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1.1 Vitamin D

The principal physiological function of vitamin D in all vertebrates

including humans is to maintain serum calcium and phosphorus

concentrations in a range that support cellular processes like neuromuscular

function, and bone ossification. Vitamin D accomplishes this goal by

enhancing the efficiency of the small intestine to absorb dietary calcium and

phosphorous, and by mobilizing calcium and phosphorus from the bone

(Holick, 1999). The last couple of decades it has become increasingly

apparent that vitamin D also has other important functions in tissues not

primarily related to mineral metabolism (Brown, 1999). One example is the

haematopoietic system, in which vitamin D affects cell differentiation and

proliferation including such effects also in cancer cells. Vitamin D furthermore

participates in the process of insulin secretion. The active metabolite of

vitamin D, 1α25(OH)2D3, regulates the transcription of a large number of

genes through binding to a transcription factor, the vitamin D receptor (VDR).

Blood levels of vitamin D3 are influenced both by dietary intake and the

amount of daylight exposure to the skin. Exposure of the skin to ultraviolet

light catalyses the synthesis of vitamin D3 (cholecalciferol) from 7-

dehydrocholesterol. Thus vitamin D is more like a hormone and not strictly a

vitamin according to the classical criteria that an essential nutrient is a

substance the body can not synthesize in sufficient quantities itself. Deprived

of exposure to sunlight vitamin D becomes an essential nutrient. The

effectiveness of exposure to sunlight or ultraviolet light in curing or preventing

rickets was shown early in the twentieth century (Holick, 1995).
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Vitamin D comprises two closely related substances of nutritional

importance: vitamin D (cholecalciferol), which is the physiological form, and

the synthetic analogue vitamin D2 (ergocalciferol). The two forms only differ

by the side chain to the sterol skeleton (Holick, 1999). It has been assumed,

based on studies in the 1930s showing no conclusive difference between

vitamin D3 and D2 in their preventing effect against infantile rickets, that

vitamin D2 for practical purposes could be regarded as equal to vitamin D3

from cod liver oil. There is no contemporary evidence showing that vitamin D3

and D2 are equally efficient in increasing the circulating metabolite proximate

to the active form. Indeed, later studies have shown important biological

differences in this respect between these two forms (Trang et al., 1998).

Vitamin D3 and vitamin D2, together with the provitamins they are made from,

are all derivatives of sterols, their chemical structure resembles cholesterol,

bile acids and the sex hormones. Vitamin D2 is formed by UV radiation from

its precursor ergosterol. Ergosterol is found in plants, especially in yeast and

fungi. The synthesis of ergocalciferol from ergosterol hardly takes place in

nature. Plants are thus a poor source of vitamin D2. Synthetic vitamin D2,

produced by irradiation of ergosterol is the form added to food or given as

supplements. During the past two decades, vitamin D3 has also been used to

fortify milk, margarine and other foods worldwide, and although the use of

vitamin D2 in food and supplements still is widely used, its use is less than

before. Vitamin D3 is formed from its precursor 7-dehydrocholesterol, which is

found in ample amounts in the skin and fat depots in animals and man (Fig.

1). Vitamin D is relatively stable in fat solutions and is not inactivated by

pasteurisation or sterilisation. It oxidises on contact with air and in acid

solutions and is inactivated when exposed to sunlight.
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Fig. 1: Synthesis and storage of Vitamin D
(Holick, 2004 Am J Clin Nutr 79: 362-371)

1.1.2 Metabolism of Vitamin D

1.1.2.1 Vitamin D activation

Vitamin D (vitamin D3, cholecalciferol) is biologically inactive. Major

metabolic steps involved in the metabolism of Vitamin D3 requires two obligate

hydroxylations to form the active hormone, 1α25-dihydroxyvitamin D3

(1α25(OH)2D3) (Fig. 2). The first step of activation takes place by

hydroxylation at position C-25, mainly in the liver. The role of other tissues is

uncertain. The product, 25-hydroxyvitamin D 3 (25(OH)D3), is transported to

the kidneys, where 1α-hydroxylation takes place. The resulting product,

1α25-dihydroxyvitamin D3 (1α25(OH)2D3), is the active metabolite (Fig. 3).

1α25(OH)2D3  is transported bound to vitamin D-binding protein (DBP). DBP
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is synthesised in the liver and circulates in plasma at concentrations 20 times

higher than the total amount of vitamin D metabolites.

Fig 2: Basic metabolic activation pathway of Vitamin D
(Henry et al., 2001 Steroids 66: 391-398)

The role of the large molar excess of DBP is uncertain. Free

1α25(OH)2D3 is in equilibrium with the bound form. It is only free

1α25(OH)2D3, i.e. 0.5% of the total amount of plasma 1α25(OH)2D3, which is

hormonally active. The binding to DBP increases the half-life of 1α25(OH)2D3

and makes the hormone available to the cells (Brown, 1999; Gomme &

Bertolini, 2004). The concentration of DBP is increases during pregnancy and

by oestrogen treatment. It also increases in infants after birth. The 25-

hydroxylation of vitamin D is poorly regulated, i.e. the capacity of the 25-

hydroxylase in the liver is high. The levels of 25(OH)D3 increase is  in
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proportion to vitamin D intake, and for this reason, plasma 25(OH)D3 levels

are commonly used as indicator of vitamin D status.

Fig. 3: Structure of 1αα25(OH)2D3

The half-life of 25(OH)D3 in circulation is approximately 1-2 months

(Vieth, 1999). Steady state in plasma 25(OH)D3 concentration would,

according to the half-life, not be reached before 4 months after a change in

the intake. With concentration-dependent kinetics this could, however, vary.

The proportion of 25(OH)D3 to vitamin D intake cannot be determined before

steady state is reached. In contrast, the production of 1α 25(OH)2D3 is tightly

regulated, both by feedback of the 1α25(OH)2D3, through calcium and

phosphate levels in the blood and with the help of parathyroid hormone

(PTH). This is illustrated by experiments showing that when large doses of

vitamin D are given to animals, the serum concentrations of 25(OH)D3 will

increase proportionally, while the concentration of 1α25(OH)2D3 remains

normal.
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Both the suppression of the kidney 1α-hydroxylase activity and

induction of the 24α-hydroxylase activity are VDR mediated. Experiments with

rats have shown that tissue specific down-regulation of renal VDR by calcium

restriction blocks 1α25(OH)2D3 dependent suppression of renal 1α-

hydroxylase or stimulation of renal 24α-hydroxylase (Brown, 1999; Beckman

& DeLuca, 2002).

1.1.2.2  Catabolism of vitamin D

The major catabolic enzyme is the 24-hydroxylase, a mitochondrial

enzyme, and both 25(OH)D3 and 1α25(OH)2D3 are inactivated via

hydroxylation pathway. Further oxidation to the ketone, oxidation at C-23 and

C-26, and subsequent oxidative cleavage of the side chain is associated with

progressive loss of biological activity (Araya et al., 2003). In contrast to the

limited distribution of the vitamin D-activating enzymes, 24-hydroxylase is

ubiquitously present in vitamin D target tissues. This enzyme is highly

inducible by 1α25(OH)2D3 providing a regulatory mechanism at the cellular

level for attenuating the response of the active compound when abnormally

high.

1.1.3 Vitamin D receptor (VDR)

The main mechanism of action of vitamin D is the interaction of

1α25(OH)2D3 with the nuclear vitamin D receptor (Brown, 1999). VDR

belongs to the super family of steroid nuclear receptors. Following ligand

binding, VDR heterodimerises with retinoid X receptor (RXR) and acts as a

ligand-activated transcription factor by binding to genomic vitamin D

responsive elements (VDRE) in vitamin D-regulated genes (Fig. 4). These

include more than 50 other genes important for mineral homeostasis, vitamin
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D metabolism, energy metabolism, cell differentiation and proliferation,

extracellular matrix proteins, oncogenes,  growth factors,   signal transduction

Fig. 4: Mechanism of action of 1αα25(OH)2D3
(Jones et al., 2004 Physiological Reviews 78 : 1193-21)

proteins and peptide hormones. Genes can be both up-regulated or

downregulated, but the exact mechanism is unclear. Among genes down-

regulated are PTH, osteocalcin, protein-kinase A inhibitors and interleukin-2

genes. Several genetic polymorphisms of VDR have been identified, the

exact role of these has not been clarified, but most variants do not affect the

protein structure (Brown, 1999; Uitterlinden et al., 2004). In a study on the

efficacy of vitamin D supplementation on bone mineral density of the femoral

neck in elderly women it was found that those having one or two VDR alleles

without the Bsm1 restriction site responded better than those with a genotype

in which this restriction site was absent   (Graafmans et al., 1997). The
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cellular response to 1α25(OH)2D3 is mainly regulated by changing the cellular

amount of VDR. Treatment with 1α25(OH)2D3 increases the receptor level

presumably due to stabilisation of the receptor. Some growth factors

increase, as IGF-I, while others, such as fibroblast growth factor and

mitogens, decrease VDR expression. Activation of protein-kinase C and

prednisone treatment inhibit VDR expression whereas oestrogen, retinoic

acid and PTH increase VDR expression. VDR expression is also dependent

on cell type, and its condition, proliferating or differentiating (Kveiborg et al.,

2001; Peleg et al., 2003). VDR can also be regulated at the stage of

degradation. VDR interacts directly with SUG1, a component of the

proteasome complex important for proteolysis. VDR activity might also be

modulated by phosphorylation of serine at different positions (Brown et al.,

1999). The homozygous VDR knock out  mouse (VDR-/-) shows no sign of

defect until end of weaning after which they fail to thrive and die within 15

weeks from birth. They suffer from hypo calcemia, defective fur and females

have defects in reproductive organs. Furthermore, bone formation and growth

are inhibited and the level of 1α25(OH)2D3 is increased, indicating a role of

VDR in regulation of vitamin D hydroxylation. In some respects the VDR

knockout mice show some phenotypic similarities with the disease, vitamin D

resistant-rachitis type 2, which is seen in children with inherited mutations in

VDR (Kveiborg et al., 2001).

1.1.4 Functions of vitamin D

The principal function of vitamin D (1α25(OH)2D3) in the body is to

maintain intracellular and extracellular calcium concentrations within a

physiologically acceptable range. The vitamin accomplishes this goal through
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the action of 1α25(OH)2D3 by regulating calcium and phosphorus metabolism

in the intestine and bone.

1.1.4.1 Vitamin D and calcium homeostasis

The most critical role of 1α25(OH)2D3 in mineral homeostasis is to

enhance the efficiency of the small intestine to absorb dietary calcium. This

was clearly demonstrated in the VDR null mouse (Yoshizawa et al., 1997;

Johnson & DeLuca, 2001). Calcium absorption from the intestine is

dependent on the amount of calcium in the diet and on physiological

requirements, which is adaptable. When dietary calcium concentrations are

low, almost all calcium is absorbed. The same happens in pregnancy and

during lactation. 1α25(OH)2D3 also promotes the intestinal absorption of

phosphate. However a significant phosphate absorption also occurs in

1α25(OH)2D3-deficient states (Brown, 1999). 1α25(OH)2D3 is essential for

development and maintenance of a mineralised skeleton and hence its

deficiency results in rickets during growth and osteomalacia in adults.

1α25(OH)2D3 induces bone formation by regulation of matrix proteins

important for bone formation, such as osteocalcin, osteopontine, alkaline

phosphatase, matrix-gla- protein and collagen, as well as mineral apposition.

The bone forming osteoblasts express VDR and it appears that 1α25(OH)2D3

inhibits osteoblast proliferation through VDR-dependent signal pathway, and

promotes their differentiation (Kveiborg et al., 2001). Vitamin D does not

appear to be absolutely essential for the ossification process, but enhances

this through increasing serum levels of calcium and phosphate. It has been

suggested that not only 1α25(OH)2D3 is involved in bone mineralisation, but

also 24,25(OH)2D3 may be required (Brown, 1999). 1α25(OH)2D3 enhances
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the mobilisation of calcium and phosphorus stores from bone at times of

calcium deprivation. 1α25(OH)2D3 induces stem cell monocytes to become

mature osteoclasts. It appears though that this effect is not direct, but is

mediated via osteoblasts that secrete a factor promoting osteoclast

differentiation (van et al., 2004). 1α25(OH)2D3 regulates calcium homeostasis

in close co-operation with PTH, which is the principal hormone regulating

extracellular ionised calcium from minute to minute. PTH stimulates

1α25(OH)2D3 synthesis and 1α25(OH)2D3 suppresses the synthesis and

secretion of PTH and controls parathyroid growth through negative gene

regulation. Studies in the VDR null mouse suggest that VDR is not essential,

but works in co-operation with calcium and phosphate (Brown et al., 1999).

The most important effects of 1,25(OH)2D3  in the kidney is suppression of

1α-hydroxylase activity and induction of 24-hydroxylase activity. 1α25(OH)2D3

increases renal calcium reabsorption and calcium binding protein expression,

and it accelerates PTH dependent calcium transport in the distal tubule, which

has the highest level of VDR. The enhancing effect of 1α25(OH)2D3  on renal

phosphate absorption might be an indirect action via PTH suppression

(Brown,1999; Sulkova et al., 2004).

1.1.4.2 Bone and 1αα25(OH)2D3

Bone is one of the classical target organs for 1α25(OH)2D3 action.

1α25(OH)2D3 not only plays a role in bone calcium mobilization but it has an

essential role in bone development, mineralization and maintaining the

dynamic nature of bone. 1α25(OH)2D3 facilitates those functions by

controlling the availability of calcium and phosphate and by regulating the

level of hormones such as PTH, parathyroid hormone related peptide and
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insulin-like growth factor (Rao et al., 2001; Drinka, 2004). It is also involved in

the synthesis of bone matrix proteins such as type I collagen, alkaline

phosphatases, osteocalcin, osteoponitin and matrix-Gal protein (Gallagher &

Riggs, 1990; Glenville et al., 1996; Goltzman et al., 2001).

1.1.5 Other effects of vitamin D

Synthesis and cellular receptors for 1α25(OH)2D3 have been found not

only in the intestine, kidney and bone but also in many other tissues,

suggesting that 1α25(OH)2D3 is fundamental in the regulation of gene

expression in many cell types in addition to its probable role in intracellular

calcium regulation (Brown, 1999; Zehnder et al., 2002a). Various functions of

Vitamin D in different tissues are listed in table 1. Further local production and

action of 1α25(OH)2D3, particularly after inflammatory activation of 1α-

hydroxylase activity by, for example, cytokines in endothelial cells, could

indicate an important autocrine/paracrine mechanism in peripheral tissues

(Zehnder et al., 2002). In the skin, 1α25(OH)2D3 plays an important role by

inhibiting proliferation and stimulating differentiation of keratinocytes and

vitamin D analogues are used in the treatment of psoriasis. In the immune

system, 1α25(OH)2D3 modulates synthesis of interleukins and cytokines.

Besides stimulating monocytes and macrophages, 1α25(OH)2D3 functions as

an immunosuppressive agent by decreasing the rate of proliferation and the

activity of both T- and B cells and inducing suppressor T cells (Brown, 1999).

In haematopoietic tissue, vitamin D deficiency causes anaemia and

decreased cellularity of bone marrow. 1α25(OH)2D3 also inhibits proliferation

and promotes differentiation of a number of leukaemia cell lines (Diaz et al.,
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2000). Also normal myeloid precursor cells mature in the presence of

1α25(OH)2D3.

Table 1: A representation of target tissues and functions of Vitamin D
              (Rochel et al., 2001 Eur J Biochem 268 : 971-79)

In addition, VDR is expressed in many other tissues, such as muscle,

nervous tissue, liver, intestine, reproductive organs, pancreas, pituitary,

thyroid gland and lung, where 1α25(OH)2D3 apparently has important

functions in regulation of cell proliferation and differentiation (Brown, 1999;

Holick, 1999). In animal experiments and also in epidemiological studies,
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vitamin D appears to be a protective factor in colon carcinogenesis (Wali et

al., 1995).

1.1.6 Cancer & Vitamin D

There are several reports indicating that vitamin D plays a role in the

prevention of cancer progression. Epidemiological studies have shown that

people who live in the northern latitudes have a higher risk to get prostate,

colon and breast cancer than individuals living closer to the equator. It has

been hypothesised that differences in the amount of vitamin D synthesised in

the skin plays a role in this phenomenon (Hanchette & Schwartz, 1992;

Mawer et al., 1998; Garland et al., 1999; Ahonen et al., 2000). In addition to

that there are lot of in vivo and in vitro studies indicating that 1α25(OH)2D3

plays a role in the control of proliferation, differentiation and apoptosis of

many cell types including cancer cells (Reddy et al., 2001; Harris  & Go,

2004;  Guzey et al., 2004 ). Many of these effects appear to be dependent on

cell type and their growing environment (Hansen et al., 2001). Vitamin D has

been shown to inhibit cancer cell growth by arresting cell cycle progression.

This blocking of cell division is associated with up-regulation of the cyclin

dependent kinases p21 and p27 and down regulation of cyclins A and D1 (Liu

et al., 1996; Verlinden et al., 1998; Ryhanen et al., 2003). Other important

molecules which are involved in cell growth inhibition by 1α25(OH)2D3 are c-

fos and c-myc proto-oncogenes (Jensen et al., 2001). Growth factors regulate

growth and the differentiation of normal cells. In cancer this regulation is often

disturbed, leading to malignant processes. Vitamin D compounds have been

shown to block the mitogenic activity of insulin like growth factor I and II in

cancer cells (Rozen & Pollak, 1999; Nickerson & Huynh, 1999). Other growth

factors such as transforming growth factor-beta (Heberden et al., 1998, Wu et
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al., 1999) epidermal growth factor (Lee et al., 2001), keratinocyte growth

factor (Lyakhovich et al., 2000), vascular endothelial growth factor (Mantell et

al., 2000) and interleukins are also shown to be targets for the growth

inhibitory effects of 1α25(OH)2D3 (Peleg et al., 1997; Topiiski et al., 2004).Cell

death by apoptosis is a natural regulatory process in the body but in cancer,

cells are often failed to undergo apoptosis leading to malignant outgrowth

(Hansen et al., 2001). Vitamin D compounds were shown to induce apoptosis

in a number of different cancer cell types by several distinct pathways where

MAP kinases, tumor necrosis factor-alpha and apoptosis regulatory protein

bcl-2 have been demonstrated to play a critical role (Park et al., 2000; Blutt et

al., 2000; Pirianov & Colston, 2001). In addition, Vitamin D inhibits cancer

progression by interfering with specific steps such as angiogenesis and

metastasis (Hansen et al., 1994; Yudoh et al., 1997; Mantell et al., 2000;

Vanden & Chang, 2002). 1α25(OH)2D3 inhibits cancer cell invasion by

decreasing the activity of certain proteases which degrade extracellular matrix

and basement membrane (Koli & Keski-Oja, 2000). Vitamin D has anti

proleferative and pro differentiating effects in prostate cancer cells and shows

reduced tumor progression in prostate cancer rats (Feldman et al., 2000;

Jacobe et al., 2004).

