing in blocking solution with the working dilution as follows: mouse anti-IKBOU at
1:2000 dilution, rabbit anti-phospho-p65 at 1:4000 dilution, rabbit anti-p65 at 1:4000
dilution, rabbit anti-phospho-p38 at 1:4000 dilution, rabbit anti-p38 at 1:4000 dilution,
rabbit anti phospho-p44/42 at 1:2000 dilution, rabbit anti-p44/42 at 1:2000 dilution (all

antibodies were from Cell Signaling Technology, MA, USA) and mouse anti-fJ-actin at

1:5000 dilution (Chemicon International, USA) at 4 °c overnight. The membrane was
washed with PBST for 5 min twice and for 15 min twice after removing the primary
antibody. The secondary antibody, donkey anti-rabbit IgG or sheep anti-mouse IgG
conjugated with horse-raddish peroxidase (HRP) (Amersham Bioscience, UK) at 1:2000
or 1:4000 or 1:5000 dilutions were added and incubated for 1 hr at room temperature

with rocking.

3.8.4 Signal detection by chemiluminescence

Solution A and solution B were prepared as chemiluminescent substrates. The
membrane was immersed in the mixture of solution A and solution B and incubated for 1
min by rocking. After incubation, the membrane was wrapped with plastic and placed
on Hypercassette (Amersham Bioscience, UK). The wrapped membrane was exposed
to High Performance Chemiluminescence X-ray Film in the dark (Amersham Bioscience,
UK). Exposured time of IKBQL, p-p65, p65, p-p38, p38, p-pd4/42, pd4/42 and B—actin

were 15 sec, 8 min, 5 min, 8 min, 5 min, 30 sec, 15 sec and 5 sec, respectively. The film
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was immersed in developer solution (J-Nasen, Thailand) for 5-10 sec and washed with
water. Subsequently, the film was immersed in fixer solution (J-Nasen, Thailand) for 1-2

min and washed with water.

3.9 Immunofluorescent staining

RAW?264.7 cells were pretreated with 9 pM 7-OG or DMSO for 30 min and
stimulated with 100 ng/ml rRANKL for 0, 15, 30 and 60 min. Cells were washed with PBS
and fixed with 4% paraformaldehyde for 10 min. Cells were permeabilized with 0.2%

Triton-X 100 for 2 min and blocked with 10% FBS in PBS for 10 min and 10% 2.4G2

(anti-FcYR) in 10% FBS for 10 min. After blocking, rabbit anti-p65 antibody (Cell
Signaling Technology, USA) at 1:100 dilution in 1.5% FBS were added and incubated
for 1 h. Cells were washed with PBS and added secondary antibody, anti-rabbit IgG (H
+ L, (Fab')2 fragment) Alexa Fluor® 555 (Cell Signaling Technology, USA), was added
and incubated for 1 h in the dark. The cells were visualized under fluorescent

microscopy (Olympus, Japan).

3.10 Nitric oxide assay

RAW?264.7 (5><1O3 cells/well in total volume 250 pl) were cultured with 100 ng/ml
rRANKL in the presence of 7-OG at indicated concentration or DMSO as the vehicle
control in 24 or 48-well plate for 5 days at 37°C and 5% CO,. During this period,
rRANKL, culture supernatants were collected and rRANKL, 7-OG, DMSO and fresh
media were changed every 2 days. To determine nitric oxide production, 999 ul of
DMEM complete media containing 1 yl of 0.1 M sodium nitrite was prepared as nitrite
standard at concentrations 0, 1.5625, 3.125, 6.25, 12.5, 25, 50 and 100 uM in 96-well
plate. Fifty ul of culture supernatants were added in each well. Subsequently,
sulfanilamide was added 50 pl/well and incubated for 10 min at room temperature in the
dark. N-(1-naphthyl)-ethylenediamine dihydrochloride (NED) was added 50 pl/well and
incubated for 10 min at room temperature in the dark. The absorbance at 540 nm was

measured by using a microplate reader (Anthos, UK).
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3.11 Statistical analysis

The data were analyzed by an independent Student’s t-test using SPSS software

(SPSS15). p value < 0.05 was considered to be statistically significant.



CHAPTER IV

RESULTS

4.1 Screening of bioactive compounds for anti-osteoclastogenic activity

To screen bioactive compounds with anti-osteoclastogenic activity, ten bioactive
compounds from Kaempferia parviflora and six limonoid compounds from Xylocarpus
moluccensis (kind gifts from Dr. Pattara Swasdi and Dr. Kanitha Pudhom, Department of
Chemistry, Faculty of Science, Chulalongkorn University) were first evaluated for the
cytotoxicity by MTT assay. The bioactive compounds which maintained more than 80%
of cell viability were further analyzed for the anti-osteoclastogenic activity. The results

were summarized in Table 4.1.

Bioactive compounds IC50 of Anti-osteoclastogenic activity
cytotoxicity (M) (%inhibition)

Kaempferia parviflora

KP1 22.88 No activity
KP2 57.19 No activity
KP3 28.93 No activity
KP4 6.30 No activity
KP5 204.69 No activity
KP6 48.36 No activity
KP7 61.62 No activity
KP8 128.38 No activity
KP9 71.29 No activity
KP10 12.86 No activity
Xylocarpus moluccensis

XMPH1 - No activity
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XMPH2 - No activity
XMPH3 (7-OG) 26.29 94.94
XMPH4 16.66 81.23
XMPH5 - No activity
XMPH6 - No activity

Table 4.1 IC50 of cytotoxicity and anti-osteoclastogenic activity of bioactive compounds

from Kaempferia parviflora and limonoid compounds from Xylocarpus moluccensis

XMPH3 (7-OG) with low cytotoxicity and highest anti-osteoclastogenic activity

was chosen for further investigation of its molecular mechanism.

4.2 Effect of 7-OG on osteoclast differentiation in RAW264.7 cell line

4.2.1 The cytotoxicity of 7-OG

To examine the cytotoxicity of 7-OG (Figure 4.1), treatment with various
concentrations of 7-OG did not affect cell viability which were more than 80% of cell
viability even at 10 uM (Figure 4.2). IC50 for cell viability of 7-OG was more than 22.80
MM. In this study, we used 7-OG at 9 uM for further experiments because it did not affect
the cell viability of RAW264.7 cell line.

T-oxo-deacetoxygedunin

Figure 4.1 The structure of 7-oxo-deacetoxygedunin (7-OG)
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Figure 4.2 7-oxo-deacetoxygedunin (7-OG) and its cytotoxicity

RAW?264.7 was treated with 7-OG at various concentrations for 24 hrs. Cell viability was

evaluated by MTT assay. Data were shown as meantSD.

4.2.2 Suppressing of TRAP activity and the appearance of TRAP positive
multinucleated osteoclasts by treatment with 7-OG

To determine the anti-osteoclastogenic activity of 7-OG, TRAP staining was
carried out after treatment of RAW264.7 cell line with 7-OG at various concentrations. As
shown in Figure 4.3, the IC50 for anti-osteoclast activity determined by non-linear
regression analysis was 2.50 uM. TRAP activity of RAW264.7 cell line treated with 7-OG
at 9 UM significantly decreased compare to the DMSO control treatment (Figure 4.4)
and inhibited the appearance of TRAP positive multinucleated osteoclasts compare to
the DMSO control treatment (Figure 4.5). FK506 at 10 uM was used as positive control
but it did not strongly inhibit the appearance of TRAP positive multinucleated
osteoclasts. These results suggested that 7-OG effectively suppressed osteoclast

differentiation with no toxicity at the effective dose.
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Figure 4.3 1C50 of anti-osteoclastogenic activity of 7-OG

RAW?264.7 cells were cultured with 100 ng/ml rRANKL in the presence of 7-OG at
various concentrations or vehicle control DMSO for 5 days. TRAP positive
multinucleated cells were counted under the light microscope (a) and the percent of

inhibition (b) was calculated. An IC50 of 7-OG was 4.14 yM. Data were shown as

meantSD and represented two independent experiments (p < 0.05), in triplicate.
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Figure 4.4 The effect of 7-OG on TRAP activity induced by RANKL
RAW?264.7 was cultured with 100 ng/ml rRANKL in the presence of 7-OG (9 uM) or

vehicle control DMSO for 5 days. After TRAP activity assay, the absorbance was

measured at 410 nm by a microplate reader. Data were shown as meantSD and

represented two independent experiments (p < 0.05), in triplicate.



Figure 4.5 The effect of 7-OG on TRAP staining induced by RANKL in RAW264.7

32



33

RAW264.7 was cultured with 100 ng/ml rRANKL in the presence of 7-OG at 9 uM or
vehicle control DMSO for 5 days. TRAP positive multinucleated cells were visualized

under a light microscope (a-c).

4.2.3 Effects of 7-OG treatment at early step of osteoclast differentiation

To examine the steps that 7-OG suppresses osteoclast differentiation, treatment
with 7-OG (9 uM) at the beginning of the culture significantly inhibited TRAP positive
multinucleated osteoclasts (Figure 4.6 c¢) but 7-OG partially inhibited TRAP positive
multinucleated osteoclasts when 7-OG was added on day 3 after culturing with rRANKL.
There are multinucleated cells (approximately 30 cells/well compared to when 7-OG was
added to the beginning of the culture) and they were not multi-nucleated cells
compared to the control DMSO (Figure 4.6 d). Furthermore, 7-OG could not inhibit the
formation of TRAP positive multinucleated osteoclasts when 7-OG was added at day 5
after culture in the presence of rRANKL. There are multinucleated cells approximately
300 cells/well, which was similar to the control DMSO treated cells (Figure 4.6 e). These
results suggested that 7-OG suppressed osteoclast differentiation at early step and

there was no effect on mature osteoclasts.

= -
—

RANKL#7-0G(day 1) ~ = . ["" RANKL+7-0G(day3) ~ | R
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Figure 4.6 Effect of 7-OG on early step of osteoclast differentiation

RAW264.7 was cultured with 100 ng/ml rRANKL. 7-OG was added to culture on day 1,
day 3 and day 5. DMSO was used as a control. TRAP positive multinucleated cells were
visualized under a light microscope (a-e), and the number of osteoclasts were counted
(f). Data were shown as meantSD and represented two independent experiments (p <

0.05), in triplicate.