1.1.7 Vitamin D analogs and their therapeutic applications

The active metabolite of vitamin D, 1α25(OH)2D3, has a wide range of

nonclassical actions in the body, such as regulation of cell growth,

differentiation and the immune system. This has led to increased interest in

using 1,25(OH)2D3 in the treatment of several diseases such as psoriasis,

autoimmune diseases, osteoporosis, hyperparathyroidism and cancer.

However, the therapeutic applications of 1α25(OH)2D3 are limited due to the
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hypercalcemic and phosphataemic activity of this compound (Norman, 1995).

The elevated level of calcium and phosphate in serum causes soft tissue

calcification especially in the kidney, heart, aorta and intestine that can lead to

organ failure and death (Vieth, 1990). In order to avoid these unwanted side

effects, a lot of work has been done to synthesize analogs that exhibit weaker

effects on calcium metabolism while retaining growth and immune regulating

properties (Norman, 1995). It is estimated that over 2,500 analogs have

already been synthesized and biologically evaluated. A number of them

exhibit potent anti-proliferative activity while still having reduced

hypercalcemic toxicity at therapeutic dosages; however, only few analogs are

currently in clinical trials or in active use in medicine (Gulliford et al., 1998;

Jones et al., 1998; Diaz et al., 2000; Hansen et al., 2001; Wu-wong et al.,

2004). Most of the analogs are synthesized either by side chain modification

or epimerization pathway. Some of the analogs are shown in Fig. 5. The new

pathway of 1α25(OH)2D3  metabolism via modification of the A-ring (C-3

epimerization path way)  is known to result in the formation of a series of

epimers, including 1α25(OH)2-3-epi-D3 (Reddy et al., 2000). Epimerization

pathway occurs in both normal and cancer tissues, but unlike C-24 oxidation,

epimerization is target tissue specific (Reddy et al., 2001). Clinically the most

promising results were obtained by using analogs, which contain modification

in the side chain of 1α25(OH)2D3. It appears that VDR is relatively tolerant of

changes in this part of the molecule (Jones et al., 1998). The recently

published crystal structure of VDR LBD shows that ligand occupies only 56%

of the volume of ligand binding cavity and there is an additional space around

the aliphatic side chain, which would allow analogs with different chain

lengths to fit in (Rochel et al., 2000; Tocchini et al., 2004).
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1α25(OH)2D3 and its synthetic analogs have also been used to treat

osteoporosis (Rao et al., 1996)  which stimulate bone formation through direct

action on bone forming cells and also suppress bone resorption mainly by

indirect effect involving PTH suppression. However, the lack of bone specific

analogs hampers their wide use in osteoporotic patients (Erben, 2001). In

future other possible clinical uses for vitamin D analogs include prevention of

graft rejection and autoimmune diseases such as multiple sclerosis,

rheumatoid arthritis, scleroderma and insulin-dependent diabetes mellitus.

This is based mainly on the immunosuppressive properties of 1α25(OH)2D3,

such as its ability to inhibit cytokine secretion, decrease the proliferation rate

and activity of the helper T cells, and its property to induce the availability of

suppressor T cells (Lemire, 2000; Verstuyf et al., 2000; Deluca & Cantorna,

2001; Riachy et al., 2001).

Many vitamin D analogs have been shown to have promising anti-

cancer effects in cancer animal models and a few analogs (EB1089, OCT)

are currently under clinical trials (Diaz et al., 2000; Brown, 2001; Hansen et

al., 2001). However, a real breakthrough in cancer therapy by vitamin D

analogs is yet to come. The main reason for these disappointing results is

that the use of systemically applied vitamin D analogs causes severe side

effects at the supraphysiological doses that are needed in order to reach

clinical improvement (Feldman et al., 2000; Reichrath et al., 2001).
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1.1.7.1 Pharmacological and molecular basis for differential actions of
vitamin D analogs

Factors that influence the biological profile of the vitamin analogs can

be divided into pharmacokinetic and pharmacodynamic factors. There are two

main pharmacokinetic factors, which affect the ligand availability for VDR,

stability in blood and catabolism of the target cell. Binding of the analogs to

DBP or other molecules in blood such as albumin and lipoproteins affects

half-life values of the analogs in the blood and the rate of analog uptake by

target cell. Those analogs, which have a strong affinity to DBP possess the

longest extra cellular half-lifes in the order of days. Analogs with reduced

affinity to DBP are metabolized and excreted most rapidly (Bouillon et al.,

1991; Brown, 2000). Catabolism of 1α25(OH)2D3 and its analogs by target

cells is another important factor controlling the concentration of 1α25(OH)2D3

and its analogs inside the target cell. Target cells might inactivate analogs in

different ways or create new compounds, which retain significant biological

activity (Bouillon et al., 1996; Brown, 1999; Peleg & Reddy, 2001; Siu-Caldera

et al., 1999). It has also been reported that various cell types have different

ability for catabolism of vitamin D compounds. This could cause cell specific

differences in the action of the analogue and may explain why some analogs

have a unique biological profile with favourable dissociation of differentiation

versus calcemic potency (Brown, 2000). The pharmacodynamic influences of

the vitamin D analogs are based on their ability to modulate VDR functions

differently from the natural hormone (Fig. 6). Vitamin D analogs could use

different contact amino acid residues for binding at the ligand binding cavity of

VDR than 1α25(OH)2D3 does (Gardezi et al., 2001). This may result in the

formation of additional bonds between the analogue and the ligand binding
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cavity that could lead to the prolonged half-lives of activated receptor and

long-lasting effects on gene activation (Peleg et al., 1998; Tocchini et al.,

2001). Analogs might induce slightly different structural conformation within

the hormone receptor complex (Liu et al., 1997), which may modulate the

receptor.

Fig. 6: Mechanism of action of 1αα25(OH)2D3 and its analogs
(Norman et al., Steroids 66 (2001) 147-58)

dimerization (Zhao et al., 1997; Liu et al., 2001), affect the DNA binding

properties and even the promoter selectivity of VDR (Quack & Carlberg,

1999). Moreover, analog induced differential conformation might influence

receptor interactions with tissue specific cofactors and the stability of

RXR/VDR/DNA/coactivator complex (Yang & Freedman, 1999; Herdick et al.,

2000; Issa et al., 2002). It might also increase the intracellular half-life of the

receptor-ligand complex by interfering with the SUG1/proteosome mediated
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receptor degradation (Masuyama & MacDonald, 1997; Jääskeläinen et al.,

2000). It has been shown that certain analogs are able to specifically activate

nuclear VDR or membrane bound VDR. This could modulate the cross talk

between receptors and thus alter genomic activity of the nuclear VDR (Brown

et al., 1999).

1.2 Inflammation:

Inflammation is a response to infection, antigen challenge or tissue

injury that is designed to eradicate microbes or irritants and to potentiate

tissue repair. Excessive inflammation may lead to tissue injury and if severe

can cause physiological decomposition, organ dysfunction and death.  Based

on timing and pathological features, inflammation can be divided into two

major categories-acute and chronic. Acute inflammation is typically of

relatively short duration and is characterized by vasodilation, the exudation of

protein-rich fluid and migration of cells into the site of injury (Splettstoesser &

Schuff, 2002). Hallmarks of inflammation are vasodilation, oedema and

leukocyte infiltration. Vasodilatation is characterized by redness and warmth

at the site of injury.  The purpose of the vasodilatory response is facilitating

the local delivery of soluble mediators and inflammatory cells (Fig. 7).

Inflammation induced vasodilatation is mediated primarily by nitric oxide (NO)

and vasodilatory prostaglandins. NO is produced from L-arginine through the

action of nitric oxide synthase (NOS). Three isoforms of NOS have been

identified. Endothelial NOS (eNOS) and neuronal NOS (nNOS) are

constitutively produced, and their expression is increased by calcium flux.

Activated leukocytes produce inducible NOS  (iNOS) after exposure to

microbial products or pro-inflammatory cytokines (Vallance & Chan, 2001).

The NO produced causes subsequent smooth muscle relaxation through
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cyclic GMP-dependent mechanisms (Moncada et al., 1991). The primary

vasodilatory prostaglandins are prostacyclin (PGI2), PGD2, and PGE2. These

lipid mediators are produced from arachadonic acid through the action of

                                    Fig 7: Physiology of inflammation
              (Takeuchi et al., 2003 Curr Top Microbiol Immunol  22: 1767-75)

cyclooxygenase (Vane & Botting, 1998; Tabernero et al., 2003). Oedema is

caused by the transvascular flux of protein-rich fluid from the intravascular

compartment into the interstitium as a result of the actions of histamine,

bradykinin, leukotrienes, complement components, substance P and platelet-

activating factor (PAF) (Friedl et al., 1989). Vasodialation and fluid exudation

are accompanied by leukocyte margination, adhesion and migration.

Neutrophils are the first and most abundant leukocytes to be delivered to a

site of infection or inflammation (Downey et al., 1993). After migration, a weak
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adhesive interaction develops between neutrophils and vascular endothelial

cells, causing neutrophils to remain in close proximity to the vascular

endothelium. Neutrophils and other leukocytes also require chemoattractants

to facilitate their migration to sites of injury or infection. Chemoattractants are

soluble molecules such as bacterial byproducts, complement components                                    

and chemoattractant cytokines (chemokines) that serve to attract leukocytes

to injured tissues (Fig 8). Chemoattractant cytokines or chemokines are

leukocyte products that also serve to attract leukocytes into tissues. These

Fig 8: Mediators of Inflammation
(Seely et al., Critical Care 7: (2003) 291-307)

are a group of more than 40 peptides with molecular weights of 8–10 kDa that

share considerable sequence homology. There are at least four families of

chemokines, two of which (the alpha and beta families) have been extensively

described (Luster, 1998). The alpha chemokines include interleukins, which
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are potent chemoattractant for neutrophils, as well as other members of the

family that are lymphocyte chemoattractants. The beta chemokines are

chemoattractants for a variety of leukocytes including basophils, monocytes,

eosinophils and lymphocytes. The alpha chemokines act in concert with beta

chemokines and cytokines to mediate the pro-inflammatory response to injury

and infection (Serhan et al., 2000; Marcheselli et al., 2003; Mukherjee et al.,

2004).

1.2.1 Mediators of inflammation

1.2.1.1 Lipoxygenase (LOX) pathway

Lipoxygenase pathway leads to the formation of

hydroperoxyeicosatetrenoic acid  (HPETEs), leukotrienes (LTs) and lipoxins

from arachidonic acid. Among these LTs are the most potent biologically

active compounds. Lipoxygenases (LOX) comprise a family of non-heme, iron

containing dioxygenase enzymes which incorporate molecular oxygen into

poly unsaturated fatty acids with 1-cis, 4-cis-pentadiene structures such as

arachidonic acid and linolenic acid, which get transformed into 1-hydroperoxy-

2,4-trans, cis petadiene product, generating the corresponding hydroperoxy

derivative of the fatty acid.

Classification of Lipoxygenases

LOXs have been classified basing on their positional specificity of

arachidonate oxygenation (Yamamota, 1992). For example, 15-LOX

introduces molecular oxygen at carbon atom 15 of arachidonic acid (formation

of 15-HPETE) where as 12-lipooxygenase introduces oxygen at 12-position to

generate 12-HPETE. These enzymes are now referred to as 12-,15-,5- and 8-

lipooxygenases.
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5-Lipoxygenase

5-LOX is involved in the biosynthesis of leukotrienes, pro inflammatory

mediators participating in various forms of acute inflammation (Fig. 9). In

addition to human allergic asthma, LTs contribute to the pathogenic changes

during colitis (Zipser et al., 1987), psoriasis (Chan et al., 1987)

glomerulonephritis (Wu et al., 1993) and endotoxemia (Keppler et al., 1987).

5-LOX in the presence of FLAP catalyzes the oxygenation of arachidonic acid

at C-5 into 5-hydroperoxyeicosatetraenoic acid (5-HPETEs) (Samuelsson et

al., 1987), followed by a second reaction in which 5-HPETE is dehydrated to

form the unstable allylic epoxide, LTA4 by the same enzyme. Once formed

LTA4 is further metabolized to LTB4 (Borgeat & Samuelsson, 1979). Another

pathway is the formation of LTC4 from LTA4 by an enzymatic conjugation with

glutathione at C-6 position, a reaction catalyzed by LTC4 synthase (Jakschik

et al., 1982).

Fig. 9: Lipoxygenase pathway
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Successive elimination of glutamic acid from LTC4 by γ-glutamyl

traspeptidase (Orning et al., 1980) and glycine by dipeptidase gives LTD4 and

LTE4 respectively (Sok et al., 1981). LTE4 on further action by γ-glutamyl

traspeptidase results in the formation of LTF4 (Anderson et al., 1982). LTF4

can also be formed directly from LTC4 by the action of carboxypeptidase A

(Reddanna et al., 1988). These three sulfidopeptide LTs are commonly

referred to as the slow reacting substances of anaphylaxis (Piper, 1985). 5-

HPETE is also converted to a dihydroxyeicosatetranoic acid  (diHPETE),

which may lead to the formation of trihydroxyeicosatetranoic acid, tremed as

lipoxins (Rokach & Fitzsimmons, 1988). 5-LOX protein expression and activity

is mainly observed in myeloid cells. Granulocytes, monocytes/macrophages,

mast cells and B-lymphocytes express 5-LOX, while platelets, endothelial

cells, T-cells and erythrocytes are 5-LOX negative (Borgeat & Samuelsson,

1979; Jakobsson et al., 1992).

Biological Role of 5-Lipoxygenase

The Cysteinyl leukotrienes (LTC4, LTD4, LTE4) released from the lung

tissue of asthmatic patients on exposure to allergens play a pathophysilogical

role in immediate hypersensitivity reactions by increasing the vascular

permiability in post capillary venules and stimulating mucus secretion

(Bisgaard, 1984; Poff & Balazy, 2004). The dihydroxyl leukotriene, LTB4

displays chemokinetic activity towards granulocytes and induce granulocyte

activation which induces adherence of neutrophils to vessel walls and release

of lysosomal enzymes (Ziboh et al., 2004). LTC4 demonstrated to be present

in the hypothalamus, is implicated in the release of leutinizing hormone

(Hulting et al., 1985). Lipoxins formed by the combined action of 5-LOX,

inhibit natural killer cytotoxicity (Samuelsson et al., 1987). Lipoxins act as
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both immunologic and haemodynamic regulators. Leukitrienes are also

implicated in insulin release (Pek & Walsh et al., 1984), steroidogenesis (Dix

et al., 1984) and ovulation (Reich et al., 1985). Cysteinyl leukotrienes (LTC4,

LTD4, LTE4) are identified as important mediators of bronchoconstriction and

hypersensitivity reactions.

1.2.1.2 Cyclooxygenase pathway

Cyclooxygenase pathway leads to the formation of PGs,

thromboxanes and prostacyclins- a family of autocrine and paracrine

mediators that contribute to many physiological and pathophysiological

responses (Fig. 10). Cyclooxygenase     (COX;    Prostaglandin endoperoxide

Fig 10: Cyclooxygenase pathway

synthase EC 1.14.99.1) catalyzes two separate enzyme reactions i) the

bisoxygenation of arachidonic acid at carbon11 and 15 (cyclooxygenase

activity) and ii) the subsequent bi- electron reduction at 15-hydroperoxy group

of PGG2 (Peroxidase activity) to form another endoperoxide derivative, PGH2
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(Smith et al., 1996). These two reactions occur at distinct but structurally and

functionally interconnected sites. The endoperoxides, PGG2 and PGH2 are

very unstable with a half life of 4-5min. PGH2 is transformed to different

primary products such as PGD2, PGE2, PGF2α,  prostacyclin and

thromboxanes collectively known as prostanoids. The array of PGs produced

varies depending on the down stream enzymatic machinery present in a

perticular cell type. Prostaglandins are found in animals as primitive as the

coelenterates and in a wide variety of human tissues (Mead et al., 1986). PGs

not only paly a central role in inflammation, but also regulate other critical

physiological responses. In humans, PGs are involved in diverse functions,

including blood clotting, ovulation, initiation of labor, bone metabolism, nerve

growth and development, wound healing, kidney function, blood vessel tone

and immune responces (Smith et al., 1996).

Cyclooxygenases

Cyclooxygenases isoforms- cyclooxygenase-1 (COX-1) and

cyclooxygenase-2 (COX-2) are homo-dimeric, glycosylated, heme containing

proteins with 2 catalytic sites. Both isoforms have high structural identity but

are different in substrate and inhibitor selectivity (Smith et al., 1996), and also

in their intracellular localization. COX-2 accepts a wider range of fatty acids

as substrates when compared to COX-1. COX-2 acetylated by aspirin on

serine 530 will still oxidize AA to 15-HETE, whereas similarly acetylated COX-

1 will not oxidize AA at all. Unlike COX-1 enzyme, COX-2 has valine at

position 523 instead of isoleucine. The difference between valine and

isoleucine is of a single methyl group. This substitution allows COX-2

inhibitors to access the secondary internal side pocket of the molecule that is

obstructed by isoleucine in the COX-1 isoform (Kurumbail et al., 1996; Vane



Introduction

28

et al., 1998). The COX-2 active site is about 20 % larger and has a slightly

different shape than that of COX-1 (Luong et al., 1996). This difference in

active site size and shape is due to three amino acid differences between

COX-1 and COX-2: isoleucine 523 to valine 523 in the first shell of the active

site, and isoleucine 434 to valine 434 and histidine 513 to arginine 513 in the

surrounding second shell.