4.3 Effect of 7-OG on osteoclast-related gene expression

To investigate the effect of 7-OG on osteoclast-related gene expression, the
expression of NFATc1, Cathepsin K and IRF8 were investigated by gPCR. Treatment
with 7-OG at 9 uM effectively suppressed the expression of NFATc1 at 6 hrs compared
to control DMSO treatment (Figure 4.7a). The expression of Cathepsin K, the expression
of which is regulated by NFATc1, was also suppressed by 7-OG treatment at 48 hrs
(Figure 4.7b). The down regulation of /RF8 mRNA, the negative regulator of NFATcT,
was delayed at 6 hrs but the expression at 12 hrs was not different compare to the
control (Figure 4.7c). The expression of Cathepsin K was not increased in RAW264.7

treated with 7-OG indicated that osteoclast formation did not occur because the
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expression of Cathepsin K normally increases in mature osteoclasts. The
downregulation of /IRF8 was delayed when RAW264.7 was treated with 7-OG, indicating
that 7-OG indirectly suppresses the functions of NFATc1 by maintaining the level of

IRF8.
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Figure 4.7 Effect of 7-OG on osteoclast-related gene expression

RAW?264.7 was treated with 100 ng/ml rRANKL in the presence of 7-OG (9 uM) or
vehicle control DMSO for indicated time. The expression of NFATc1 (a), Cathepsin K (b)
and IRF8 (c) were determined by gPCR. Data were shown as meanXSD and

represented two independent experiments (p< 0.05), in triplicate.

4.4 Effect of 7-OG on the activation of NF-KB and MAPK signaling pathways

To investigate the effect of 7-OG on the signaling pathways involved in the
differentiation of osteoclasts, the activation of NF-KB and MAPK was evaluated. After
stimulation with RANKL, the level of IKBOL was not different in RAW264.7 treated with
DMSO or 7-OG (Figure 4.8). The level of phophorylated form of one of the subunits of
NF-KB, phospho-p65 decreased at 30 and 60 min after treatment with 7-OG (Figure
4.8). To confirm this result, the immunofluorescent staining of p65 was performed. The
results showed that majority of p65 was translocated to the nucleus at 15 and 30 min
after stimulation with RANKL and this translocation recovered at 60 min (Figure 4.9). In
contrast, p65 was not found in the nuclei at any time points in RAW264.7 treated with 7-
OG (Figure 4.9 e-h). Taken together, these results suggest that 7-OG interferes with
activation of NF-KB pathway upon stimulation with RANKL.

For MAPK pathway, the activations of p38 and ERK were evaluated. The levels

of both phospho-p38 and phospho-p44/42 increased at 15 min and 60 min upon RANKL
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treatment. In contrast, both were decreased in RAW264.7 treated with 7-OG (Figure
4.8). These results suggest that 7-OG also suppresses the activation of MAPK signaling

pathways.
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Figure 4.8 Effect of 7-OG on the activation of NF-KB and MAPK signaling pathways
RAW264.7 was pretreated with 7-OG (9 uM) or vehicle control DMSO for 30 min and

stimulated with 100 ng/ml rRANKL for indicated time. Cell lysates were analyzed by

Western blot and B—actin was used as loading control.
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RAW?264.7 was pretreated with 7-OG (9 uM) or vehicle control DMSO for 30 min and
stimulated with 100 ng/ml rRANKL for indicated time. The cells were subjected to

immunofluorescent staining for NF-KB p65 and visualized under a fluorescent

MICroscope.

4.5 Effect of 7-OG on nitric oxide production

To determine the effect of 7-OG on nitric oxide production which can induce
apoptosis of osteoclast, the culture supernatant was collected from unstimulated, control
DMSO and 7-OG treated cells at various time points. The range of amount nitric oxide
produced was 1 to 3 uM (Figure 4.10). The apoptosis assay was not carry out but the
trace amount of nitric oxide production has no effect on apoptosis of osteoclast. On the
other hand, from the result of 4.1.3, it showed that 7-OG suppressed the early step of
osteoclast differentiation so there is no mature osteoclast in the treatment of 7-OG at 9

MM. This result suggests that apoptosis of mature osteoclast is not induced in 7-OG

treatment.
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Figure 4.10 Effect of 7-OG on nitric oxide production
RAW?264.7 cells were cultured with 100 ng/ml rRANKL in the presence of 7-OG (9 uM) or
vehicle control DMSO for 5 days. Culture supernatant was collected every 2 days and

before TRAP staining to determine nitric oxide production. Data were shown as

meanZSD, in triplicate.



CHAPTER V

DISCUSSION

Ten bioactive compounds from Kaempferia parviflora exhibited no activity for
anti-osteoclastogenic activity, but among six limonoid compounds from Xylocarpus
moluccensis, there were two limonoid compounds which exhibited strong anti-
osteoclastogenic activity, XMPH3 (7-oxo-deacetoxygedunin or 7-OG) and XMPH4 (7-
deacetylgedunin). The percent inhibition of anti-osteoclastogenic activity of 7-OG and 7-
deacetylgedunin were 94.94% at 9 yM and 81.23% at 4.5 uM, respectively. Because the
cytotoxicity of 7-acetylgedunin was higher than 7-OG, 7-OG was chosen for further

study the molecular mechanisms in suppressing osteoclast differentiation.

In this study, 7-OG has a strong anti-osteoclastogenic activity because the TRAP
activity of RAW264.7 treated with DMSO is significantly higher than that treated with 7-
OG approximately 10 fold in the presence of 100 ng/ml RANKL. In agreement with the
TRAP activity, TRAP staining assay showed that there were TRAP-positive
multinucleated cells almost 300 cells/well in cells treated with RANKL and DMSO but
there was almost no TRAP-positive multinucleated cells when treated with RANKL and 7-
OG. These results suggest that 7-OG at 9 uM effectively inhibit the osteoclast formation.
Furthermore, adding 7-OG to the culture at different time points after RANKL stimulation
identified the effect of 7-OG at early step because 7-OG did not affect the preosteoclast
and mature osteoclast even though when added on day 5 compared to the control

DMSO.

To confirm that 7-OG suppresses the osteoclast differentiation, expressions of

osteoclast-related genes, NFATc1, Cathepsin K and IRF8 were investigated. The
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expression of NFATc1 was not induced at any time points in RAW264.7 treated with 7-
OG compared to the vehicle control DMSO treated cells. This result was consistent with
the results of TRAP staining because 7-OG suppresses the differentiation of osteoclasts
at an early step and NFATc1 is one of the genes induced at an early stage of osteoclast
differentiation. Next, the expression of Cathepsin K was suppressed in RAW264.7
treated with 7-OG at all time points tested. In addition, the delayed in downregulation of
IRF8 was also detected in RAW264.7 treated with 7-OG. IRF8 is a negative regulator of
NFATc1 and the binding of IRF8 to NFATc1 in osteoclast precursor leads to the
suppression of NFATc1 activity such as autoamplification. The levels of IRF8 were
reported to be reduced in the presence of RANKL (Zhao et al., 2009). This result
suggests that 7-OG may suppress the activity of NFATc1 directly by modulating NFATc1

expression and indirectly by modulating the reduction of IRF8 levels.

To investigate the effect of 7-OG on the signaling pathways involved in
osteoclast differentiation, the activation of NF-KB and MAPK signaling pathway were
focused. The effect of 7-OG on the level of IKBOL was not different but its effect on the
level of phosphorylated p65 could be clearly detected. Immunofluorescent staining
revealed that there were few cells that exhibited p65 in the nuclei of RAW264.7 treated
with 7-OG. These results suggest that treatment with 7-OG clearly interferes with
activation of NF-KB p65. In the MAPK pathway, treatment with 7-OG decreased the
levels of phosphorylated p38 and p44/42 (ERK1/2). These results showed that 7-OG can
suppress the activation of both NF-KB and MAPK pathways which leads to suppression

of osteoclast differentiation.

To investigate the effect of 7-OG on apoptosis of osteoclast, the amount of nitric
oxide was determined. The amount of nitric oxide in all of the timepoints tested was less
than 3 pM. This result suggested that the trace amount of nitric oxide production may
not be sufficient to induce apoptosis in osteoclast. The previous experiments showed

that there was no mature osteoclast by treatment with 7-OG because 7-OG suppressed
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this process at early step of osteoclast differentiation. Previous study reported that
stimulation of bone marrow cells with osteoblasts co-cultured with IL-1[3, IFN-y and TNF-
Ol enhanced nitric oxide production and the nitric oxide in turn induces apoptosis of
osteoclast progenitors (van't Hof and Ralston, 1997). Moreover, high concentration of
nitric oxide production can suppress osteoclast formation and its activity by inhibiting
the cathepsin K activity (van't Hof and Ralston, 2001).

There are several bioactive compounds which have been reported that have
anti-osteoclastogenic activities such as FK506 and symbioimine which suppress the
differentiation of osteoclast precursor to preosteoclast, concananycin B and prodigiosin
25-C which suppress the activation of multinucleated osteoclast to mature osteoclast
and reveromycin A and cyclosporin A which induce apoptosis of mature osteoclast.
These compounds obtained from microorganisms such as bacteria or fungi (Woo et al.,
2008). Furthermore, bioactive compounds which obtained from plants such as root of
Achyranthes bidentata (chinese herb) (He et al., 2010), leaf of Ficus carica (fig) (Park et
al., 2009) and stem bark of Erythrina variegata (legume) (Zhang et al., 2007) can inhibit

the differentiation and formation of osteoclasts.

The derivatives of 7-OG, 7-deacetylgedunin, was found to have anti-
osteoclastogenic activity similar to 7-OG. The percent of inhibition was approximately
81.23% at 4.5 pM but it exhibited higher cytotoxicity. The structure of 7-deacetylgedunin
is different from 7-OG at C-atom position 7. The function group at this position of 7-
deacetylgedunin is -OH whereas 7-OG is -O. Therefore, the functional group at this
position may be critical for the biological activities of 7-OG. 7-OG has potentials in
becoming lead compounds for anti-bone resorption drug to prevent and treat bone

disorders because it has a strong anti-osteoclastogenic activity.
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Figure 5.1 The mechanism of 7-OG in suppressing osteoclast differentiation



CHAPTER VI

CONCLUSION

(1) 7-oxo-deacetoxygedunin (7-OG), a limonoid compound obtained from
Xylocarpus moluccensis has a strong anti-osteoclastogenic activity by suppressing the
formation of TRAP positive multinucleated cells and TRAP activity which induced by

RANKL.

(2) 7-OG has an effect on osteoclast-related gene expression by suppressing

the expression of NFATc1 and Cathepsin K and delayed in downregulating of /RF8.

(3) 7-OG inhibited the translocation of NF-KB p65 to the nucleus but it had no

effect on the level of IKBOL in NF-KB pathway and 7-OG decreased the levels of
phosphorylated p38 and p44/42 (ERK 1/2) in MAPK pathway.