COX-1 is constitutively expressed in most cells at physiological

conditions, although there is mild increase (2-4 fold) in response to hormonal

or growth factor stimulation. Unlike COX-1, COX-2 expression is minimal in

most tissues under basal conditions, but is dramatically upregulated up to 80

fold in inflamed tissues (macrophages, fibroblasts, chondrocytes, epithelial,

endothelial cells etc) with cytokines, growth factors, human chorionic

gonadotropin, phorbol esters, bacterial lipopolysaccharides (LPS), ligands of

G-protein-coupled receptors and reactive oxygen intermediates; cyclic

adenosine monophosphate and serum. For example COX-2 expression and

PGE2 production are greatly enhanced in rheumatoid synovium compared to

the less inflamed osteoarthritic synovium, and in animal models of

inflammatory arthritis (Crofford et al., 1994; Anderson et al., 1996). This

provides for a constant level of enzyme in most cell types to synthesize PGs

responsible for homeostatic functions. In contrast, the features of COX-2

gene are those of an “immediate early gene” that gets upregulated during

inflammation or pathological process. Both the isoforms have a molecular

weight of 72 kDa and are almost identical in length, with just over 600 amino

acids, of which 60-65 % sequence is identical between COX-1 and COX-2

from the same species and 85 %- 90% identity among individual isoforms

from different species (Shimokawa & Smith, 1992; Garavito et al., 1996).
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However, the human COX-2 gene at 8.3 kb is a small immediate early gene,

whereas human COX-1 originates from a much larger 22 kb gene. The gene

product also differs, with the mRNA for the inducible COX-2 being

approximately 4.5 kb and that of constitutive COX-1 being 2.8 kb. COX-2

mRNA contains long 3’ untranslated regions (3’ UTR) containing several

different polyadenylation signals and multiple 5’-AUUUA-3’ instability

sequences that act to mediate rapid degradation of the transcript. These

features differentiate the gene for COX-1 into a gene consistent with rapid

transcription and mRNA processing for a continously transcribed stable

message. COX-1 and COX-2 proteins are encoded by separate genes that

diverged well before birds and mammals (Reed et al., 1996). The genes for

COX-1 and COX-2 are located on separate chromosomes, with COX-1 on

chromosome 9 and COX-2 on chromosome 1. The promoter region of the

COX-2 gene contains a TATA sequence and transcription factor response

elements, which are sensitive to inflammatory mediators accounting for its

rapid inducibility. The gene for COX-1 lacks the TATA sequence and

immediate early response elements.

1.2.3 NSAIDs

In  1893 German chemist, Felix Hoffman, motivated by concern for his

father’s severe rheumatoid arthritis set into motion a commercial process for

his employer, the Bayer company, to produce a molecule with analgesic

activity called salicylic acid or aspirin.  What evolved from this historic event

was a class of drugs, the non steroidal anti-inflammatory drugs (NSAIDs), that

gained immense interest not just because they are the major targets of

cyclooxygenases, but also because they are involved in a range of

pathologies that for COX-1 include thrombosis and for COX-2 include
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inflammation, pain and fever, various cancers, and also Alzheimer’s disease

(DuBois et al., 1998; Kawai et al., 2002; Marnett, 2002). Specific inhibition of

COX-2 might have therapeutic actions similar to those of NSAIDs, but without

causing the unwanted side effects, was the rationale for the development of

specific inhibitors of the COX-2 enzyme as a new class of anti-inflammatory

and analgesic agents with improved gastrointestinal tolerability (Vane, 1998).

1.2.3.1 NSAIDs as chemopreventives

 Epidemiological evidences

Epidemiological studies have shown that chronic intake of aspirin is

associated with a reduction in the incidence of colorectal cancer (Thun et al.,

1991; Giovannucci et al., 1995) and breast cancer (Garcia & Gonzalea,

2004). In a clinical trial, celecoxib (Steinbach et al., 2000) was found to

reduce the number and size of polyps in patients with familial adenomatous

polyposis (FAP). The effects of several non-steroidal anti infflammatory drugs

(NSAIDs) on tumor growth have also been demonstrated in animal models of

FAP (Oshima et al., 1996) and chemical colon carcinogenesis (Takahashi et

al., 1996; Kawamori et al., 1998; Yoshimi et al., 1999; Kishimoto et al., 2000)

and prostate cancer. These observations suggest that NSAIDs have a potent

chemopreventive effect.

1.2.3.2 Mechaniam of action of NSAIDs

 NSAIDs inhibit the cyclooxygenase (COX) enzymes, COX-1 and

COX-2, which catalyse the conversion of arachidonic acid to prostaglandins.

COX-1 is expressed constitutively and is required for physiological processes

such as maintenance of gastrointestinal mucosa and platelet aggregation,

whereas COX- 2 is induced by cytokines, growth factors, and mitogens.

NSAIDs vary in their abilities to inhibit COX-1 and COX-2 (Thun et al., 2002).



Introduction

31

Classic NSAIDs not only inhibit COX-2, but also inhibit COX-1, resulting in the

common side effect of gastric mucosal damage. To reduce the

gastrointestinal side effects of NSAIDs, with selective COX-2 inhibitors were

developed (Jackson & Hawkey, 2000; Cannon & Breedbeld, 2001; Aisen,

2002). Selective inhibitors of COX-2 have been demonstrated to induce

apoptosis in a variety of cancer cells, including those of colon (Hara et al.,

1997), stomach (Sawaoka et al., 1998), prostate and breast (Liu et al., 1998).

These observations are consistent with the cancer chemopreventive effects of

NSAIDs. Tumour inhibition by NSAIDs may be mediated by distinct cellular

processes. These processes involve the ability of NSAIDs to restore

apoptosis, induce cell-cycle arrest, and inhibit angiogenesis (Chan, 2002;

Thun et al., 2002, Madhava et al., 2001;Jagu et al., 2004). One of the main

ways by which NSAIDs exert their effects is modulation of apoptosis, although

there is considerable debate about how these effects are mediated.

Compounds that are structurally similar to NSAIDs, but do not inhibit COX,

also have chemopreventive and proapoptotic properties. The precise

mechanisms by which, inflammation stimulates cancer development are not

fully understood and are likely to be complex and multifactorial (Coussens &

Werb, 2002). Indeed, NSAIDs have been shown to inhibit other pathways that

contribute to inflammation. For example, NSAIDs inhibit activation of NF-kB,

which controls the transcription of a variety of proinflammatory cytokines,

independently of COX inhibition (Tegeder et al., 2001; Jagu et al., 2004). It is

therefore quite possible that NSAIDs inhibit inflammation stimulated

carcinogenesis by affecting the function of these different pathways in

addition to those of COX-1 or COX-2. However, because these agents are
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potent inhibitors of COX catalytic activity, it might be difficult to judge the

relative contribution of these COX and non-COX mechanisms.

1.2.4 Dual COX/LOX inhibition represents a new approach to relief of
pain and inflammation

Affecting about 10% of adults in the world's industrialized countries,

Inflammatory diseases like osteo arthritis, a common degenerative disease of

the joints characterized by the breakdown of cartilage and the proliferation of

new bone and connective tissue. Drugs that can modify disease progression

represent the ultimate goal of treatment but are not clinically available. As the

search for disease-modifying drugs continues, treatment is currently based on

symptomatic relief of pain and inflammation associated with disorders. For

years non-steroidal anti-inflammatory drugs (NSAIDs), such as ibuprofen and

naproxen, have underpinned symptomatic relief of diseases. NSAIDs work by

inhibiting the cyclooxygenase (COX) enzymes, COX-1 and COX-2, so

preventing the formation of inflammatory prostaglandins from metabolism of

arachidonic acid. However, by inhibiting COX-1 they can also cause serious

gastrointestinal (GI) side effects and adversely affect platelet function.

Increasingly, conventional NSAIDs are being replaced by COX-2 specific

inhibitors, such as Celecoxib, for symptomatic relief of pain and inflammation.

At therapeutic concentrations these drugs inhibit COX-2, which is associated

with tissue injury, but spare COX-1 and so cause less GI toxicity. Recent

studies suggest that NSAIDs induced GI toxicity may involve shunting

arachidonic acid metabolism to the 5-LOX pathway, so increasing the

production of gastrotoxic leukotrienes (Ziboh et al., 2004; Giovanni et al.,

2003). 5-lipoxygenase (5-LOX) is an enzyme associated with the production

of pro-inflammatory and gastrotoxic leukotrienes (Sala & Folco, 2001).



Introduction

33

Inhibition of 5-LOX may therefore offer a new approach to reducing the GI

toxicity associated with NSAID use, while retaining the analgesic and anti-

inflammatory properties of NSAIDs and COX-2 specific inhibitors (Fiorucci et

al., 2001). Interestingly, 5-LOX has been implicated in the deterioration of

joints in OA (Hinz & Bruna, 2004). Inhibition of 5-LOX may therefore help

protect arthrodial cartilage and slow disease progression. Leukotrienes are

pro-inflammatory, they recruit pro-inflammatory immune cells, increase

vascular permeability, are powerful bronchoconstrictor agents, and are

damaging to the gastrointestinal tract (Bias et al., 2004). Due to these

limitations research is underway to develop new 5-LOX as well as dual

COX/LOX inhibitors as anti-inflammatory agents.

1.3 Vitamin D and inflammatory disorders

Among persons with arthritis of the knee, low levels of vitamin D

(fewer than 350 IU daily) were associated with up to a fourfold greater risk of

disease progression. Vitamin D deficiency is also associated with numerous

illnesses with inflammatory components, such as hypertension, heart disease,

diabetes, autoimmune illness (Jahnsen et al., 2002). Animal experiments

reveal that vitamin D hormone can suppress a variety of animal autoimmune

diseases including autoimmune encephalomyelitis (EAE), the animal

equivalent of multiple sclerosis (MS) (Van et al., 2004). Mice that are VDR

deficient develop less severe EAE than their wild-type counterparts (Meehan

& DeLuca, 2002).  Treatment of mice with 1 � 25(OH)2D3 completely inhibited

EAE induction and progression by synthezing two anti-encephalitogenic

cytokines, interleukin-2 and transforming growth factor and influenced

inflammatory cell trafficking. So, providing supplemental vitamin D to

individuals who are at risk for EAE, MS would be advisable (Hayes, 2000).
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Furthermore, immunological studies have shown that vitamin D hormone has

a number of immunomodulating functions, all of which contribute to the

suppression of inflammatory autoimmune reactions. Many of inflammatory

disorders with over expression of COX and 5-LOX were shown to be

associated with low vitamin D status. In case of osteoporosis, prostaglandins

produced by COX-2 play an important role in the bone resorption (Sylvia et

al., 2001) and 5-LOX inhibitors are known to increase bone density ( Coffey et

al., 1994; Harley et al.,1999). Prostaglandin E2 antagonist inhibits the

osteoclast formation (Inoue et al., 1999). Though an inverse relation ship is

reported with regard to the levels of Vitamin D and the incidence of COX/LOX

associated disorders, the exact mechanism involved was not elucidated.

1.4 Scope of the present work:

The foregoing studies thus demonstrate the critical role of COX and

LOX pathways in the mediation of various immunological disorders and the

therapeutic potential of Vitamin D and its analogs towards these disorders.

However the precise interaction between these two pathways was not

elucidated. The present study was, therefore, undertaken to tese the effects

of Vitamin D and its analogs on COX/LOX pathways and their relevance to

inflammatory disorders. Specifc objectives of the study are:

�
 To screen and identify the specific Vitamin D analogs regulating

lipoxygenase/cyclooxygenase pathways and thus eicosanoid

biosynthesis.
�

 To evaluate the anti inflammatory effects of specific Vitamin D analogs

regulating eicosanoid biosynthesis in:

          - Mouse macrophage cell lines (RAW 264.7)

          - Carrageenan induced rat air pouch model of inflammation

� To understand the molecular mechanisms involved in the anti

inflammatory effects of specific Vitamin D analogs.
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2.1 Materials

Vitamin D and its analogs were kindly provided by Prof. G. Satya

Reddy, Brown University, USA. The mouse macrophage cell line, RAW

264.7, was procured from National Centre for Cell Science (NCCS), Pune,

India. Celecoxib and Indomethacin were generous gifts from Unichem

Laboratories Ltd., Mumbai, India. RPMI-1640 medium, fetal calf serum (FCS),

phenylmethylsulfonyl fluoride (PMSF), leupeptin, aprotinin, pepstatin A,

trypsin, tween-20, triton X-100, sodium chloride, lipopolysaccharide

(Escherichia coli 026: B6), propidium iodide, ethidium bromide, trypan blue, 3-

[4,5-Dimethylthiazol-2-yl]- 2,5-diphenyltetrazolium bromide (MTT), hematin,

N, N, N’, N’-tetramethyl-p-phenylene diamine (TMPD), arachidonic acid,

ponceau S, boric Acid, sodium orthovandate, sodium bicarbonate,

diethyldithiocarbomate, phosphotidyl choline, EDTA, calcium chloride and

acrylamide were purchased from Sigma Chemical Company (St. Louis, USA).

Penicillin, streptomycin, gentamycin, phosphate buffered saline and

skim milk powder were purchased from HiMedia Laboratories Limited, India.

Ribonuclease A (DNase free), 100 bp DNA ladder, protein A-peroxidase

conjugate, goat anti rabbit IgG – alkaline phosphatase conjugate, rabbit anti-

goat IgG – peroxidase conjugate, TMB/H2O2 and BCIP/NBT were purchased

from Bangalore Genei Ltd, India. N, N’ –methylene-bis-acrylamide sodium

dodecyl sulfate, ammonium persulfate, β-mercaptoethanol and bromophenol

blue were purchased from Bio-Rad Laboratories (Hercules, CA, USA).

 Culture flasks (25 cm2  & 75cm2), 6-well & 96-well multidishes, 65 mm

petridishes and serological pipettes were purchased from Nalge Nunc

International, USA. Hybond ECL nitrocellulose membrane was purchased

from Amersham Life Science, USA.  Agarose and Grace’s Insect culture
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medium were purchased from Gibco BRL, USA. Affinity purified goat

polyclonal anti-COX-1, anti-COX-2 and anti-iNOS from Santa Cruz

Biotechnology Inc., USA. All other analytical grade chemicals were procured

from the local companies.

2.2 Methods

2.2.1 Purification of Cyclooxygenase-1

Ram seminal vesicles were collected from local slaughter house and

stored at –800C until used. Few hours before homogenization, the ram

seminal vesicles were removed from the freezer and stored at 40C for

thawing. The tissue was weighed, minced into small pieces and homogenized

in the buffer containing 100mM Tris-HCl (pH 8.0), 5 mM EDTA and 5mM

DDC. The homogenization was done in a blender initially and later in a Potter-

Elvehjem homogenizer. The homogenate was filtered through two layers of

cheese cloth to remove fat and waste material. The filtrate was centrifuged at

10,000 rpm for 30 min at 40C. The supernatant obtained above was again

centrifuged at 33,000 rpm for 1 h 10 min at 40C to obtain microsomal pellet.

The microsomal pellet obtained above was suspended in minimum volume of

solubilization buffer containing 100 mM Tris-HCl pH 8.0, 5 mM EDTA, 5 mM

DDC and 1% Triton X-100, with slow stirring at 40C for 30 min. The sample

was centrifuged again at 42,000 rpm for 1 h 10 min at 40C and the resulting

supernatant was used as the enzyme source for assays.

2.2.2 Expression and extraction of recombinant human COX-2

Spodoptera frugiperda (Sf9) cells were maintained at 280C in Grace’s

insect culture medium supplemented with 10% fetal bovine serum, 3.3 g/l

yeastolate, 3.3 g/l lactalbumin hydrolysate and 100 IU/ml penicillin and 100
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µg/ml streptomycin. Cells at 60% confluency were infected with baculovirus

containing human COX-2 (hCOX-2 cDNA sequence cloned into BamH1 site

of the baculovirus expression vector pVL941). After 72 h of infection, the cells

were collected by centrifugation at 2000 rpm for 5 min at 40C. The pellet was

suspended in minimum volume of Tris-HCl buffer (50 mM, pH 7.2) containing

5 mM EDTA, 300 mM sucrose, 5 mM diethyldithiocarbomate, 1 µg/ml

pepstatin and l mM phenol and sonicated for 3 min. The cell lysate was

subjected to centrifugation (1,00,000 g for 1 h) at 40C and the microsomal

pellet obtained was suspended in Tris-HCl buffer (25 mM, pH 7.2) containing

0.5% glycerol, 0.1% tween 20 and 1 mM phenol. This microsomal fraction

was used as enzyme source for further studies.

 2.2.3 Purification of potato lipoxygenase

Lipoxygenase from potato tubers was purified as per the method

described by Reddanna et al., (1990). A 20% crude extract was prepared by

homogenizing potato tubers in 40mM potassium phosphate buffer pH 6.3

containing 2mM sodium metabisulfite, 1mM EDTA and 1mM ascorbic acid.

The homogenate was passed through four layers of cheesecloth and

centrifuged at 10,000 X g for 20 min at 4oC and used for further purification.

Ammonium sulfate fractionation was done initially from 0-20% and later from

20-60% by slow addition of salt to homogenate. The salted out proteins were

centrifuged at 10,000Xg for 20min at 4oC and the 20-60% pellet was

dissolved in 40mM potassium phosphate (pH 6.3) buffer and then dialysed

against 200 volumes of the same buffer with frequent changes for every 4h.

This dialysate was centrifuged and the supernatant was further purified on

anion exchange column.  Anion exchange column was prepared by

suspending 50g of Whatman’s DE-52 in 500 ml of 40mM potassium
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phosphate pH 6.3 buffer. The gel which settles down was taken and re

suspended in 100 ml of 40mM potassium phosphate buffer (pH 6.3). The gel

was poured into column and was equilibrated with buffer. Sample obtained

after dialysis was loaded on to the column. Column was washed thoroughly

and the bound protein was eluted with a linear salt gradient of potassium

chloride (0 – 0.4N). The eluted fractions were collected in 2ml fractions at a

flow rate of 1ml/min.  All the collected fractions were checked for activity and

the amount of protein present.  All the active fractions were pooled and used

as enzyme source.

2.3 Analysis of  vitamin D analogs

Vitamin D analogs used in this study were dissolved in absolute

ethanol at a concentration of 1mM. Purity of the compounds was checked on

straight phase high performance liquid chromatography using C18 column at

264nm using hexane: isoproponol (91:9) as solvent system.

Fig 11: HPLC chromatogram of Vitamin D analogs. Purity of the Vitamin D
analogs was checked on straight phase liquid chromatography on c18 column
using hexane:isopropanol (91:9) system at 264nm.
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2.4 In vitro isolated enzyme Assays

2.4.1 Cyclooxygenase Assay

Enzymatic activities of COX-1 and COX-2 were measured according

to the method of Copeland et al., (1994) with slight modifications using a

chromogenic assay based on the oxidation of N, N, N”, N”-tetramethyl-p-

phenylene diamine (TMPD) during the reduction of PGG2 to PGH2. The assay

mixture contained Tris-HCl buffer (100 mM, pH 8.0), hematin (15 µM), EDTA

(3 µM), enzyme (100 µg COX-1 or COX-2) and test compound. The mixture

was preincubated at 250C for 15 min and then the reaction was initiated by

the addition of arachidonic acid and TMPD in total volume of 1.0 ml. The

enzyme activity was measured by estimating the initial velocity of TMPD

oxidation for the first 25 sec of the reaction following the increase in

absorbance at 603 nm. A low rate of nonenzymatic oxidation observed in the

absence of COX-1 and COX-2 was subtracted from the experimental value

while calculating the percent inhibition. The effect of different concentrations

of Vitamin D and its analogs, indomethacin and celecoxib on COX-1 and

COX-2 activities were examined under the same experimental conditions.

2.4.2 Lipoxygenase Assay

Enzyme activity of lipoxygenase was measured polarographically by

using a Clark’s oxygen electrode on Gilson model 5/6 oxygraph. The reaction

mixture in a volume of 1.6 ml of phosphate buffer pH7.4 and 3mM EDTA

enzyme (100µg) and arachidonic acid (133 µM). Decrease in the

concentration of oxygen was measured till the slope reduced and maximal

slope of O2 curve was used for the calculation of enzyme activity as per the

following equation (Berkely and Galliard, 1976):
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                          Reaction vol. in ml X O2 conc./ ml (0.23 µ moles) X Slope/min
Enzyme activity =

                        Volume of enzyme in ml X Sensitivity

One unit of enzyme activity is defined as 1 µ mole of oxygen consumed per

min. Specific activity is expressed as units/mg protein.

2.5 Generation of ligand and enzyme structures

Docking studies

Docking studies were carried using GOLD (CDDC) docking program.

The crystal structures of COX-1 (PDB code: 1Q4G) complexed with α-methyl-

4-biphenylacetic acid (BFL) solved at resolution 2 Å and COX-2 (PDB code:

1CVU) complexed with arachidonic acid solved at 2.4 Å resolution were

downloaded from PDB database (www.rcsb.org.pdb). Then inhibitor contacts

with protein were measured using MOE software. The ligands were removed

from the active site and again docked into the active site using GOLD after

minimization of protein and inhibitor molecule as standard method for the

preparation of protein and ligands molecule before docking. The obtained

docked conformation was identical to that in the crystal structure when the

scoring function goldscore was used. So, same docking settings were used

for further docking studies.

 GOLD docking was set for 50 runs. GOLD score (scoring function)

was used for scoring the obtained docking solutions. The active site was

defined as a sphere of 20 Å radius, with its centre representing the mean of

the X, Y, Z coordinates of all the active site residues. The annealing

parameters for Vander Waals and hydrogen bonding were set to 4.0 Å and

2.5 Å respectively. The parameters used for genetic algorithm were

population size 100, selection pressure 1.1, number of operations 1,00,000,
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number of islands 5, niche size 2, migrate 10, mutate 95 and cross-over 95

(all default values).

2.6 Cell culture and treatments

The mouse monocyte/macrophage cell line, RAW 264.7, was

maintained in RPMI-1640 medium supplemented with 10% fetal calf serum,

sodium bicarbonate (2 g/l), 100 IU/ml penicillin, 100µg/ml gentamycin and 100

µg/ml streptomycin. The cells were maintained at 37oC in a humidified

atmosphere of 95% air, 5% CO2 and were fed every 3-4 days. Cells in the log

phase were detached by scraping and were split at a ratio of 1:2 to 1:6, and

were routinely fed every 24 h before harvest for experiments. Before each

experiment, cells were washed twice with sterile Ca2+ and Mg2+ free

phosphate buffered saline and then were resuspended in sterile PBS at a

concentration of 106 cells/ml. Cell number and viability were determined by

0.4% trypan blue using hemocytometer with an anticipated accuracy of + 10-

20%.). A stock solution of 1 mM of RO-23-7553 was prepared in PBS and

diluted in standard growth medium to a final concentration of 0.1 nM to 1 µM.

Cells were incubated for different periods of time at 37oC in the presence of

various concentrations of RO-23-7553, LPS (1µg/ml) and NMMA (1mM).

RAW 264.7 cells in the maximal range of 20 passages were used for this

study.

2.7 Cell viability assay

The in vitro effects of Vitamin D analogs on the growth of RAW 264.7

cells was determined by measuring 3-[4,5-Dimethylthiazol-2-yl]-2,5-

diphenyltetrazolium bromide (MTT) dye absorbed by living cells (Campling et

al, 1988). RAW 264.7 cells were cultured in flat-bottomed 96 microtitre plate,

at initial concentrations of 1 X 104 cells/ well. Following an adherence period,
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the medium was changed and cells were treated with LPS (1µg/ml), NMMA

(1mM) and with or without Vitamin D analogs dissolved in RPMI medium  (0.1

nM, 1 nM, 10 nM, 100 nM and 1 µM) for 4, 8, 12 and 24 h at 37oC. RAW

264.7 cells cultured without Vitamin D analogs were used as control. At the

end of each time point, 20 µl of a sterile solution of MTT (5 mg/ml) in PBS

was added to each well and the plates were incubated for an additional 4 h at

37oC. A purple-blue formazan precipitate was visualized in wells containing

viable cells. MTT solution in the medium was aspirated off. To achieve

solubilization of the formazan crystals formed in viable cells, 100 µl of

dimethyl sulfoxide was added to each well. The plates were shaken for 30

min at room temperature and absorbance was read immediately at a

wavelength of 570 nm on Quant Bio-Tek Instruments, Inc. microtiter plate

reader.

2.8 Preparation of cell lysate

For the determination of cyclooxygenases, inducible nitric oxide

synthase, and Interleukin-2 in RO-23-7553 treated RAW 264.7 macrophages,

the extraction of total proteins was performed as per the method of Mitchell et

al.,  (1994) with slight modifications. RAW 264.7 cells were cultured in 75 cm2

flask. After reaching the confluence (60%), cells were treated with LPS

(1µg/ml), NMMA (1mM) and RO-23-7553 (10nM) were incubated for different

time periods (4,8,12 and 24h) in humidified chamber at 37oC. After incubation,

cell monolayers were harvested and washed with PBS and incubated with

lysis buffer (Tris-HCl (50 mM, pH 7.5) containing 150 mM NaCl, 1 mM EDTA,

1% sodium deoxycholate, 1mM sodium ortho-vandate, 50 mM β–glycero

phosphate, 50 mM sodium fluoride, 10 µg/ml aprotinin, 10 µg/ml leupeptin, 10
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µg/ml pepstatin A and 1 mM phenylmethylsulfonyl fluoride. The samples were

then placed on ice for 1 h and sonicated for 10 s and then centrifuged for 5

min at 14,000 rpm in Remi cooling microfuge at 4oC to remove the particulate

sediment. Cell supernatant was collected and stored at –80oC for further

analysis. Protein content in the supernatant was determined by Bradford

method (Bradford, 1976).

2.9  SDS-PAGE analysis

SDS-PAGE analysis of proteins was performed by Laemmli method

(1970). Whole cell lysates were treated with 4X sample buffer containing 1%

SDS, 5% β-mercaptoethanol, 0.01% bromophenol blue and 20% glycerol in

0.063 M Tris-HCl pH 6.8 for 5 min in water bath at 100oC. Samples containing

100 µg of protein from whole-cell extract of both control and treated cells were

subjected to SDS-PAGE analysis using 7.5/10/15% separating gel with 5%

stacking gel. Electrophoresis was carried out at a constant voltage (100 V) in

a buffer containing 25 mM Tris-HCl, 192 mM glycine and 0.1% SDS pH 8.3

2.10   Western blotting

Western blot analysis was carried out according to the procedure of

Towbin et al., (1979). The total cell lysate separated on SDS-PAGE were

transferred on to the nitrocellulose membrane with a constant current of 50 V

in a buffer containing 25 mM Tris-HCl, 192 mM glycine and 20% methanol for

6 h. After electrophoretic transfer of the proteins from the polyacrylamide gel

to nitrocellulose membrane, nonspecific binding sites were blocked by

incubating the membrane with 5% nonfat dry milk in Tris-buffered saline

(TBS) [25 mM Tris-HCl (pH 8.0), 150 mM NaCl] for 1 h at room temperature.

After being washed once with TBST (TBS + 0.05% Tween-20)  and once with

TBS, 15 min each, the membrane was probed with a polyclonal anti- goat
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cyclooxygenase-2, anti - goat cyclooxygenase-1, anti mouse nitric oxide

synthase-2 and anti rabbit interleukin-2 diluted 1:500  in 1% nonfat dry milk in

TBS for overnight at 4oC. The membrane was then washed three times with

TBST (1 x 15 min, 2 x 5 min). Each membrane was then incubated with the

corresponding secondary antibody: anti-mouse IgG -ALP conjugate and anti-

goat IgG-ALP conjugated antibody diluted 1:1000 in 1% nonfat dry milk in

TBS. The membrane was washed once with TBST and once with TBS, 15

min each, and the proteins were visualized by incubating with colorigenic

substrate, BCIP/NBT. The reaction was stopped by washing the membrane

with TBS after which the membrane was dried and stored.

2.11  RT-PCR analysis

Mouse macrophage cells (RAW 264.7) were incubated with

LPS(1µg/ml), NMMA(1mM) and RO-23-7553 for different time intervels

(4,8,12 and 24h) to determine the levels of Cyclooxygenase mRNA by RT-

PCR.Total RNA was isolated by Trizol method. 2µg of total RNA was reverse

transcribed according to superscript preamplification system with some

modifications. Breifly, the mixture in 1X PCR buffer (20mM Tris-HCl pH 8.4,

50mM KCl, 2.5mM MgCl2,1mg/ml bovine serum albumin) containing 0.5mM

dNTP, 0.01 M dithiothreatol, 0.5 µg of oligo (dT) and 200 units of superscript

reverse transcriptase in a 50µl reaction volume was incubated for 60 min at

37°C. The reaction was terminated by heating at 95°C for 10min after which

the reaction mixture was chilled on ice for 10 min. The reverse transcribed

cDNA was diluted 5 times and 10µl of the c DNA was amplified in a final

volume of 100µl containing 10µl of 10X buffer, 1µl of 10mM dNTP, 0.5µg of

sense primer, the same amount of anti sense primer and 2.5 units of Taq
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polymerase.  The PCR products obtained were of 450bp and 583bp for COX-

1 and COX-2 respectively. The amplification conditions were: COX-1 94°C for

2min for one cycle and 94°C for 1 min (denaturation) and 68°C for 5 min

(primer annaeling and extension) for 30 cycles. COX-2: 94°C for 2 min for one

cycle and 94°C for 1 min and 55°C for 5min for 30 cycles. Aliquots of PCR

products were run on an 1.2% agarose gel.

COX-2: 5’ ACTCACTCAGTTTGTTGAGTCATTC3’ forward

5’ TTTGATTAGTACTGTAGGGTTAATG 3’ reverse

COX-1: 5’TGCATGTGGCTGTGGATGTCATCAA 3’ forward

5’ CACTAAGACAGACCCGTCATCTCCA3’  reverse

2.12  DNA extraction and agarose gel electrophoresis

DNA was extracted from both floating and attached cells after 24 h

treatment with LPS (1µg/ml) and NMMA (1mM) and RO-23-7553 (10nM)

using the SDS/ Proteinase K/ RNase A (Hermann et al., 1994). Five million

cells were pelleted, washed in cold PBS and lysed in a buffer containing 50

mM Tris-HCl (pH 8.0), 1 mM EDTA, 0.2 % Triton X-100 for 20 min at 4oC.

After centrifugation at 14,000 g for 15 min, the supernatant was treated with

Proteinase K (0.5 mg/ml) and 1% SDS for 1h at 50oC. DNA was extracted

twice with buffered phenol and precipitated with 140mM NaCl and 2 volumes

of ethanol at -20oC overnight. DNA precipitates were washed in 70% ethanol,

dissolved in TE, and treated for 1 hour at 37oC with RNase A.  Fifteen

microliters of DNA was mixed with 3µl of DNA sample buffer (0.25 %

bromophenol blue, 0.25 % xylene cyanol and 30 % glycerol), and was

resolved on 1 % agarose gel in TBE (44.6 mM Tris, 44.5 mM boric acid and 1

mM EDTA). DNA was visualized upon staining gel with ethidium bromide (0.5
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mg/ml) and exposed to UV light. The presence of DNA migration on the gel

was recorded.

2.13 Flow cytometric analysis

Flow cytometry was performed according to the procedure of Nicoletti

et al (1991) with slight modifications. RAW 264.7 cells cultured in 6-well

plates were treated with LPS(1µg/ml), NMMA (1mM) and RO-23-7553 (10nM)

for 4, 8, 12 and 24 h. The cells were scraped, washed three times with

phosphate buffered saline and then fixed by adding 1ml of 70% ethanol

gradually for overnight at 4oC. The fixative was removed by centrifugation and

washing twice with phosphate buffered saline. These cells were gently

resuspended in 1 ml DNA staining reagent (phosphate buffered saline pH 7.4

containing 0.1% Triton X-100, 0.1 mM EDTA, 50 µg/ml of DNase-free RNase

A and 50 µg/ml propidium iodide). The cells were then incubated in the dark

for over one hour at room temperature and analyzed within 24 h.

Flowcytometric assay was performed using FACS Vantage (Becton

Dickinson, Biosciences). Ten thousand events were evaluated using the Cell

Quest Program.

 2.14 Animal model and experimental design

2.14.1 Air pouch model of inflammation

Adult Wistar strain male rats (150 to 200 gms) were used for all the

experiments in the present study. Air cavities were produced by

subcutaneous injections of 20 ml of sterile air into the intracapsular area on

the dorsal side of the animal.  An additional 10 ml of air was injected into the

cavity every three days.  Seven days after the initial air injection, 2 ml of 1.5%

(w/v) solution of carrageenan dissolved in saline was injected directly into the

pouch to produce an inflammatory response.  Control animals received 2 ml
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of saline only.  For the time course studies, animals were sacrified by cervical

dislocation at various time points after the injection.   Pouch tissue was

carefully dissected and cut open to aspirate the inflammatory exudate into

graduated tubes.  The pouch lining was separated from the muscle and

dissected out, and rinsed in saline before processing further.

 2.15 Administering of RO-23-7553

All the treatments were given along with carrageenan directly into the pouch

cavity. The Vitamin D analog inhibiting specifically COX-2 i.e 1α25 (OH)2-16-

ene-23-yne D3 (RO-23-7553) and celecoxib, a known COX-2 inhibitor were

administred into the rat air pouch.  The stock solution of RO-23-7553  (1mM)

and celecoxib (10mM) was prepared in absolute ethanol and dimethyl

sulphoxide respectively and further dilutions were made in carrageenan at the

time of experiment.

1. Carrageenan (2ml of 1.5% (w/v) carrageenan in saline)

2. Celecoxib (20mg /Kg body weight)

3. 1α25 (OH)2-16-ene-23-yne D3(RO-23-7553) (10µg/Kg body

weight)

2.16 Air pouch model- microscopic studies

2.16.1 Inflammatory reaction

The degree of inflammation was assessed by measuring the volume

of the pouch fluid and the number of cells infiltering into the pouch.  The

volume of exudate was measured by pipetting the pouch fluid carefully.  To

measure the total cell population in the fluid the pouch was gavaged using 20

ml of saline repeatedly and the fluid was centrifuged at 3000 rpm for 10

minutes. The pelleted cells were washed twice with RPMI containing 5%

FCS, suspended in 1ml of the saline and counted on heamocytometer.
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2.16.2 Histology of pouch tissue

 Rat air pouch tissue from control and treated animals (Carrageenan

and Carrageenan + RO-23-7553) were rinsed in PBS and fixed in Bouin’s

fixative (70% saturated picric acid, 25 % formaldehyde and 5% glacial acetic

acid) overnight followed by thorough washing with distilled water.  Tissues

were then dehydrated sequentially in 70%, 80%, 90% alcohol and finally

absolute alcohol for 10 min each. After dehydration the tissue was processed

in alcohol and benzene (3:1 for 10 min, 1:1 for 10 min, benzene and paraffin

for 10 min) to embed in paraffin wax. The tissue was placed in molten paraffin

for 2-3 hours to allow infiltration of paraffin into the tissue and then allowed to

harden. Thin sections (10µM) were taken on Leitz microtome and mounted on

ploylysine-coated slides.

2.16.3 Homogenisation of pouch tissue

Pouch lining was carefully dissected out and homogenized in 100 mM

Tris-HCl (pH 8.0), 0.3M mannitol, 1mM EGTA, 1mM EDTA, 4mM K2HPO4,

1mM DTT, 1mM Sodium ortho vandidate, 0.1% SDS, 2mM PMSF and

40µl/ml of complete protease inhibitor solution, centrifuged for 30 minutes at

10,000 rpm, 4oC. Protein content in the supernatant was measured by Lowry

method (Lowry et al., 1951) and this was used for further experiments.

2.17 SDS-PAGE and Western Blotting

SDS PAGE and Western blot analyses for the detection of COX-1,

COX-2, iNOS, and IL-2 in the air pouch tissue homogenate were performed

by the procedure as mentioned earlier (section 2.9 & 2.10)

2.18 RNA isolation

RNA was isolated using Trizol reagent and the isolation steps were

followed as mentioned in the instruction booklet provided by Invitrogen.
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100mg of the air pouch tissue was homogenised in 1ml of Trizol reagent,

incubated at room temperature for 5 min, followed by centrifugation at 7,500

X g for 10 min and the supernatant was collected.  0.2ml of chloroform was

added to the supernatant, and tubes were vigorously mixed for 15 s and

incubated at 30ºC for 2-3min.This was centrifuged at 12,000 X g for 10 min. at

4ºC.  The supernatant (aqueous phase) was collected and equal volume of

isopropyl alcohol was added.  The samples were incubated at 10-30ºC for

10min and centrifuged at 12,000 X g for 10 min at 4ºC.  The RNA pellet was

collected and washed in 75% ethanol.  The pellet was dried and dissolved in

Millipore water/molecular grade formamide.  RNA was quantified

spectrophotometrically followed by electrophoresis on a

formaldehyde/MOPS/EDTA agarose gel (1.2%).