(4) 7-OG had no effect on nitric oxide production.
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Suggestion for the future work

Study the effect of 7-OG on the molecular mechanisms which involve osteoclast
differentiation and osteoblast functions in animal model such as mice with ovariectomy

(OVX) should be conducted for further evaluating its potential as anti-osteoporosis drug.



References

Abu-Amer, Y., Darwech, |., and Otero, J. (2008). Role of the NF-kappaB axis in immune

modulation of osteoclasts and bone loss. Autoimmunity 47, 204-211.

Achnine, L., Mata, R., and Lotina-Hensen, L. (1999). Interference of the Natural Product
7-Oxo-7-deacetoxygedunin with CF, of H -ATPase of Spinach Chloroplasts. Pest
Biochem Physiol 63, 139-149

Asagiri, M., Sato, K., Usami, T., Ochi, S., Nishina, H., Yoshida, H., Morita, |., Wagner,
E.F., Mak, T.W., Serfling, E., et al. (2005). Autoamplification of NFATc1
expression determines its essential role in bone homeostasis. J Exp Med. 202,

1261-1269.

Asagiri, M., and Takayanagi, H. (2007). The molecular understanding of osteoclast

differentiation. Bone 40, 251-264.

Boyce, B.F., Yamashita, T., Yao, Z., Zhang, Q., Li, F., and Xing, L. (2005). Roles for NF-

kappaB and c-Fos in osteoclasts. J Bone Miner Metab 23 Suppl, 11-15.

Boyle, W.J., Simonet, W.S., and Lacey, D.L. (2003). Osteoclast differentiation and
activation. Nature 423, 337-342.

Bringhurst, F.R., Demay, M.B., Krane, S.M. and Kronenberg, H.M. (2011). Harrison's

Principles of Internal Medicine. McGraw-Hill Companies, 355.

Chang, J., Wang, Z., Tang, E., Fan, Z., McCauley, L., Franceschi, R., Guan, K.,
Krebsbach, P.H., and Wang, C.Y. (2009). Inhibition of osteoblastic bone

formation by nuclear factor-kappaB. Nat Med 75, 682-689.



48

Chin, C.T., and Sarno, R.C. (1995). Images in clinical medicine. Corticosteroid

osteonecrosis. N Engl J Med. 332, 511.

Clowes, J.A., Riggs, B.L., and Khosla, S. (2005). The role of the immune system in the

pathophysiology of osteoporosis. Immunol Rev 208, 207-227.

Delaisse, J.M., Andersen, T.L., Engsig, M.T., Henriksen, K., Troen, T., and Blavier, L.
(2003). Matrix metalloproteinases (MMP) and cathepsin K contribute differently

to osteoclastic activities. Microsc Res Tech 67, 504-513.

Eastell, R. (1998). Treatment of postmenopausal osteoporosis. N Engl J Med 338, 736-
746.

He, C.C., Hui, R.R., Tezuka, Y., Kadota, S., and Li, J.X. (2010). Osteoprotective effect of

extract from Achyranthes bidentata in ovariectomized rats. J Ethnopharmacol

127, 229-234.

Igarashi, K., Hirotani, H., Woo, J.T., and Stern, P.H. (2004). Cyclosporine A and FK506
induce osteoclast apoptosis in mouse bone marrow cell cultures. Bone 35, 47-

56.

Kayser, O., Kiderlen, A.F., and Croft, S.L. (2003). Natural products as antiparasitic
drugs. Parasitol Res 90 Suppl 2, S55-62.

Kearns, A.E., and Kallmes, D.F. (2008). Osteoporosis primer for the vertebroplasty
practitioner: expanding the focus beyond needles and cement. AUINR Am J

Neuroradiol 29, 1816-1822.



49

Kessenich, C.R. (1997). The pathophysiology of osteoporotic vertebral fractures. Rehabil
Nurs 22, 192-195.

Kuroda, E., Kito, T., and Yamashita, U. (2002). Reduced expression of STAT4 and IFN-

gamma in macrophages from BALB/c mice. J Immunol 768, 5477-5482.

Li, X., Udagawa, N., Itoh, K., Suda, K., Murase, Y., Nishihara, T., Suda, T., and
Takahashi, N. (2002). p38 MAPK-mediated signals are required for inducing
osteoclast differentiation but not for osteoclast function. Endocrinology 743,
3105-3113.

Li, X., Udagawa, N., Takami, M., Sato, N., Kobayashi, Y., and Takahashi, N. (2003). p38
Mitogen-activated protein kinase is crucially involved in osteoclast differentiation
but not in cytokine production, phagocytosis, or dendritic cell differentiation of

bone marrow macrophages. Endocrinology 744, 4999-5005.

Lorenzo, J., Horowitz, M., and Choi, Y. (2008). Osteoimmunology: interactions of the

bone and immune system. Endocr Rev 29, 403-440.

Manners, G.D. (2007). Citrus limonoids: analysis, bioactivity, and biomedical prospects.

J Agric Food Chem 55, 8285-8294.

Matsumoto, M., Kogawa, M., Wada, S., Takayanagi, H., Tsujimoto, M., Katayama, S.,
Hisatake, K., and Nogi, Y. (2004). Essential role of p38 mitogen-activated protein
kinase in cathepsin K gene expression during osteoclastogenesis through

association of NFATc1 and PU.1. J Biol Chem 279, 45969-45979.

Negishi-Koga, T., and Takayanagi, H. (2009). Ca2+-NFATc1 signaling is an essential

axis of osteoclast differentiation. Immunol Rev 237, 241-256.



50

Nishikawa, K., Nakashima, T., Hayashi, M., Fukunaga, T., Kato, S., Kodama, T.,
Takahashi, S., Calame, K., and Takayanagi, H. (2010). Blimp1-mediated
repression of negative regulators is required for osteoclast differentiation. Proc

Natl Acad Sci U S A 107, 3117-3122.

Park, Y.R., Eun, J.S., Choi, H.J., Nepal, M., Kim, D.K., Seo, S.Y., Li, R., Moon, W.S., Cho,
N.P., Cho, S.D., et al. (2009). Hexane-Soluble Fraction of the Common Fig, Ficus
carica, Inhibits Osteoclast Differentiation in Murine Bone Marrow-Derived

Macrophages and RAW 264.7 Cells. Korean J Physiol Pharmacol 13, 417-424.

Pongchaiyakul, C., Songpattanasilp, T., and Taechakraichana, N. (2008). Burden of

osteoporosis in Thailand. J Med Assoc Thai 97, 261-267.

Pudhom, K., Sommit, D., Nuclear, P., Ngamrojanavanich, N., and Petsom, A. (2010).
Moluccensins H-J, 30-ketophragmalin limonoids from Xylocarpus moluccensis. J

Nat Prod 73, 263-266.

Ravangpai, W., Sommit, D., Teerawatananond, T., Sinpranee, N., Palaga, T.,

Pengpreecha, S., Muangsin, N., and Pudhom, K. (2011). Limonoids from seeds

of Thai Xylocarpus moluccensis. Bioorg Med Chem Lett 27, 4485-4489.

Roy, A., and Saraf, S. (2006). Limonoids: overview of significant bioactive triterpenes

distributed in plants kingdom. Biol Pharm Bull 29, 191-201.

Ruocco, M.G., Maeda, S., Park, J.M., Lawrence, T., Hsu, L.C., Cao, Y., Schett, G.,
Wagner, E.F., and Karin, M. (2005). I{kappa}B kinase (IKK){beta}, but not
IKK{alpha}, is a critical mediator of osteoclast survival and is required for

inflammation-induced bone loss. J Exp Med 207, 1677-1687.



51

Shinohara, M., and Takayanagi, H. (2007). Novel osteoclast signaling mechanisms. Curr

Osteoporos Rep 5, 67-72.

Sipos, W., Pietschmann, P., Rauner, M., Kerschan-Schindl, K., and Patsch, J. (2009).

Pathophysiology of osteoporosis. Wien Med Wochenschr 759, 230-234.

Soysa, N.S., and Alles, N. (2009). NF-kappaB functions in osteoclasts. Biochem Biophys

Res Commun 378, 1-5.

Suda, T., Takahashi, N., and Martin, T.J. (1992). Modulation of osteoclast differentiation.
Endocr Rev 73, 66-80.

Sun, S.C. (2011). Non-canonical NF-kappaB signaling pathway. Cell Res 27, 71-85.

Sunthitikawinsakul, A., Kongkathip, N., Kongkathip, B., Phonnakhu, S., Daly, J.W.,
Spande, T.F., Nimit, Y., Napaswat, C., Kasisit, J., and Yoosook, C. (2003). Anti-
HIV-1 limonoid: first isolation from Clausena excavata. Phytother Res 77, 1101-

1103.

Takayanagi, H. (2007). The role of NFAT in osteoclast formation. Ann N Y Acad Sci

1116, 227-237.

Tanaka, S., Nakamura, ., Inoue, J., Oda, H., and Nakamura, K. (2003). Signal
transduction pathways regulating osteoclast differentiation and function. J Bone

Miner Metab 27, 123-133.

Tang, C.H., Chang, C.S., Tan, T.W.,, Liu, S.C., and Liu, J.F. (2010). The novel isoflavone

derivatives inhibit RANKL-induced osteoclast formation. Eur J Pharmacol 648,

59-66.



52

Troen, B.R. (2006). The regulation of cathepsin K gene expression. Ann N Y Acad Sci
1068, 165-172.

Uddin, S.J., Nahar, L., Shilpi, J.A., Shoeb, M., Borkowski, T., Gibbons, S., Middleton, M.,
Byres, M., and Sarker, S.D. (2007). Gedunin, a limonoid from Xylocarpus

granatum, inhibits the growth of CaCo-2 colon cancer cell line in vitro. Phytother
Res 21, 757-761.

van't Hof, R.J., and Ralston, S.H. (1997). Cytokine-induced nitric oxide inhibits bone

resorption by inducing apoptosis of osteoclast progenitors and suppressing

osteoclast activity. J Bone Miner Res 72, 1797-1804.

van't Hof, R.J., and Ralston, S.H. (2001). Nitric oxide and bone. Immunology 703, 255-
261.

Wada, T., Nakashima, T., Hiroshi, N., and Penninger, J.M. (2006). RANKL-RANK

signaling in osteoclastogenesis and bone disease. Trends Mol Med 72, 17-25.

Wilson, S.R., Peters, C., Saftig, P., and Bromme, D. (2009). Cathepsin K activity-

dependent regulation of osteoclast actin ring formation and bone resorption. J

Biol Chem 284, 2584-2592.