2.19 RT-PCR analysis

Expression of COX-1 and COX-2 was studied from the total RNA isolated by

using specific primers.  The reaction mixture contained:

10x RT-PCR buffer - 2µl

Forward primer - 5pmoles

Reverse primer - 5pmoles

MgCl2 – 0.6µl

Taq polymerase - 1unit

Reverse transcriptase enzyme  - 1 unit

Template RNA - 2µg

The total reaction volume was made to 20µl using double distilled water.  The

specific primers to COX-2 and COX-1 genes were used to amplify the

respective products.
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COX-2

5’-CCA TGT CAA AAC CGT GGT -3’ – forward

5’-ATG GGA GGG CAG TCA TCA -3’ – reverse

These primers would amplify a product of 521bp

COX-1

5'GTG CCG GGT CTG ATG ATG TAT G3'  forward

5'CAC GGC CCA GAC TAC TAC ATA  C 3 reverse

These primers would amplify a product of 600 bp

2.20   Biochemical parameters

2.20.1  Reduced glutathione (GSH) estimation

250 mg of carrageenan and RO-23-7553 treated rat air pouch tissue

was homogenized in 3.5ml of 100mM phosphate buffer pH 7.0 with 1ml of

25% phosphoric acid.  Homogenate was centrifuged at 10,000 rpm at 4ºC for

30 min.  0.5 ml of supernatant was diluted with 4.5 ml of 100mM phosphate

buffer pH 7.0, and this diluted sample was used as the source for GSH

estimation. The reaction mixture for each sample consisted of 1800µl of

100mM phosphate buffer pH 7.0, 100µl of tissue homogenate and 100µl of O-

phthalaldehyde (OPT) (1% solution).  This reaction mixture was incubated at

room temperature for 15 min and the emission of fluorescence was monitored

at 420nm with excitation at 350nm on Hitachi spectrofluorometer.

2.20.2 Glutathione peroxidase (GPx) activity

Perfused tissues were homogenized (10%w/v) in 50mM phosphate

buffer, pH 7.0, containing 1mM EDTA, 1mM PMSF and 250mM sucrose. The

cytosolic fraction was used as the enzyme source to estimate the peroxidase

activity.  The reaction mixture in a final volume of I ml contained 50 mM
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sodium phosphate buffer (pH 7.0) containing 1mM EDTA, 0.24 U/ml yeast

glutathione reductase, 0.3 mM glutathione (reduced), 0.2 mM NADPH, 1.5

mM cumene hydroperoxide and cytosolic fraction. Reaction was initiated by

adding NADPH and its oxidation was monitored at 340 nm by observing the

decrease in OD for 1 min. One unit of enzyme activity have been defined as

nmoles of NADPH consumed/min/mg protein based on an extinction

coefficient of 6.22 mM-1 cm-1.  One unit of activity was defined as one nmole

of NADPH oxidized per min.

ROOH + 2GSH                                      ROH + H2O + G-S-S-G

Activity of enzyme was calculated according to the following equation:

Specific activity was expressed as unit per mg protein, where one unit

was defined as one nmole of NADPH oxidised per minute.

2.21 Statistical analysis

Each experiment was performed in triplicates. Data was expressed as

mean ± standard error. Correlations between the various parameters were

analyzed using regression analysis. p-value was determined by the Student's

T-test. A p-value of less than 0.05 was considered as a significant difference.

         Difference in absorbance for 1min   X   volume of the reaction mixture in ml

                      ξ NADPH  (6.2)   X   volume of the enzyme in ml
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Arachidonic acid  (AA) is the most abundant polyunsaturated fatty acid

found in the phospholipid cell membranes. Activation of the phospholipase A2

in response to various stimuli, releases arachidonic acid from phospholipids

which can be further metabolized by two major enzymes, Cyclooxygenase

(COX) and Lipoxygenase (LOX) leading to pro inflammatory mediators,

prostanoids and leukotrienes respectively. COX has two distinct catalytic

activities: cyclooxygenase activity, which oxidizes AA to the hydroperoxy-

endoperoxide, PGG2 and peroxidase activity, which subsequently reduces

PGG2 to the hydroxy endoperoxide PGH2.  PGH2 is transformed to various

prostanoids tissue specifically by specific synthases. COX exists in two

isoforms i.e. constitutively expressed COX-1 and inducible COX-2. COX-1 is

generally involved in regulation of physiological house keeping functions

where as COX-2 isoform is inducible to inflammatory stimuli like cytokines,

tumor promoting agents and growth factors etc. Prostaglandins produced by

COX-2 play a major role in inflammatory reactions and in various cancers.

Lipoxygenases are the second major metabolizing enzymes of the

arachidonic acid pathway and mainly involved in the synthesis of potent

inflammatory mediators. LOXs are dioxygenases catalyzing the oxygenation

of polyunsaturated fatty acids containing a 1,4-cis-cis-penta diene moiety to

produce hydroperoxy derivatives. Until now, three major isozymes have been

observed in human beings, classified according to their positional specificity

of arachidonic acid oxygenation: the 5-,12- and 15-LOX, which insert

molecular oxygen at the C-5, -12 and –15 positions of arachidonic acid

respectively.  Among these, 5-LOX has been widely studied as it is involved

in the synthesis of potent inflammatory mediators, leukotrienes (LTs).
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Non steroidal anti inflammatory drugs  (NSAIDs) are the most widely

used drugs in treatment of various inflammatory diseases such as arthritis,

various cancers and in relieve of pain (Garavito, 1996). Their clinical

effectiveness is thought to be caused by their ability to inhibit the catalytic

activity of COX-2. Because of their non-specific inhibition of both COX

isoforms, they are activated with gastric side effects and kidney disorders.

These observations provided a rationale for the development of COX-2

selective inhibitors that should retain the potent anti inflammatory and

analgesic effects with less side effects. In addition, the 5-LOX pathway, which

generates products particularly important in inflammation, is up regulated

during COX blockade and is thus potentially responsible for undesirable side

effects, such as asthma. Dual inhibition of COX-2 and 5-LOX is therefore an

interesting alternative to provide safer NSAIDs. As COX-2 and 5-LOX are up

regulated in various cancers and allergic disorders like rheumatoid arthritis,

inflammatory bowel disease, asthma and psoriasis, development of drugs

targeting both enzymes would be useful direction for chemoprevention.

1α 25(OH)2D3 is a pluripotent steroid hormone and its physiological

roles include calcium and phosphorous homeostasis, regulation of immune

system and modulation of the growth and maturity of normal and malignant

cells.  A number of clinical trails have confirmed that the therapeutic doses of

1α 25(OH)2D3 induce  hypercalcemia. Therefore much effort has been

directed to identify analogs with potent cell regulating effects but with less

calcemic effects.
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The design of new 1α25(OH)2D3 analogs employed structural

modifications of either  the side chain or A ring. Promising biological results

were obtained from the analogs developed by the introduction of conjugated

double bonds, hetero atoms, fluoro atoms and aromatic rings in the side chain

of 1α 25(OH)2D3. After the discovery of epimerization, a new pathway of 1α

25(OH)2D3 (Reddy et al., 2000), a number of analogs have been prepared by

the epimerization of A ring of 1α 25(OH)2D3. A number of studies have

demonstrated the potential of 1α 25(OH)2D3 and its analogs collectively

known as deltanoids,  in the treatment/prevention of many disorders like

inflammation, arthritis, osteoporosis and auto immune disorders. Many of

these therapeutic effects were attributed to its immunomodulatory and

differentiating properties. Since eicosanoids, the oxygenated metabolites of

arachidonic acid via lipoxygenase and cyclooxygenase pathway, are known

to mediate many of the above degenerative disorders, an attempt is made in

the present study to test the effect of deltanoids on 5-LOX and COX pathway.

The various deltanoids employed in the study are given in table 2 and fig 5.

Table 2: Synthetic analogs of 1αα 25(OH)2D3

1α25(OH)2D3 1α25(OH)2-3-epi-D3

1α25(OH)2-16-ene-D3 1α25(OH)2-16-ene-3-epi-D3

1α25(OH)2-16-ene-23-yne-D3 1α25(OH)2-16-ene-23-yne-3-epi-D3

1α25(OH)2-16-ene-23-yne-26,27-F6-D3 1α25(OH)2-16-ene-23-yne-26,27-F6-3-epi-D3

Two side chain 1α25(OH)2D3 Two side chain 1α25(OH)2-3-epi-D3
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3.1 Effect of 1αα 25(OH)2D3 and its analogs on 5- Lipoxygenase:

Lipoxygenase activity was measured by polarographic method using

Clark's oxygen electrode. In a typical assay, the reaction was initiated by the

addition of the substrate, arachidonic acid for 5-LOX. The decrease in oxygen

concentration in the reaction mixture was recorded on a graph paper. The

rate of decrease in oxygen concentration was used for calculating the enzyme

activity.

Fig. 12: Oxygraphic recording of lipoxygenase activity. The typical reaction
mixture contained 100mM KH2PO4, pH 7.4, 3mM EDTA in a volume of 1.6ml.
The reaction was initiated by the addition of arachidonic acid (133µM) and the
decrease in O2 concentration was monitored on an oxygraph. The rate of
decrease in O2 concentration was taken into account for calculating activity
a) activity of 5-LOX b) activity of 5-LOX with Vitamin D analog.

The effect of 1α 25(OH)2D3 and its analogs was studied with potato 5-

LOX using polarographic method. Both side chain and epi analogs showed no

effect on 5-LOX activity levels up to 5µM concentration. These studies

indicate that, the therapeutic effects of 1α 25(OH)2D3 and its analogs may not

be mediated through inhibition of 5-lipoxygenase pathway. Hence, no further

studies were undertaken on LOX pathway.
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3.2 Effect of 1αα 25(OH)2D3 and its analogs on COX pathway

The effect of 1α 25(OH)2D3 and its analogs on cyclooxygenase

enzyme was studied by employing recombinant human COX-2 and ram

seminal vesicles COX-1. The spectrophotometric assay of COX-1 and COX-2

is based on the oxidation of N, N, N', N'- tetramethyl-p-phenylene diamine

(TMPD) during the reduction of PGG2 to PGH2. TMPD oxidation for the first

25s of the reaction was monitored by following the increase in absorbance at

603nm. The rate of increase in absorbance was taken for calculating the

activity of the enzyme.

Table 3: Effect of 1αα25(OH)2D3 and its analogs on COX-1 and COX-2
enzymes

 Compound COX-1  (% +/-) COX-2(% +/-)

1α25(OH)2D3 No effect -20

1α25(OH)2-3-epi-D3 No effect No effect

1α25(OH)2-16-ene-D3 No effect +25

1α25(OH)2-16-ene-3-epi-D3 +75 No effect

1α25(OH)2-16-ene-23-yne-D3 No effect -68*

1α25(OH)2-16-ene-23-yne-3-epi-D3 No effect -38

1α25(OH)2-16-ene-23-yne-26,27-F6-D3 -20 No effect

1α25(OH)2-16-ene-23-yne-26,27-F6-3-epi-D3 +88.4 No effect

Two side chain 1α25(OH)2D3 No effect No effect

Two side chain 1α25(OH)2-3-epi-D3 No effect No effect

+ Activation; −  Inhibition
Effect of Vitamin D and its analogs (1µM) on COX-1 and COX-2 activity were tested
on a spectrophotometer by employing TMPD assay. * values calculated in the
presence of compound at 10nM concentration. The percent increase (+%) or
decrease (-%) in the activities were calculated in relation to the activities in the
absence of Vitamin D analogs.

The inhibition of 1α25(OH)2D3 and its analogs on COX enzyme is

shown in table 3.  From the data It is evident that epi analogs 1α25(OH)2-16-



Results & Discussion

57

ene-3-epi-D3 and 1α25(OH)2-16-ene-23-yne-26,27-F6-3-epi-D3 showed

activation of COX-1 at 1µM concentration by 75% and 88.4% respectively

with no effect on COX-2.. Of the compounds tested, only 1α25(OH)2-16-ene-

23-yne-26,27-F6-D3 showed COX-1    inhibition (20%) at 1µM  concentration

while exhibiting no effect on COX-2. Gemini (two side chain) analogs, Gemini

1α25(OH)2D3 and Gemini 1α25(OH)2-3-epi-D3, showed no effect on both

enzymes upto 1µM concentration. The effects seen were independent of the

period of pre incubation of the enzyme with the compounds.

Fig.13 In vitro peroxidase assay of cyclooxygenase as determined on
spectrophotometer. The typical assay mixture contained Tris-HCl buffer
(100mM,pH 8.0), hematin (15µM), EDTA (3µM) enzyme (100µg of COX-2)
and 1α25(OH)2-16-ene-23-yne-D3 (RO-23-7553) in a volume of 1ml. The
reaction was initiated by the addition of arachidonic acid and TMPD and the
increase in absorbance at 603nm was monitored for 25sec.

3.3 Selective inhibition of COX-2 by 1αα 25(OH)2-16-ene-23-yne-D3 (RO-23-
7553)

Fig. 13 shows the spectrophotometric recording of the inhibitory effect

of 1α25(OH)2-16-ene-23-yne-D3 (RO-23-7553) on cyclooxygenase-2 enzyme.

Of all the compounds tested only 1α25(OH)2D3, its side chain analog

1α25(OH)2-16-ene-23-yne-D3,  and 1α25(OH)2-16-ene-23-yne-3-epi-D3

showed selective COX-2 inhibition. The inhibitory potential of these analogs

on COX-2 are in the order of 1α25(OH)2-16-ene-23-yne-D3 (68%) >
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1α25(OH)2-16-ene-23-yne-3-epi-D3 (38%)> 1α25(OH)2-D3 (20%). However all

these analogs showed no effect on COX-1 enzyme up to 5uM concentration.

Table 4: The IC50 of 1αα25(OH)2-16-ene-23-yne-D3, (RO-23-7553) in relation
to known inhibitors towards COX-2.

Compound COX-2  (IC50) COX-1 (IC50)

1α25(OH)2-16-ene-23-yne-D3 (RO-23-7553) 5.8nM No effect

Celecoxib 0.26µM 16.3µM

Indomethacin 1.74µM 0.22µM

IC50 values calculated basing on the activity levels of COX-2 /COX-1
measured in the presence/absence of inhibitors by spectrophotometric assay.

The IC50 values of 1α25(OH)2-16-ene-23-yne-D3 and the known

inhibitors are presented in table 4. As shown in the table, 1α 25(OH)2-16-ene-

23-yne-D3 (RO-23-7553) is a potent inhibitor of human recombinant COX-2

with an IC50 value of 5.8nM.    This value is much lower  than     the     values

Fig 14: The effect of 1α 25(OH)2-16-ene-23-yne-D3 on COX-2 activity was
determined spectrophotometrically basing on the oxidation of TMPD.  A graph
is plotted between concentration of 1α 25(OH)2-16-ene-23-yne-D3 and %
inhibition / activity on COX-2 enzyme. Data represent the mean + SD values
from three separate experiments.
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obtained for celecoxib (260nM), the known selective inhibitor of COX-2. The

extent of inhibition of COX-2 by RO-23-7553 was independent on the pre

incubation period of the enzyme with the inhibitor before the initiation of

reaction. In addition, 1α25(OH)2D3 and epi analog of RO-23-7553, 1α

25(OH)2-16-ene-23-yne-3-epi-D3 showed maximum COX-2 inhibition  of 20%

and 38% respectively at 1µM concentration. However all these analogs

showed no effect on Cyclooxygenase 1 enzyme.

 The in vitro potency of an inhibitor is reflected by its IC50 value. This is

the concentration at which the compound inhibits 50% activity of enzyme. The

lower the IC50 value, the more potent is the inhibitor. In the present study it

has been shown that RO-23 –7553 is a selective inhibitor of COX-2 with an

IC50 value of 5.8nM with no inhibition of COX-1 upto 5µM concentration.

These studies also reveal that 1α 25(OH)2-16-ene-23-yne-D3 is ~44 times

more potent than celecoxib, a selective inhibitor of COX-2 being marketed

throughout the world for the treatment of osteoarthritis.

By extensive structure–function studies of analogs of 1α 25(OH)2D3 , it

is  possible to discriminate various actions of Vitamin D. 1α25(OH)2-16-ene-

23-yne-26,27-F6-D3 has attracted significant attention because of its less

calcemic effects and  high activities in growth inhibition of various cancer cell

lines  and azoxymethane induced colon carcinoma in rats (Wali et al., 1995).

However, this analog showed no effect on COX-2. These studies suggest that

the anti tumor effects of 1α25(OH)2-16-ene-23-yne-26,27-F6-D3 may be

mediated through the COX-2 independent mechanism. Development of

analogs by introducing blocking groups like fluorine atoms, a methyl group etc
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in to the side chain causes the molecule resistant to metabolism.  Introduction

of fluorine atoms in the side chain makes the compound resistant to 24-

hydroxylation and there by increases the half life and potency of the molecule.

Fluorination increases the hydrophobic interactions between the ligand and

protein there by increasing the affinity to the target protein.  In contrast,

another analogue, 1α25(OH)2-16-ene-D3 though activating COX-2 enzyme,

has potent anti proliferative activities in various cancer  and normal cells like

keratinocytes (Reddy et al., 2001).  Multiple lines of metabolic studies suggest

that, anti cancerous and immunomodulatory effects of these analogs are

attributed to their metabolic stability in the target cells. The combination of

structural modifications both in the side chain like introduction of double bond

and fluorine atoms and in A-ring prevent the metabolic inactivation and there

by increases their potency.

Inhibition of COX-2 is a favorable condition for treating inflammation,

arthritis and certain forms of cancer.  COX-2 activity modulates critical steps

in the initiation, promotion and progression of several epithelial cancers

(Masferrer et al., 2000). Selective COX-2 inhibitors potentially may combat

arteriosclerosis by inhibiting inflammation, in part by blocking Prostaglandin

E2 production. Recent research has clearly established that specific COX-2

inhibitors are associated with less toxicity than the conventional COX

inhibitors (Silverstein et al., 2000; Becker et al., 2004). Earlier findings on the

anti-inflammatory property of RO-23-7553 in various disorders can be

explained, in part, by the specific inhibition of COX-2.  RO-23-7553 was

developed by Hoffmann Roche inc and is very potent in inhibiting proliferation

and inducing differentiation of various cancer cell lines and also it increases

the survival time of leukemic mice (Zhou et al., 1990; Satchell & Norman,
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1996). When compared to toxicities associated with the currently available

COX-2 selective anti-inflammatory drugs, RO-23-7553 might provide safer

therapeutic alternative. Of all the Vitamin D analogs tested, only RO-23-7553

showed highly potent and selective inhibition of COX-2. In order to

understand the mechanism involved in this selectivity further studies were

undertaken on molecular modeling of selective COX-2 inhibiting deltanoids.

3.4 Docking studies

Rational drug design deals with the ability to predict new molecules or

analogs of known drugs, which will have favorable interactions with a protein

of known three-dimensional structure. Based on the information available,

one can apply, either structure based or analogue based drug design

methods. If the active site is known, design of ligand becomes straightforward

that exploits the complementarity of the active surface using ligand docking

experiments (Pracard et al., 1995). There have been sustained efforts

concerning the identification of selective COX-2 inhibitors with an attractive

pharmacological profile: NS398, Dup 697, celecoxib and rofecoxib are some

highly selective COX-2 inhibitors (Needleman & Isackson, 1998; Li et al.,

1995; Silverstre et al., 1998). A novel series of 1,2-diaryalimidazoles have

also been reported as selective COX-2 inhibitors (Bayly et al., 1999).

The differential activities of synthetic vitamin D analogs provide a

useful method for studying how ligand modification alters the mode of target

gene activation. Many of the analogs that have differential activity are

modified on the side chain (Yamamoto et al., 1996). In the present study, we

have analyzed structure based docking studies on analogues of 1α

25(OH)2D3  (Fig . 15).
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Fig 15 : Binding mode of  arachidonic acid, 1α 25(OH)2D3 & its analogs and
α-methyl-4-biphenylacetic acid (BFL) in the active site of COX-2. Figures
illustrating docking of arachidonic acid (a), 1α25(OH)2D3  (b), 1α25(OH)2-16-
ene-23-yne-D3 (RO-23-7553)  (c), 1α25(OH)2-16-ene-23-yne-3-epi-D3 (d), α-
methyl-4-biphenylacetic acid (BFL) (e). These figures were produced using
MOE (CCG Inc.).
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Table 5 : Docking scores

Compound GOLD score
(COX-1)

GOLD score
(COX-2

1α25(OH)2D3 -77.34 39.92

1α25(OH)2-16-ene-23-yne-D3 -18.81 51.41

1α25(OH)2-16-ene-23-yne-3-epi-D3 -16.28 49.78

Arachidonic acid 52.24 56.73

α-methyl-4-biphenyl acetic acid 57.91 43.04

Docking scores of vitamin D analogs, known inhibitor of COX-2 and substrate
towards COX-2 enzyme.

The GOLD score obtained for all the ligands are given in table 4. It

can be seen that the molecules showing no inhibitory effect on COX-1/COX-2

gave rise to –ve scores (meaning binding not favorable), where as those

showing inhibitory effects gave rise to  +ve scores (binding favorable).

Docking results of 1α 25(OH)2D3  and its two analogs are correlated well with

the experimental results of isolated enzyme.  Docking studies in the

cyclooxygenase active site of COX-2 and COX-1 revealed that RO-23-7553

adopts the same orientation and position as the substrate, arachidonic acid

(AA). The GOLD score obtained for RO-23-7553 was on par with the

arachidonic acid while the epi analog of RO-23-7553 and 1α 25(OH)2D3

exhibited relatively low GOLD scores when compared with AA. In addition the

binding mode i.e. positioning and orientation of epi analog and 1α 25(OH)2D3

is different from that of AA. This confers that the ability of the RO-23-7553 to

accommodate in the active site similar to AA is responsible for its COX-2

inhibition.

Vitamin D side chains are highly flexible as they possess the full

carbon atoms structure of cholesterol. Elongation of the side chain increases
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the potency of the compound because the ligand and the protein can come

closer.  Introducing a double and triple bond in the side chain often elevates

potency of the analog as this function significantly restricts conformational

mobility and the molecule becomes more rigid. Generally rigid molecules are

more potent than flexible compounds with a similar structure (Bohm et al.,

1996). Based on these results RO-23-7553 with high flexible side chain could

facilitate the favorable binding to the protein.

Thus the foregoing studies clearly demonstrate that 1α25(OH)2-16-

ene-23-yne-D3 is  a potent inhibitor of COX-2 (IC50 5.8 nM) with no effect on

COX-1up to 5µM concentration.



����������������������������������%%JJCCRRVVGGT�T���
''HHHHGEGEV�V�QQH�H�4411������������������QQP�P�OOQQWWUUGG
OOCCEETTQQRRJJCCIG�EIG�EGGNNN�NN�NKKPPGG����44##9�9�����������



Results & Discussion

65

From the studies presented in the previous chapter it is evident that

1α 25(OH)2-16-ene-23-yne-D3  (RO-23-7553) selectively inhibits COX-2 with

an IC50 of 5.8nM, suggesting its possible anti inflammatory properties. Hence,

further studies were undertaken to evaluate the anti-inflammatory properties

of RO-23-7553 in LPS stimulated mouse macrophage cell line, RAW 264.7.

The effect of RO-23-7553 on the growth of LPS stimulated mouse

macrophage cell line, RAW 264.7 was analyzed. This cell line was

established from a tumor induced by Abelson murine leukemia virus. RAW

264.7 cells are known to over-express COX-2 on stimulation with LPS. Along

with COX-2, another immediate early gene, the inducible isoform of nitric

oxide synthase also gets induced in LPS stimulated RAW 264.7

macrophages. For these experiments, the nitric oxide synthase inhibitor L-

NMMA was necessary to prevent endogenous NO generation that is known to

initiate apoptotic cell death in macrophages (Sarith et al., 1993). Hence in the

present study L-NMMA was employed along with LPS for all experiments on

mouse macrophage cell line, RAW 264.7.

4.1 Effect of RO-23-7553 on growth of Mouse Macrophage Cell Line,
RAW 264.7, in the presence of LPS and L-NMMA

To test the effect of RO-23-7553 on growth and multiplication on

mouse macrophage cell line, RAW 264.7, cells were incubated with different

concentrations of RO-23-7553  (0.1nM to 20nM) and cell viability was

examined by MTT assay after 24hrs. A 50% inhibition (IC50) in the growth of

RAW 264.7 cells was observed at 10nM concentration of RO-23-7553. A

typical growth curve of cells at different concentrations of RO-23-7553

indicating the IC50 value is presented in Fig. 16.
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Fig.16: Anti-proliferative effects of RO-23-7553 on RAW 264.7 cells. For
determination of IC50 Value, RAW cells were incubated with 0.1-20nM
concentrations of RO-23-7553 and the cell survival was determined after 24h
by MTT assay. The % viable cells were calculated in comparison to untreated
cells. The number of cells in the control were taken as 100%. IC50 value for
RO-23-7553 was around 10nM

Fig 17: Phase contrast microscopic pictures (800X) of Mouse macrophage
cells. a) control b) Cells treated with RO-23-7553 at 10nM conc for 24h.
Arrows indicate the cells undergoing death.
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Phase contrast microscopic analysis of the RO-23-7553 treated cells

revealed pronounced morphological changes. The morphological alterations

in RAW 264.7 cells were observed after treatment with 10nM of RO-23-7553

for 24h compared to untreated cells. The cells showed loss of cytoplasm

integrity and vacuoles inside the cell (Fig. 17).

4.2 Effect of RO-23-7553 on expression of Cyclooxygenases

To investigate the effect of RO-23-7553 on the expression of COX-1

and COX-2 protein, Western blot analysis was performed with whole cell

lysate of the cells treated with or without RO-23-7553 for different time

periods after stimulating with LPS. The results presented in Fig. 18 showed

no significant changes in COX-1 protein levels in RO-23-7553 treated cells

compared to untreated control cells.

Fig 18: Effect of RO-23-7553 on the expression of COX-1 and COX-2
proteins in LPS treated mouse macrophage cells. Equal amounts of protein
(100 µg) from cells treated with either with LPS alone or LPS + RO-23-7553
were loaded and separated on 10 % SDS-PAGE and then probed with goat
polyclonal COX-1/COX-2 antibodies. Lane 1: untreated cells; Lanes 2, 3,4 &
5: Samples of the cells at 4h,8h,12h and 24h after treatment with LPS or LPS
+ RO-23-7553.

As shown in the Fig. 18, no COX-2 protein was detected in untreated

cells (lane 1). However, the COX-2 protein was detected within 4h after LPS
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treatment. The expression of COX-2 protein progressively increased till

24hours in LPS stimulated RAW 264.7cells. However in RO-23-7553 treated

cells, COX-2 expression showed no such progressive increase with

increasing time after treatment (Fig. 18).  As a result the COX-2 protein

expression was relatively less at 24h in RO-23-7553 treated cells compared

to untreated cells (Compare lane 5).

4.3 Effect of RO-23-7553 on Cyclooxygenases expression at
transcription level

Total RNA was isolated from untreated and RO-23-7553 treated RAW

264.7 cells at different time points by using TRIZOL as described in the

methodology. RT-PCR reaction was setup using 2µg total RNA using COX-1

and COX-2 specific primers. The primers yielded the expected fragments of

450 and 583bp for COX-1 and COX-2 respectively, when amplified fragments

were run on 1.2% agarose gel (Fig. 19).  As shown in the figure, there was no

appreciable change in the message levels of COX-1 in both control RO-23-

7553 treated cells at different time points studied. In contrast, COX-2 was

induced with in 4h after LPS treatment, with progressive increase in the

message and reaching maximum at 24h time period. However, no such

progressive increase in the message was seen in RO-23-7553 treated cells.

The results further confirm that, expression of COX-2 was less in RO-23-7553

treated cells compared to untreated cells even at transcription level.
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Fig. 19: RT-PCR analysis showing the expression of COX-1 and COX-2 in
mouse macrophage cell line, RAW 264.7, treated with or without RO-23-
7553.  Total RNA was isolated from RAW 264.7 cells at different time points
after treatment. COX-1 and COX-2 expression was studied by using specific
primers and fragments were resolved on 1.2% agarose gel. Lane 1:
Untreated cells; Lanes 2, 3,4 & 5: samples of cells at 4h, 8h, 12h & 24h after
treatment with LPS or LPS + RO-23-7553.

4.4 Effect of RO-23-7553 on iNOS protein expression

To investigate the effect of RO-23-7553 on the expression of pro

inflammatory enzyme, iNOS, Western blot analysis was performed with whole

cell lysate made from the RAW 264.7 cells treated with or without RO-23-

7553 after stimulating with LPS. Western blot analysis of the RAW 264.7 cell

lysate of control and RO-23-7553 treated cells, probed with iNOS antibodies,

showed a single band with molecular weight of 133kDa (Fig. 20).

Fig. 20: Effect of RO-23-7553 on iNOS expression in LPS treated RAW 264.7
cells at different time points after treatment. . Equal amounts of protein  (100
µg) from cells treated either with LPS alone or LPS + RO-23-7553 were
loaded and separated on 7 % SDS-PAGE and then probed with mouse iNOS
monoclonal antibodies. Lane 1: Untreated cells, Lanes 2, 3, 4 & 5: Samples of
the cells at 4h, 8h, 12h and 24h after treatment with LPS  or LPS + RO-23-
7553.

iNOS 133 kDa
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As shown in the figure, iNOS was induced with in 4h after LPS

treatment in RAW 264.7 cells, with gradual increase and reaching maximum

at 24 hours period. However, no such gradual increase in iNOS expression

was observed in cells treated with RO-23-7553. As a result the iNOS protein

levels in RO-23-7553 treated cells at 24h time interval were much lower

compared to the corresponding levels in untreated cells  (Compare lane 5).

4.5 Effect of RO-23-7553 on IL-2 protein expression

To investigate the effect of RO-23-7553 on the expression of pro

inflammatory cytokine-IL-2 in LPS treated mouse macrophage cell line, RAW

264.7, Western blot analysis was performed with whole cell lysate (Fig 21).

As shown in the figure, no IL-2 protein was detected in untreated control cells

(lane 1). However IL-2 was induced within 4hours after LPS treatment (lane

2) in RAW 264.7 cells with gradual increase at later periods of time (lanes 3 to

5).

Fig. 21: Effect of RO-23-7553 on IL-2 expression in LPS treated RAW 264.7
cells at various time points after treatment. Equal amounts of protein  (100 µg)
from control and treated cells at various time points were loaded and
separated on 10 % SDS-PAGE and then probed with rabbit polyclonal IL-2
antibodies. Lane 1: Untreated cells, Lanes 2, 3,4 & 5: Samples of the cells at
4h,8h,12h and 24h after treatment with LPS or LPS + RO-23-7553.

The low levels of IL-2 protein expressed at 4h time period in RO-23-

7553 treated cells, were further decreased at later periods of time. As a result

IL-2 26 kDa
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the IL-2 protein levels in RO-23-7553 treated cells were much lower to the

corresponding levels in untreated cells at all the time points.

4.6 Mechanism of antiproliferative action of RO-23-7553 in RAW 264.7
cells

4.6.1 Flow cytometric Analysis

Loss of DNA is a typical feature of apoptotic cells. Propidium iodide

(PI) staining of DNA, which is taken up into the nucleus of apoptotic and

necrotic cells, was used to measure the relative numbers of dead cells (Pullen

et al., 1981). Furthermore, since apoptosis, but not necrosis, involves

degradation of DNA, the staining pattern obtained with PI was used to

establish whether cell death was due to apoptosis or necrosis. Two different

ways of staining with PI are generally observed: PI in the presence of a

permeabilising and fixing agent results in the staining of DNA in living,

apoptotic and necrotic cells; and PI in a physiological buffer, stain cells that

are dead due to apoptosis or necrosis.

Fig. 22: Flow cytometric analysis of RAW 264.7 cells treated with or without
RO-23-7553 at 24h after treatment. (a) RAW 264.7 cells at 24h treatment with
LPS (b) RAW 264.7 cells at 24h after treatment with LPS + 10nM RO-23-
7553.

To determine the mechanism of antiproliferative action of RO-23-

7553, the distribution of DNA was examined in treated cells by flow cytometry.

a                     b
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RAW 264.7 cells cultured with LPS (1µg/mg) were incubated with RO-23-

7553 for 24h and then analyzed on FACS. The untreated cells were taken as

control. Fig. 22 shows the FACS analysis of control (a) cells treated with LPS

and RO-23-7553 treated cells (b). As shown in the figure, 27% cells are in G1

phase at 24h after treatment with LPS. However, in cells treated with RO-23-

7553, the percentage of cells in G1 phase was almost double i.e. 48% at 24h

time point.

4.6.2 DNA fragmentation by Agarose gel electrophoresis

Detection of DNA fragmentation is widely considered as a biochemical

hallmark of apoptosis. During later stages of apoptosis internucleosomal

cleavage of cellular DNA by endonucleases to 180 bp or oligimers of 180bp

fragments could be detected by separation of nuclear DNA on agarose gel

electrophoresis. In the present study RO-23-7553 treated cells, the DNA

showed a streaking pattern, typical of cells undergoing necrotic cell death.  As

shown in Fig. 23, DNA in untreated cells (lane 1), showed no fragmentation.

However in RO-23-7553 treated cells, random degradation DNA was

observed, which progressively increased at later periods of time and reaching

maximum at 24h time period (lane 5).
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Fig. 23 :  Agarose gel electrophoresis of  DNA isolated from RAW 264.7 cells
treated with RO-23-7553. RAW 264.7 cells were treated with RO-23-7553 at
10nM concentration for various time points. Both floating cells and adherent
cells were collected and soluble DNA was extracted and electrophoresed on
1.2% gel containing 0.05mg/ml ethidium bromide. The gels were then
photographed under UV illumination. Lane 1: RAW 264.7 cells with LPS;
Lane 2: RAW 264.7 cells at 4h after treatment with LPS + 10nM RO-23-
7553;Lane 3: RAW 264.7 cells at 8h after treatment with LPS + 10nM RO-23-
7553; Lane 4: RAW 264.7 cells  at 12h treatment with LPS + 10nM RO-23-
7553; Lane 5: : RAW 264.7 cells at 24h treatment with LPS + 10nM RO-23-
7553; Lane 6: 100bp DNA ladder

Discussion

1α 25(OH)2D3 analogs differed from 1α25(OH)2D3 in their affinity

towards Vitamin D receptor and in their ability to mimic the actions of 1α

25(OH)2D3  on calcium mobilization as well as cell proliferation and

differentiation (Khoury et al., 1994). Some analogs were 5-10 fold more

potent than 1α 25(OH)2D3  in the promotion of cell differentiation of both

benign and malignant cells (Zhou et al., 1990; Bouillon et al., 1990).  RO-23-

7553 is one of the most promising synthetic Vitamin D analog and is less

calcemic, several fold more potent than 1α 25(OH)2D3  in suppressing the

1     2     3       4    5     6
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growth and inducing differentiation of leukemic cells (Zhou et al., 1989; Cross

et al., 1991). In the present study we have shown that it is a selective inhibitor

of COX-2 with no effects on COX-1, suggesting its possible antiinflammatory

and anti cancer properties. In order to test these effects mouse macrophage

cells, RAW 264.7 that express COX-2 on stimulation with LPS, were

employed  in the present study.

Based on cell proliferation (MTT) assay, the concentration of RO-23-

7553 required for 50% inhibition of growth of mouse macrophage cells was

calculated and it was found to be around 10nM concentration. These studies

show that the side chain analog of 1α 25(OH)2D3 , i.e, RO-23-7553 is potent

in eliciting anti proliferative activity on LPS stimulated  RAW 264.7 cells.

Similar inhibition in the growth of colon cancer cells by Vitamin D and its

analogs was reported (Marcinkowska et al., 1998; Shabahang et al., 1994;

Thomas et al., 1992). RO-23-7553 was shown to be more potent than 1α

25(OH)2D3 in inducing differentiation and decreasing the proliferation of

various myeloid leukemic cells (Norman et al., 1990; Rao et al., 1996) .

To determine the effect of RO-23-7553 on COX enzyme in vitro, RAW

264.7 cells treated with RO-23-7553 were analyzed for changes in the levels

of COX-1 and COX-2, both at transcriptional and translational levels. These

studies have shown no significant changes on COX-1 expression but showed

decreased expression of COX-2 in response to RO-23-7553 treatment.

These studies suggest that RO-23-7553 down regulates the expression of

COX-2 in LPS treated mouse macrophage cell line, RAW 264.7 in addition to

its direct effect on COX-2 inhibition. As a result it could form a potential anti

inflammatory compound. In rat chondrocytes, 1α 25(OH)2D3 did not show any

significant alterations in COX-1 enzyme (Sylvia et al., 2001), but induced the
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same  in osteoclast supporting stromal cells (Adams et al., 1999). Also the

expression of COX-2, in keratinocytes in response to 1α 25(OH)2D3 treatment

is unaffected (Kanekura et al., 1998). These studies suggest that the

regulation of COX-1 and COX-2 enzyme expression by Vitamin D analogs

may be cell specific.

The effects of 1α 25(OH)2D3 and its analogs may be either

antagonized or enhanced by cytokines depending on the type of the cell,

stage of differentiation and duration of exposure to the steroid.  The over

expression of inducible nitric oxide synthase (iNOS) one of the cytokine, is

generally associated with many inflammatory diseases (Amin et al., 1999).