Woo, J.T., Kawatani, M., Kato, M., Shinki, T., Yonezawa, T., Kanoh, N., Nakagawa, H.,

Takami, M., Lee, K.-H., Stern, P.H., et al. (2006). Reveromycin A, an agent for
osteoporosis, inhibits bone resorption by inducing apoptosis specifically in

osteoclasts. Proc Natl Acad Sci U S A 103, 4729-4734.




53

Woo, J.T., Nakagawa, H., Notoya, M., Yonezawa, T., Udagawa, N., Lee, |.S., Ohnishi, M.,
Hagiwara, H., and Nagai, K. (2004). Quercetin suppresses bone resorption by

inhibiting the differentiation and activation of osteoclasts. Biol Pharm Bull 27,

504-509.

Woo, J.T., Yonezawa, T., Cha, B.Y., Teruya, T., and Nagai, K. (2008). Pharmacological
topics of bone metabolism: antiresorptive microbial compounds that inhibit

osteoclast differentiation, function, and survival. J Pharmacol Sci 7106, 547-554.

Yasuda, Y., Li, Z., Greenbaum, D., Bogyo, M., Weber, E., and Bromme, D. (2004).
Cathepsin V, a novel and potent elastolytic activity expressed in activated

macrophages. J Biol Chem 279, 36761-36770.

Zaidi, M., Troen, B., Moonga, B.S., and Abe, E. (2001). Cathepsin K, osteoclastic

resorption, and osteoporosis therapy. J Bone Miner Res 16, 1747-1749.

Zhang, Y., Li, X.L., Lai, W.P., Chen, B., Chow, H.K., Wu, C.F., Wang, N.L., Yao, X.S., and
Wong, M.S. (2007). Anti-osteoporotic effect of Erythrina variegata L. in

ovariectomized rats. J Ethnopharmacol 709, 165-169.

Zhao, B., Takami, M., Yamada, A., Wang, X., Koga, T., Hu, X., Tamura, T., Ozato, K.,
Choi, Y., Ivashkiv, L.B., et al. (2009). Interferon regulatory factor-8 regulates

bone metabolism by suppressing osteoclastogenesis. Nat Med 75, 1066-1071.



AWIANTUAUIING 1A Y
GHuLALONGKORN UNIVERSITY



55

APPENDIX

1. DMEM Complete media 100 ml
DMEM 90 m|
FBS 10 ml

100 mM Sodium pyruvate 1 ml

HEPES free acid 1mi
Penicillin G 10° U/ml 10 pl
Streptomycin 500 mg/ml 50 pl

2. DMEM freezing media
DMEM complete media 9 ml
DMSO 1 ml

3. FBS inactivation

FBS must be inactivated at 56°C for 30 min using water bath before use.

4. Penicillin G and streptomycin solution
Penicillin G and streptomycin were prepared at final concentration 10°

U/ml and 500 mg/ml in sterile deionized water, respectively. The solutions were sterilized

by using 0.45 uM filter and kept in aliquots at -20°C

5. DEPC water for dissolving RNA 100 ml
10 pl of DEPC (0.01% v/v) was added to 100 ml of HPLC water and

incubated overnight at room temperature. The DEPC water was autoclaved at

121°C and pressure 15 psi for 15 min.

6. 2x Laemmli buffer (SDS-dye) 10 ml
1 M Tris-HCI pH 6.8 1T ml

10% SDS 4 ml



99.5% glycerol 2.01 ml
HPLC water 2.989 m|
Bromphenol blue 0.001 g

7. SDS-polyacrylamide gel preparation

7.1 5% stacking gel 2 ml

Sterile water

40% Acrylamide and Bis-acrylamide solution

1M Tris-HCI pH6.8
10% SDS

10% APS

TEMED

7.2 10% separating gel

Sterile water

40% Acrylamide and Bis-acrylamide solution

1 M Tris-HCI pH6.8
10% SDS

10% APS

TEMED

8. RIPA buffer for protein extraction

1M Tris-HCl pH 7.4 0.5 ml
0.5 M NaCl 3ml
Nonidet p-40 0.5 ml

10% sodium deoxycholate 0.5 ml
20% SDS 0.05 ml
Protease inhibitor 1 tablet

Deionized water 5.45

1.204 ml
0.25 ml
0.504 m|
0.02 ml
0.02 ml
0.002 ml

3.836 ml
2ml
2ml
0.08 ml
0.08 ml
0.004 ml
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9.1xPBSpH 7.4

NaCl 84g

KCI 029
Na,HPO, 144 g
KH,PO, 0.24 g
Deionized water 1000 ml

Adjusted pH to 7.4 with 10 N NaOH and autoclaved at 121°C and

pressure 15 psi for 15 min

10. PBST (washing buffer)
1x PBS 1000 ml
Tween20 500 pl

11. Blocking solution
PBST 100 ml

Non-fat dry milk 349

12. 5x running buffer

Trisma base 1519
Glycine 94 g
SDS 5g
Deionized water 1000 ml

13. Transfer buffer

Trisma base 5.08 ¢
Glycine 29g

SDS 0.37 g
Deionized water 800 ml

Absolute methanol 200 ml
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14. ECL substrate