Like glucocorticoids and retinoic acid, 1α 25(OH)2D3 also exerts profound

immunosuppressive effects, but little is known about its ability to regulate

iNOS. In the present study, RO-23-7553 delayed the expression of iNOS in

LPS stimulated mouse macrophage cells. Previous reports suggest that 1α

25(OH)2D3 down regulates iNOS expression by different cell types, including

microglia, astrocytes and macrophages (Sparrow, 1995).  Another pro

inflammatory cytokine IL-2 was also down regulated by RO-23-7553 in LPS

stimulated mouse macrophage cells. From these studies it is clear that RO-

23-7553 exhibits potent anti-inflammatory effects on mouse macrophage

cells, by down regulating the expression of pro inflammatory mediators like

COX-2, iNOS and IL-2, in addition to its selective inhibition of COX-2.

Epidemiological and experimental evidences demonstrate the use of

COX-2 inhibitors in reducing the risk of colorectal (Tuynman et al., 2004;

Zhan et al., 2004) and breast cancers (Ranger et al., 2004; Saji et al., 2004).

Clinical trails also have shown the use of NSAIDs in reducing the number and

size of colorectal polyps in patients with Familial Adenomatous Polyposis
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(FAP). However, the signaling mechanisms responsible for the

chemopreventive action of these drugs have not been clearly established.

Recent studies have demonstrated the induction of apoptosis in tumor cells

by NSAIDs (Subhashini et al., 2004; Miedzybrodzki, 2004; Pelzmann et al.,

2004). In addition NSAIDs were shown to inhibit COX-2 induced

angiogenesis. Similar to other NSAIDs, Vitamin D and its analogs are known

to exhibit anticancer properties. In the present study side chain analog of 1α

25(OH)2D3, RO-23-7553, reduced the growth and multiplication of mouse

macrophage cell line RAW 264.7. Although the mechanism behind this effect

is not fully understood, based on the present studies, it is suggested that

inhibition and down regulation of COX-2 expression by RO-23-7553 may be

responsible for this effect.

Tumor cells naturally secrete pro-inflammatory cytokines and

chemokines to interact with the microenvironment and regulate

neoangiogenesis. Therapies directed against chemokine ligands or receptors

may be beneficial in cancer. A substantial amount of evidence has

accumulated concerning the interaction of 1α 25(OH)2D3 and its analogs with

cytokines in the regulation of cell growth and differentiation in many cell types

including  epithelial, mesenchymal, neural, vascular endothelial, immune cells

and chondrocytes (Suzuki et al., 2000; Staeva & Freedman, 2002; Penna &

Adorini, 2000).

Despite an intense activity within the area of Vitamin D field, the exact

mechanisms responsible for the anti proliferative effects of 1α 25(OH)2D3 are

still to be identified. Recent investigations have shown that one of the

mechanisms by which Vitamin D compounds exert their growth inhibiting

effects is by regulating cell cycle progression. Treatment of most cell types
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with Vitamin D compounds has been found to cause an arrest of cell cycle

progression at G1-phase (Colston et al., 1989). Based on the FACS results

obtained in the present study, it is very clear that RO-23-7553 arrests the

mouse macrophage cells in G1 phase of the cell cycle. Similar results were

also reported in colon and breast cancer cells (Zhao et al., 2000). Arresting

the cell cycle can hinder cellular proliferation and promote the cell death

while death occurs via necrosis or apoptosis (Hershberger et al., 1999;

Verlinden et al., 2000). In the present study RO-23-7553 caused necrosis like

death, as evidenced by the DNA streak observed on agarose gel

electrophoresis of the DNA extracted from the RO-23-7553 treated mouse

macrophage cells.

In summary, motivated by several claims on the therapeutic role of

RO-23-7553, particularly its anti inflammatory and anti cancer properties,  in

the present study, it is planned to address the question as to whether it has

any  effect on  the expression of cyclooxygenase enzyme in  LPS treated

mouse macrophages cells. The preliminary studies on the mechanism of

action revealed that, RO-23-7553 exhibits anti-inflammatory and anti-

proliferative effects on LPS treated mouse macrophage cells by delaying the

expression of COX-2 and other pro-inflammatory mediators  (iNOS and IL-2),

induce cell cycle arrest at G1 phase and finally leading to the cell death by

necrosis.

In the light of anti-inflammatory effects observed on isolated enzyme,

COX-2 and on mouse macrophage cells, it will be interesting to evaluate its

effects on animal models of inflammation.
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The studies presented in chapter 3 reveal that RO-23-7553 is a potent

and selective inhibitor of COX-2, suggesting its possible anti-inflammatory

properties. Further studies on mouse macrophage cells reveal that RO-23-7553

exhibits anti-proliferative effects by the arrest of the cells at G1 phase leading to

necrosis (chapter 4).  Based on these results further studies were undertaken to

evaluate the effects of RO-23-7553 on animal models of inflammation. Rat air

pouch model of inflammation was employed for these studies.

5 Air Pouch Model of inflammation

Adult Wistar strain male rats weighing 150-200g were employed in the

study to induce inflammation as described in the methodology. Air pouch was

created by injecting 20 ml of sterile air subcutaneously on to the animal’s back

and this air cavity was maintained for 6 days.  Inflammation was induced by

injecting 2 ml of 1.5% carrageenan in to the air pouch of rats. Saline treated rats

served as controls.

Administration of test Compounds

Vitamin D analog, RO-23-7553, was simultaneously given along with

carrageenan directly into the air pouch cavity at 10µg/Kg body weight while

celecoxib, a known COX-2 inhibitor, was given at 20mg/Kg body weight along

with carrageenan. Animals were sacrificed at 4h, 8h, 12h and 24hrs time points

after carrageenan, carrageenan + celecoxib and carrageenan+RO-23-7553

treatment. Saline treated animals served as controls.

5.1 Inflammatory reaction

 The classical symptoms of acute inflammation - redness and swelling

were clearly observed in the carrageenan treated animal. The inflammatory
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reaction gradually progressed with time and reached a peak at 24 hours after

carrageenan treatment. In the RO-23-7553 treated animals the inflammatory

reaction was relatively less when compared to animals treated with carrageenan

alone treated animals (Fig 24).

Fig. 24: Photographs of the exposed air pouch tissue after 24 hours of
administration of saline(a) carrageenan(b) carrageenan + celecoxib (c)
carrageenan + RO-23-7553 (d). The saline treated animal was given 2 ml of
saline only while the carrageenan treated animal was given 2ml of 1.5 %
carrageenan dissolved in saline. The test compounds celecoxib (20mg/Kg body
weight) and RO-23-7553 (10µg/Kg body weight) were given to the animals along
with carrageenan.

These observations were further supported by the histological

observations (Fig. 25).  The air pouch tissue is a freshly formed granulomatous

tissue that is created by the loose association of macrophages, neutrophils,

c d

a b
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fibroblasts and plasma cells. The section of the pouch lining showed a large

number of air cavities.

Fig 25:Photomicrographs (400 X)showing the histological sections of the pouch
tissue after 24 hours of saline (a)carrageenan (b)carrageenan + celecoxib (c)
carrageenan + RO-23-7553 (d) treated rats. The air pouch tissue was fixed in
buffered formalin, sectioned and stained with hematoxylin and eosin.

Carrageenan treated pouch tissue showed heavy infiltration of blood cells

at various sites in the tissue, especially near the cavities as it is easy for the

migrating cells to move into the open areas (Fig. 25b). These observations

clearly demonstrate the induction of inflammation in the air pouch of the

carrageenan treated animals. In RO-23-7553 treated animals, however, reduced

a b

c d
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inflammatory reaction was seen as indicated by less degree of cellular infiltration

(Fig. 25d).

Although the photographs clearly demonstrated inflammation, it is difficult

to quantitate the inflammatory reaction based on the appearance of the reaction.

For this purpose, the inflammatory exudate was characterized by measuring the

volume of the pouch fluid and the population of infiltering cells.

5.2 Exudate volume in the Pouch

The air pouch was carefully dissected by keeping the pouch intact and

the fluid was aspirated, collected and measured the volume of fluid.

Fig 26: Effect of RO-23-7553 on accumulated fluid volume in the air pouch of
either carrageenan or carrageenan+RO-23-7553 treated rats. Animals were
sacrificed at various time points after treatments. The values were the mean ±
SE of data obtained from 3 different animals. *p < 0.05 compared to carrageenan
treated animals.

As shown in the Fig. 26, pouch fluid was seen with in 4h after

carrageenan treatment with gradual increase at later periods and reaching

maximum at 24h. In RO-23-7553 treated animals, fluid volume was found to be
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significantly lower i.e. 1.5ml compared to that of 5.5 ml collected in carrageenan

treated animals, at 24h time period.

5.3 Infiltration of leukocytes into the pouch fluid

Cell population in the pouch cavity was measured by gavaging about 20

ml of saline into the pouch repeatedly.  This procedure ensures the complete

recovery of cells from the pouch.  For cell counting the collected fluid was

centrifuged and the cell pellet was washed in RPMI medium twice to remove the

debris and dissolved in saline, then counted on hemocytometer.

Fig. 27: Effect of RO-23-7553 on number of cells infiltrated into the air pouch of
either carrageenan or carrageenan+RO-23-7553 treated rats. Animals were
sacrificed at various time points after treatments. The values were the mean ±SE
of data obtained from 3 different animals. *p < 0.05 compared to carrageenan
treated animals.

As shown in the Fig. 27, cells started infiltrating into the pouch as early as

4h and increased continuously to about 130 million cells by 24h in carrageenan

treated rats. The cell population mainly consisted of neutrophils, monocytes and

macrophages. Infiltration of cells into the air pouch was significantly lower in RO-
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23-7553 treated animals (28 million) at 24 hours indicating the arrest of

inflammatory reaction.

5.4 Effect of RO-23-7553 on expression of Cyclooxygenases

Western blot analysis was performed to analyze the effect of RO-23-7553

on COX protein levels in rat air pouch tissue. The total protein extracted from the

pouch tissue of both carrageenan and RO-23-7553 treated rats was separated

on 10% SDS PAGE and then transferred to nitrocellulose membrane. Then it

was probed with COX-1/COX-2 specific antibodies. Fig. 28 shows the effect of

RO-23-7553 on the expression of COX-1 and COX-2 proteins in rat air pouch

tissues.

Fig 28: Effect of RO-23-7553 on COX-1 and COX-2 expression in carrageenan
and carrageenan + RO-23-7553 treated rat air pouch tissue at various time
points after treatment. Equal amounts of protein  (100 µg) from both the treated
tissues at various time points were loaded and separated on 10 % SDS-PAGE
and then probed with goat polyclonal COX-1/COX-2 antibodies. Lanes 1:saline;
2, 3,4 & 5: pouch tissues at 4h, 8h, 12h and 24h after treatment with carrageenan
or carrageenan + RO-23-7553.

As shown in the Western blot (Fig. 28), both in carrageenan and

carrageenan + RO-23-7553 treated animals, COX-1, a 68kDa band, is

constitutively expressed in the pouch tissue in the saline treatment (lane 1) and

no change was observed till 24h (lane 5) time period. In contrast, COX-2 protein

1          2           3         4          5

   COX-1 68 kDa

   COX-2 70 kDa
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was not detected in the saline treatment (lane 1) indicating its lack of expression.

However, the COX-2 protein band of 70kDa was detected within 4h (lane 2) after

carrageenan treatment. This signal was further amplified at later time periods

with maximum levels seen at 24h-time period (45.2 fold) (lane 5). In carrageenan

+ RO-23-7553 treated pouch tissues, the COX-2 protein levels were more or less

stabilized at all time periods. As a result the COX-2 expression at 24h was

relatively less in carrageenan + RO-23-7553 tissues when compared to

carrageenan alone treated tissues (lane 5 in both).

5.5 Effect of RO-23-7553 on Cyclooxygenases expression at transcriptional
level

Fig 29: RT-PCR analysis showing the expression of COX-1 and COX-2 in rat air
pouch tissue either treated with carrageenan or carrageenan + RO-23-7553.
Total RNA was isolated from the pouch tissues at different time points. COX-1
and COX-2 expression was studied by using specific primers and fragments
were resolved on 1.2% agarose gel. Lanes 1: saline; 2, 3,4 & 5: pouch tissues at
4h, 8h, 12h and 24h after treatment with carrageenan or carrageenan + RO-23-
7553.

The expression of COX genes was also assessed by RT-PCR analysis

using COX-1 and COX-2 specific primers. Total RNA was isolated from the

pouch tissue using Trizol reagent as described in the methodology.  An RT-PCR

reaction was setup using 2µg total RNA, AVM reverse transcriptase enzyme and

Carrageenan
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rat COX specific primers. Fig. 29 shows the levels of COX-1 and COX-2 genes

expression in both carrageenan and RO-23-7553 treated animals.

As shown in the figure, a band of 521bp was detected in the saline

treatment (lane 1) time interval in carrageenan and RO-23-7553 treated pouch

tissue suggesting the constitutive expression of COX-1. There was no change in

the levels of COX-1 in response to carrageenan and RO-23-7553 treatment at all

the time periods (lanes 2-5 in both). In contrast, a 600bp COX-2 band was not

detected in the saline treatment (lane 1) point of carrageenan and RO-23-7553

treated pouch tissue suggesting its lack of constitutive expression. However,

COX-2 was detected within 4h (lane 2) after treatment in both the treatments. In

carrageenan alone treated pouch tissues, the signal was amplified gradually

reaching a maximum at 24h-time point (lane 5). While in RO-23-7553 treated

pouch tissues, the COX-2 observed at 4h-time interval (lane 2) gradually

decreased thereafter. As a result the expression of COX-2 in RO-23-7553 treated

air pouch tissues was lower compared to the corresponding levels in

carrageenan alone treated tissues at all time points.

5.6 Effect of RO-23-7553 on iNOS protein expression

To investigate the effect of RO-23-7553 on the expression of pro

inflammatory mediator, iNOS, Western blot analysis was performed with tissue

homogenates from carrageenan and RO-23-7553 treated rats. Fig 30 shows

changes in protein levels of iNOS in carrageenan and RO-23-7553 treated rat air

pouch tissues.
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Fig 30: Effect of RO-23-7553 on iNOS expression in carrageenan and
carrageenan + RO-23-7553 treated rat air pouch tissue. Equal amounts of
protein  (100 µg) from  either carrageenan or carrageenan +  RO-23-7553 treated
rat air pouch tissue at various time points was loaded, separated on 7% SDS-
PAGE and transferred to nitrocellulose membrane, then probed with mouse
monoclonal iNOS antibodies. Lanes 1: saline; 2, 3,4 & 5: pouch tissues at 4h, 8h,
12h and 24h after treatment with carrageenan or carrageenan + RO-23-7553.

 As shown in Fig. 30, iNOS protein was not detected in the saline

treatment (lane 1), indicating its lack of expression. However, the iNOS protein

was detected with in 4hours after carrageenan treatment. This signal was further

enhanced at later time periods with maximum levels seen at 24h. In RO-23-7553

treated rats, iNOS protein expression seen at 4h-time interval was gradually

decreased at later time periods. As a result the expression of iNOS in RO-23-

7553 treated rat air pouch tissues was lower compared to the corresponding

levels in carrageenan alone treated rats (compare lane 5).

5.7 Effect of RO-23-7553 on IL-2 protein expression

To investigate the effect of RO-23-7553 on the expression of pro

inflammatory cytokine-IL-2, Western blot analysis was performed with tissue

homogenates from carrageenan and carrageenan + RO-23-7553 treated rats.

Fig. 31 shows changes in protein levels of IL-2 in carrageenan and carrageenan

+ RO-23-7553 treated rat air pouch tissues.
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Fig.31: Effect of RO-23-7553 on IL-2 expression in carrageenan and
carrageenan + RO-23-7553 treated rat air pouch tissue. Equal amounts of
protein  (100 µg) from either carrageenan or carrageenan + RO-23-7553 treated
rat air pouch tissue at various time points loaded, separated on 12% SDS-PAGE
and transferred to nitrocellulose membrane, then probed with rabbit polyclonal IL-
2 antibodies. Lanes 1: saline; 2, 3,4 & 5: pouch tissues at 4h, 8h, 12h and 24h
after treatment with carrageenan or carrageenan + RO-23-7553.

As shown in Fig. 31, IL-2 protein was not detected in the saline treatment

(lane 1) is indicating its lack of expression. However, the IL-2 protein was

detected with in 4h after carrageenan treatment. This signal was further

enhanced at later time periods with maximum levels seen at 24h. In RO-23-7553

treated rats, IL-2 protein levels seen at 4h-time interval were more or less

stabilized at later periods of time.

5.8 Antioxidant properties of RO-23-7553

Oxidative stress is another important component of pathophysiology of

inflammation.  ROS are now recognized to be both mediators and modulators of

inflammation. Oxidative stress in any system can be assessed by the levels of

reactive oxygen species and the antioxidant potential of the system. ROS are the

major cause of tissue damage during inflammation.  Hence, reducing oxidative

stress should be a part of any anti-inflammatory therapy. Antioxidant enzymes

like glutathione peroxidase and reduced glutathione levels were measured in the

inflammatory tissue to assess the antioxidant potential of RO-23-7553 in the rat

air pouch tissue.

   IL-2 28 kDa

1           2            3           4         5 1           2            3           4         5
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5.8.1 Effect of RO-23-7553 on reduced glutathione levels

Glutathione is a tripeptide and exists either in reduced form (GSH) or in

the oxidized form (GSSG) within cells.  While GSH is a potent anti-oxidant,

GSSG is an indicator of the degree of oxidative stress in the system.  Air pouch

tissues from the animals were homogenized in phosphate buffer containing

phosphoric acid in order to precipitate the proteins as quickly as possible and

thus avoid conversion of GSSG to GSH during homogenization. The protein-free

supernatant was then used to measure GSH using fluorescent o-pthalaldehyde,

which specifically binds to peptide bonds. Protein was correspondingly estimated

in an equivalent amount of tissue and the glutathione levels were expressed per

mg protein.

Fig 32: Effect of RO-23-7553 on levels of GSH in the pouch tissues of
carrageenan and carrageenan + RO-23-7553 treated rats at various time
intervals. Supernatants from pouch tissues treated with carrageenan alone or
carrageenan + RO-23-7553 were assayed for GSH as mentioned in
methodology. All the values represent mean ± SE of data obtained from 3
different animals. *p< 0.05 compared to carrageenan treated animals.
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Fig. 32 shows the levels of GSH in the air pouch tissue at various time

points after carrageenan and carrageenan + RO-23-7553 treatments. GSH levels

increased gradually reaching to a maximum by 24h in both the treatments.

However, in RO-23-7553 treated rats GSH levels were significantly higher when

compared to carrageenan alone treated rats, implying the protective role of RO-

23-7553 against oxidative stress.

5.8.2 Effect of RO-23-7553 on glutathione peroxidase (GPx) activity

The levels of GPx were measured in carrageenan and carrageenan +

RO-23-7553 treated rat air pouch tissues and the results were shown in Fig. 33.

Fig 33: Effect of RO-23-7553 on levels of GPx in the pouch tissues of
carrageenan and carrageenan + RO-23-7553 treated rats at various time
intervals. Supernatants from pouch tissues treated with carrageenan alone or
carrageenan + RO-23-7553 were assayed for GPx as mentioned in methodology.
All the values represent mean ±SE of data obtained from 3 different animals. *p<
0.05 compared to carrageenan treated animals.

As shown in Fig. 33, the levels of GPx increased gradually with time

reaching to a maximum at 24h in both the treatments. There was a significant
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increase in the levels of GPx in RO-25-7553 treated rat air pouch tissue when

compared to carrageenan treated pouch tissue implying that RO-25-7553 confers

a protective sheath to the cell against oxidative stress.

Discussion

Inflammation, which was initially recognized as a simple allergic reaction

for centuries is now understood to be an extremely important pathophysiological

basis for a large number of very notable diseases. The complex interplay of

cellular and particulate mediators during inflammation is unfolding but our

understanding of the inflammatory reaction is still incomplete. The inflammatory

reaction, which gets ticked off by carrageenan, begins by utilizing the locally

released population of mediators. The stimulus and the low level of released

mediators specifically LTB4 lead to chemotactic attraction of leukocytes into the

area of stimulus, which in turn leads to induction of COX-2, and other cytokines.

This induction of COX-2 leads to enhanced production of PGE2 in the inflamed

tissue. PGE2 thus released by the induced COX-2, triggers a series of events that

initiate resolution of inflammation. One such event is the induction of 15-

lipoxygenase that leads to the formation of lipoxins, which are anti-inflammatory

and take part in the natural resolution of inflammation (Serhan & Chiang, 2004).

Time is of importance here since the stimulus has to be discouraged from

growth, which begins by the action of small amounts of ROS released by the

local neutrophils and which additionally induce cytokines and growth factors.

Monocytes and macrophages arrive within few hours to ingest and phagocytose

the foreign substance, undergo apoptosis and remove traces of the inflammatory

reaction. If the stimulus persists, apoptosis of the macrophages is discouraged,



Results and Discussion

91

continuous infiltration of cells goes on, mediators continue to form and finally

cause tissue damage leading to severe inflammatory disorders.

In spite of the relevance of the inflammatory disorders, the clinical studies

in this area have been of limited help in dissecting the mechanism of

inflammation since whatever samples are available narrate only the final part of

the pathway.  Animal experiments have been extremely useful in understanding

the entire inflammatory reaction since they demonstrate a complete window of

events from the time when the stimulus is given till the reaction naturally resolves

(Dawson et al., 1991; Martin et al., 1994; Serhan & Chiang, 2004).  These

studies can be conducted in both wild type and knockout animals, and also

studied with the aid of specific inhibitors at various stages (Langenbach et al.,

1999). Air pouch model is a popular animal model of inflammation since it is

easy, relatively quick and gives reproducible results. Air pouch model is

considered very similar to the arthritic condition in humans since the synovial

fluid and the air pouch fluid were found to be very similar (Sedgwick & Lees,

1986). In the present study, the air pouch model of inflammation was used to

further evaluate the efficacy of RO-23-7553, as anti-inflammatory agent, and to

understand the molecular mechanisms involved in its action. This study was

carried out by analyzing the expression of COX-1, COX-2, iNOS and IL-2 and

different parameters of oxidative stress.

The histological staining of pouch lining shows infiltration of blood cells, in

response to carrageenan treatment and thus establishing the role of pouch lining

in the initiation and maintenance of inflammatory reaction (Sedgewick et al.,

1983). The pouch lining cells such as polymorphonuclear leukocytes (PMNLs)
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fibroblasts, monocytes and macrophages initiate and elaborate an array of pro-

inflammatory mediators, which lead to expression and release of cytokines,

specifically LTB4 (Schumann et al., 1994). These molecules act as

chemoattractants and bring about changes in the endothelial layer to

accommodate movement of infiltrating cells (Yang et al., 2003). This process is

simultaneously enhanced by induction of different pro-inflammatory proteins such

as COX-2 (Kirsching et al., 1997). Thus the initiation of an inflammatory reaction

is complex and requires the concerted efforts of cells of the pouch lining,

endothelial cells and peripheral blood cells. Once initiated, the inflammatory

reaction progresses and reaches a maximum at 24hrs after carrageenan

treatment and resolves spontaneously by removal of carrageenan either by

ingestion by macrophages or by diffusion from the site of injection.

In the present study, the inflammatory response was defined acute since

the pouch showed large number of cells mainly PMNLs migrating into the pouch

with increasing time of exposure to inflammatory stimulus. PMN leukocytes and

macrophages appeared in increasing numbers with increasing time after

carrageenan treatment into the pouch.  These cells are known to work together

with the cells of the pouch lining to bring about the inflammatory reaction. The

inflammatory reaction can be quantified by measuring the exudates volume and

number of infiltering cells into the pouch - the two parameters that are of

significance in assessing the efficacy of anti-inflammatory agents. In the present

study, a decrease in these two parameters was observed in response to RO-23-

7553 treatment suggesting its anti-inflammatory property. Similar results were

also reported with oxo vitamin D analogs (Hirata et al., 1994). Angiogenesis, the
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formation of new blood vessels from an existing vascular bed, is of fundamental

importance in several inflammatory conditions like psoriasis, tumor growth and

atherosclerosis. The dependence of many inflammatory diseases on

angiogenesis has led to the proposal that such diseases can be controlled by use

of antiangiogenic compounds. Studies have revealed that 1α 25(OH)2D3 inhibits

angiogenesis both in vitro and in vivo there by decreasing the inflammatory

reaction (Mantell et al., 2000; Hisa et al., 1996; Wang et al., 1997).

The synthetic analogs of 1α 25(OH)2D3 require no activation in vivo and

are resistant to attack by catabolic enzymes because of blocking groups in

metabolically sensitive regions. Resistant to metabolism of deltanoids, which

increases their half-life in target tissues, depends on type of unsaturation and

position of blocking groups. In case of RO-23-7553, introduction of double bond

at C-16 position and triple bond at C-23 position reduces 23 hydroxylation and

24-oxidation pathways, which are major inactivating pathways, thus exerting

longer period of biological effects. This increased half-life of the compound in the

cell may also be responsible for its anti-proliferative property. RO-23-7553 has

been shown to be capable of inhibiting prostate tumor growth without affecting

serum calcium levels in mice (Schwartz et al., 1995) supporting its anti-

proliferative property. Epidemiological data also suggest that dietary vitamin D

may reduce the risk of bowel cancer, particularly colon cancer (Pritchard et al.,

1996).

Elevated COX-2 expression has been detected in several human

malignancies including colon, esophageal and pancreatic cancers (Van et al.,

2002). Recent results also suggest a relatively early role for COX-2 in
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carcinogenesis of the colorectal and esophagus (Buskens et al., 2003). Several

studies also indicated that the effects of NSAIDs in the prevention of cancers are

partially COX-2 dependent, although it should be noted that some of the anti

neoplastic effects of these drugs can not be explained solely by the inhibition of

COX-2 (Reddy et al., 2001). In the present study, RO-23-7553 down regulated

not only COX-2, but also other pro-inflammatory molecules such as iNOS and IL-

2, in addition to the selective inhibition of COX-2. This compound, however, did

not show any effect on COX-1 expression.

Several in vivo results demonstrated that iNOS is involved in

inflammatory reaction. The production of iNOS is region specific and expanded

with time, thus correlating with the development of inflammatory disorders. It was

reported that a majority of female patients suffering from multiple sclerosis have

a deficit in Vitamin D (Nieves et al., 1994). Some of the acute actions of

1α25(OH)2D3 that influence the immune process  are now ascribed to the

inhibition of iNOS synthesis (Manolagas et al., 1989). In the present study too,

similar results of iNOS down regulation was observed with RO-23-7553 in

carrageenan induced inflammation.

1α25(OH)2D3 supplementation in IL-2 knock out mice, that spontaneously

develop symptoms of bowel disease, reduced the early mortality of mice

(Cartorna et al., 1996). Immunoregulatory properties of 1α 25(OH)2D3 may be

mediated through the inhibition of IL-2 as 1α 25(OH)2D3 inhibits the IL-2 gene

transcript in lymphocytes (Alroy et al., 1995; Muller et al., 1993). The foregoing

studies also support the down regulated expression of IL-2 by RO-23-7553.
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Free radicals generated from intermediates of metabolism are highly

reactive since they contain unpaired electrons (Krinsky, 1989). These reactive

species are capable of initiating lipid peroxidation by reaction with

polyunsaturated fatty acids inactivating proteins and enzymes by reacting with

amino acids and damaging DNA and RNA by reacting with guanine. If the cell is

insufficiently protected by enzymatic and non-enzymatic anti oxidants, free

radicals can react with bio molecules and thus damage cellular structure.

Antioxidants may prevent genetic changes by preventing DNA damage directly

induced by free radical attack. Thiol homeostasis is regulated to guarantee basic

function and defense mechanism against xenobiotics. Vitamin D was found to be

effective antioxidant by elevating glutathione (GSH) levels (Wilson, 1992). In the

present study, RO-23-75553 significantly elevated GSH levels suggesting its role

in potentiating antioxidant defenses. Glutathione peroxidase (GPx) protects the

cell proteins and mechanisms against oxidation by inhibiting the initiation of

peroxidative attacks on membrane lipids by reducing the highly reactive organic

as well as inorganic peroxides. Enhanced glutathione peroxidase (GPx) levels in

RO-23-7553 further strengthens its anti oxidant potential.

In summary, the foregoing study on rat air pouch model of inflammation

further demonstrates the anti-inflammatory property of RO-23-7553. The anti-

inflammatory action of RO-23-7553 appears to be mediated by the down

regulation of the expression of pro inflammatory mediators like COX-2, iNOS and

IL-2, in addition to selective inhibition of COX-2. Also this compound appears to

improve the anti-oxidant potential of the inflammatory tissues by enhancing the

levels of GSH and GPx activity and potentiating tissue antioxidant defenses.



5W5WOOOOCCTT[�[�����%%QQPPEENNWWUUKKQQPPUU



Summary & Conclusions

96

The principle physiological function of Vitamin D in all vertebrates

including humans is to maintain serum calcium and phosphorous

concentrations in a range that supports cellular processes, neuromuscular

function and bone ossification. During the last couple of decades it has

become increasingly apparent that Vitamin D also has other important

functions in tissues, not primarily related to mineral metabolism, such as

hematopoietic system, insulin secretion etc. 1α 25(OH)2D3 has a wide range

of non-classical actions in the body such as regulation of cell growth,

differentiation and the immune system. This has led to increased interest in

using 1α 25(OH)2D3 in the treatment of several Vitamin D associated

diseases such as psoriasis, autoimmune diseases, osteoporosis and hyper

parathyroidism. However, the therapeutic application of 1α 25(OH)2D3 is

limited due to hypercalcemic activity. In order to avoid the unwanted calcemic

effects, efforts were made to synthesize analogs that exhibit less calcemic

effects, but with growth and immuno modulating properties. Most of the

analogs belong to either side chain or epi modifications, some of them include

the natural metabolites of Vitamin D3.

Inflammation is a response to infection, antigen challenge or tissue

injury that is designed to eradicate microbes or irritant and to potentiate tissue

repair. Inflammation is characterized by vasodilation, fluid exudation and

leukocyte migration to injury site. Arachidonic acid, a derived essential fatty

acid, after release from membrane phospholipids forms a precursor for

inflammatory mediators like Prostaglandins (PGs) and Leukotrienes (LTs)

with a wide range of physiological and pathological effects. PGs and LTs are

important mediators of inflammation produced by the action of

Cyclooxygenase (COX) and Lipoxygenase (LOX) enzymes respectively.
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COX -1 is constitutively active and is responsible for several house keeping

physiological functions. On the other hand, COX-2 is the inducible isoform

responsible for the up regulation of prostaglandins and other pro-inflammatory

agents.

The anti-inflammatory mechanism of NSAIDs is attributed to the

inhibition of COX-2 and main undesirable side effects of NSAIDs are due to

the inhibition of COX-1. Also the antipyretic and analgesic effects are related

to the inhibition of COX-2. Leukotrienes, specifically LTB4, play an important

role in the early phase of inflammatory reaction. The LTB4 generated at the

site of infection attracts leukocytes, which in turn leads to induction of COX-2.

The PGE2 produced by COX-2 in turn initiates a series of events that lead to

the resolution of inflammation, which include induction of 15-lipoxygenase

and generation of lipoxins.

While COX-2 and 5-LOX play an important role in defense against

infection, their uncontrolled stimulation leads to the manifestation of several

inflammatory disorders such as arthritis, inflammatory bowel disease, asthma

and osteoporosis. Many of these inflammatory disorders with over expression

of  COX and 5-LOX were shown to be associated with low vitamin D status. In

case of osteoporosis, PGs produced by COX-2 play an important role in the

bone resorption process. An inverse relationship between vitamin D levels

and the occurrence of pro inflammatory and neoplastic disorders was

reported. While Vitamin D exhibits anti-inflammatory and anti-proliferative

effects, COX-2 and LOX are pro-inflammatory and promote neoplastic

transformation. However the precise role of Vitamin D and its analogs in

promoting anti-proliferative and anti-inflammatory effects is largely unknown.

Hence the present study was undertaken to analyze the role of
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prostaglandins and other arachidonic acid metabolites in Vitamin D and its

analogs mediated anti-inflammatory and anti-proliferative effects.

 In the present study Vitamin D and its analogs were screened for their

effects on lipoxygenase and cyclooxygenases in vitro. The compounds

screened are as follows:

1. 1α25(OH) 2D3

2. 1α25(OH)2-16-ene-D3

3. 1α25(OH)2-16-ene-23-yne-D3

4. 1α25(OH)2-16-ene-23-yne-26,27-F6-D3

5. Gemini (two side chain) 1α25 (OH)2D3

6. 1α25(OH)2-3-epi-D3

7. 1α25(OH)2-16-ene-3-epi-D3

8. 1α25(OH)2-16-ene-23-yne-3-epi-D3

9. 1α25(OH)2-16-ene-23-yne-26,27-F6-3-epi-D3

10. Gemini (two side chain) 1α25(OH)2-3-epi-D3

The specific COX-2 inhibitors were tested for their effects on mouse

macrophage cell lines (RAW 264.7) and in rat air pouch model of

inflammation.

In vitro studies on isolated 5-lipoxygenase enzyme showed no effect

by 1α 25(OH)2D3 and its analogs employed in the present study. However,

the studies on cyclooxygenases showed selective inhibition of

cycloocygenase-2 enzyme with no inhibition on cyclooxygenase-1 (COX-1) by

1α25(OH) 2D3, RO-23-7553 and epi analog of RO-23-7553. Among the three

compounds tested, RO-23-7553 showed potent inhibition of COX-2 with an

IC50 value of 5.8nM.

In order to understand the molecular interaction between COX-2 and

RO-23-7553 further studies were undertaken on molecular modeling. These

studies showed favorable interactions of RO-23-7553 towards COX-2 as

evidenced by GOLD scores. These interactions are more favorable incase of

RO-23-7553 than α-methyl-4-biphenylacetic acid, a known selective inhibitor
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of COX-2.

To further evaluate the anti-inflammatory effects of RO-23-7553,

studies were undertaken on mouse macrophage cell line, RAW 264.7. RO-

23-7553 reduced the growth and multiplication of LPS stimulated mouse

macrophage cells with IC50 of 10 nM. Phase contrast microscopic studies

showed the presence of vacuoles and loss of cytoplasm integrity in RO-23-

7553 treated mouse macrophage cells. RO-23-7553 down regulated the

expression of COX-2 but not COX-1, both at transcriptional and translational

level in LPS stimulated mouse macrophage cells. In addition to COX-2, RO-

23-7553 down regulated the expression of other pro-inflammatory mediators

such as iNOS and IL-2 in mouse macrophage cells. As a result the levels of

COX-2, iNOS and IL-2 were markedly lower in RO-23-7553 treated cells

when compared to LPS-treated mouse macrophage cells. These studies

suggest that RO-23-75553 inhibits growth of mouse macrophages by down

regulating the expression of pro inflammatory mediators. In order to

understand the mode of cell death induced by RO-23-7553, further studies

were undertaken on DNA degradation and flow cytometry. These studies

revealed diffused pattern of migration of DNA and arrest of the cells at G1

phase of cell cycle in response to RO-23-7553 treatment, thus suggesting

necrotic pattern of cell death.

Based on the results obtained from isolated enzyme assays and on

mouse macrophages, further studies were undertaken to test the anti-

inflammatory effects of RO-23-7553 on carrageenan induced rat air pouch

model of inflammation. Inflammatory characteristics like exudate volume and

no. of infiltrated cells were reduced in RO-23-7553 treated (10µg/Kg body

weight) animals compared to carrageenan alone treated animals. Histological
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sections of air pouch tissue of RO-23-7553 treated animals also showed

reduced inflammatory reaction this was evidenced by the down regulated the

expression of COX-2 but COX-1 both at transcriptional and translation levels,

in air-pouch tissues of RO-23-7553 treated animals. In addition to COX-2,

RO-23-7553 down regulated the expression of other pro-inflammatory

mediators such as iNOS and IL-2 in carrageenan induced rat air-pouch

tissue. As a result the levels of COX-2, iNOS and IL-2 were markedly lower in

RO-23-7553 treated air pouch tissue when compared to carrageenan alone

treated animals. In order to understand antioxidant role of RO-23-7553,

reduced glutathione  (GSH) and glutathione peroxidase (GPx) activity levels

were measured in rat air-pouch tissue. These studies revealed that both GSH

and GPx levels were increased in RO-23-7553 treated animals compared to

carrageenan alone treated animals. These studies suggest that RO-23-7553

potentiates anti-oxidant defenses in inflammatory tissues.

Thus the present study demonstrates that RO-23-7553 is a selective

inhibitor of COX-2 and exhibits anti-inflammatory properties by the down-

regulation of pro-inflammatory mediators and potentiating the anti-oxidant

defenses.
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