14.1 90 mM coumaric acid
Coumaric acid 74 mg

DMSO 5ml

The solution was kept in aliquots at -20°C

14.2 250 mM luminol
Luminol 222 mg
DMSO 5ml

The solution was kept in aliquots at -20°C

14.4 Solution A

100 mM Tris-HCI pH8.8 2.5 ml
90 mM coumaric acid 11
250 mM luminol 25 pl

14.5 Solution B
100 mM Tris-HCI pH8.8 2.5 ml
30% H,0, 1.5l

15. Film developer and fixer
Film developer and fixer were diluted in tap water at dilution 1:4 in total

volume 50 ml

16. TRAP solution for TRAP staining and TRAP activity assay

16.1 10% formaldehyde 10 ml
40% formaldehyde 2.5 ml

Deionized water 7.5 ml
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16.2 95% ethanol 10 ml
Absolute ethanol 9.5 ml

Deionized water 0.5 ml

16.3 50 mM sodium acetate with 50 mM sodium tartrate

Glacial acetic acid 11.025 ml
Sodium acetate trihydrate 6.8 g
Sodium tartrate dihydrate 1.5¢
Deionized water 1000 ml

Adjusted pH to 5.0 with 10 N NaOH and autoclaved at 121°C

and pressure 15 psi for 15 min

16.4 10mg/ml naphtol AS-MX phosphate
Naphtol AS-MX phosphate 10 mg
N,N-dimethlformamide (DMF) 1 ml

16.5 TRAP solution for TRAP staining assay
Fast red violet LB salt 3 mg
10mg/ml naphtol AS-MX phosphate 50 pl

50 mM sodium acetate with 50 mM sodium tartrate 5 ml

16.6 50 mM citrate buffer with 10 mM sodium tartrate

Citric acid 10.51¢g
Sodium citrate dihydrate 14719
Sodium tartrate dihydrate 23¢g

Adjusted pH to 4.6 with 10 N NaOH and autoclaved at 121°C

and pressure 15 psi for 15 min

16.7 TRAP solution for TRAP activity assay

p-nitrophenylphosphate 18.375 g



50 mM citrate buffer with 10 mM sodium tartrate 5ml

17. 5 mg/ml MTT solution
MTT 50 mg

Sterile 1x PBS 10 ml

The solution was sterilized by using 0.45 pM filter and kept in aliquots

4°C

18. 0.04 N HCL in isopropanol
Conc. HCI 0.331 ml
Isopropanal 80 ml

Adjusted volume to 100 ml by using isopropanol in volume metric flask

19. Sulfanilamide solution (1% w/v in 5% phosphoric acid)

Sulfanilamide 19
85% phosphoric acid 5.88 ml
Deionized water 94.12 ml

20. N-(1-naphthyl)-ethylenediamine dihydrochloride (NED) solution (0.1% w/v)
NED 0.1g

Deionized water 100 ml

21. 4% paraformaldehyde

60

at

4 g of paraformaldehyde was dissolved in 100 ml of 1x PBS and added a

few drop of 1 N NaOH. The solution was heated at 65°C in water bath and

cooled to room temperature. The solution was adjusted pH to 7.4.

22. 0.2% triton-X 100
Triton-X 100 20

Deionized water 10 ml
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23. Determination of IC50 for anti-osteoclast activity

% Inhibition

0.1 1 10
concentration of 7-0G (uM)

Determination of IC50 for anti-osteoclast activity was determined by non-

linear regression analysis using GraphPad Prism software.



62

Biography

Chonnaree Wisutsitthiwong was born in Prachuap khiri khan, Thailand on April
16, 1987. After graduation with the Bachelor's degree of Science from the Department of
Microbiology, Faculty of Science at Kasetsart University in 2008, she subsequently
enrolled in the Master Program of Science in Industrial Microbiology at Chulalongkorn

University in 2009.

Publication

Wisutsitthiwong, C., Buranaruk, C., Pudhom, K., and Palaga, T. (2011). The plant
limonoid 7-oxo-deacetoxygedunin inhibits RANKL-induced osteoclastogenesis by
suppressing activation of the NF-kappaB and MAPK pathways. Biochem Biophys Res
Commun 415, 361-366.



	Cover (Thai)
	Cover (English)
	Accepted
	Abstract (Thai)
	Abstract (English)
	Acknowledgements
	Contents
	Abbreviations
	Chapter I Background
	Chapter II Literature Reviews
	2.1 Bone remodeling cycle
	2.2 Osteoclastogenesis
	2.3 Signaling pathways in osteoclast differentiation
	2.4 7-oxo-deacetoxygedunin (7-OG)

	Chapter III Materials and Methods
	3.1 Cell line and media
	3.2 Cell preparation
	3.3 MTT assay
	3.4 TRAP activity assay and TRAP staining
	3.5 RNA extraction
	3.6 cDNA synthesis by reverse transcription
	3.7 Quantitative polymerase chain reaction (qPCR)
	3.8 Western blot
	3.9 Immunofluorescent staining
	3.10 Nitric oxide assay
	3.11 Statistical analysis

	Chapter IV Results
	4.1 Screening of bioactive compounds for anti-osteoclastogenic activity
	4.2 Effect of 7-OG on osteoclast differentiation in RAW264.7 cell line
	4.3 Effect of 7-OG on osteoclast-related gene expression
	4.4 Effect of 7-OG on the activation of NF-κB and MAPK signaling pathways
	4.5 Effect of 7-OG on nitric oxide production

	Chapter V Discussion
	Chapter VI Conclusion
	References
	Appendix
	Vita



