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AA Arachidonic acid
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Chapter 1

Introduction

1.1. Obesity- a serious health concern

Obesity is a metabolic dysfunction appearing as a major cause of morbidity and
mortality in the present era. It happens due to the over-calorie intake for a longer period of
time. In obese individuals, the capacity for adipose tissue to accommodate excess lipid
becomes very high, resulting in the abnormal accumulation of lipid in other tissues. It
brings complicacy like non-insulin dependent diabetes, hypertension, cancer, osteoarthritis,
gout, gallbladder disease, atherosclerosis, stroke and many other problems [1]. Therefore,
the development of obesity and the factors related with it should be properly understood to
prevent and counteract the disorders. Some progresses have already been made to explore
the cellular and molecular events of adipogenesis using animal model and cell cultures [2].

More comprehensive research is still required.

1.2. Origin of adipose tissues and experimental adipocytes

The origin and development of adipose tissues are still a matter of study. Mature
adipocytes, the main cellular component of WAT, are uniquely equipped to function in
energy storage and balance under tight hormonal control. WAT formation starts before
birth and expansion happens rapidly after the birth with increased fat cell size and increased
fat cell number. Fat cell precursors isolated from adult WAT of various species, including
humans, can be differentiated in vitro into mature adipocytes. The potential to acquire to
new fat cells from fat cell precursors throughout the life span is undisputed. Several studies
on multipotent clonal cell lines have suggested that the adipocyte lineage derives from an
embryonic stem cell precursors with the capacity to differentiate into the mesodermal cell

types of adipocytes, chondrocytes, osteoblasts and myocytes [2].

However, some details of the adipogenic programs have been explored by using
various in vitro cell culture systems including preadipocytes cell lines and primary culture
of adipose-derived stromal vascular precursor cells. The most popular cell lines are
3T3-F442A and 3T3-L1 which were clonally prepared from Swiss 3T3 cells developed
from disaggregated 17- to 19-day mouse embryos [3-7].



1.3 Adipogenic program in adipocytes

Preadipose cell lines or primary adipocytes have to withdraw from the cell cycle and
require growth arrest for their differentiation [8]. The growth-arrested preadipocytes should
be stimulated by a proper combination of mitogenic and adipogenic signals for committing
differentiation. The nature of the induction depends on the specific cell culture model used
because the responsiveness to inducing agents may vary considerably between
preadipocyte cell lines and primary preadipocytes. Usually, in serum-containing medium,
the standard adipogenic cocktail contains dexamethasone, 3-isobutyl-1-methylxanthine
(IBMX) and high concentration of insulin. Post-confluent preadipocytes undergo at least
one round of DNA replication and cell doubling, leading to the clonal amplification of
committed cells [9]. However, primary preadipocytes derived from human adipose tissue

do not require cell division to enter the differentiation process [10].

At the growth phase, both preadipocytes lines and primary preadipocytes are
morphologically similar to fibroblasts. During confluence, the induction of differentiation
causes the preadipocyte to convert into a spherical shape, accumulate lipid droplets, and
acquire the morphological and biochemical characteristics of the mature adipocytes
gradually [2]. 3T3-L1 preadipocyes spontaneously differentiate over a period of several

weeks into fat-cell clusters when maintained in culture with fetal calf serum (Fig. 1-1).

The process of cellular differentiation represents a remarkably coordinated regulation
of gene expression that directs multipotential stem cell precursors down various lineages
into fully mature and functionally distinct cell types. Numerous investigators have

demonstrated that many genes are regulated in a differentiation-dependent manner [11-13].

1.4 Factors modulating adipogenesis

Adipocyte differentiation requires the cell to process a variety of combinatorial
inputs during the decision to undergo differentiation. Hormones and growth factors with a
role in adipocyte differentiation act via specific receptor to transduce external growth and
differentiation signals through a cascade of intracellular events [ 14]. Extracellular matrix
(ECM) proteins may play an important role in modulating adipocyte differentiation by
pertaining the morphological changes and adipocyte-specific gene expression that

accompany differentiation [15].
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Fig. 1-1. Scheme of life cycle of preadipogenic mouse embryonic 3T3-L1 cells and the

regulation by ligand-activated transcription factors.

A role for growth hormone (GH) in adipocyte differentiation was first reported by
Green et al. [16]. It has been suggested that GH promotes differentiation and sensitizes the
cells to the mitogenic effects of IGF-I for clonal expansion [16-18]. Rubin and colleagues
first reported that IGF-I is an essential factor for 3T3-L1 adipocyte differentiation, using
fetal calf serum depleted of GH, insulin, and IGF-I by charcoal and ion-exchange resin
treatment [19, 20]. Unlike IGF-I, other growth factors and cytokines are generally
considered as inhibitors of adipocyte differentiation. This is perhaps because of the their
mitogenic effects, since cell growth and differentiation are usually mutually exclusive [21,
22]. IBMX accelerates the differentiation of preadipose cell lines and primary
preadipocytes. As with glucocorticoids, IBMX is routinely used for the differentiation of a
variety of preadipocytes. Cell adhesion molecules and ECM components modulate the
interaction of cells with their environment in a manner that influences cell differentiation
and migration. This may lead to cytoskeletal network rearrangement and an intracellular

cascade of signal transduction that influences differentiation [23-26].



1.5 Transcription factors essential for adipocyte differentiation

Adipocyte differentiation involves communication of extracellular signals and those
of the ECM environment to the nucleus. This leads to a coordinate regulation of
adipocyte-specific gene expression resulting in the mature adipocyte. Many classes of
molecules transduce inductive and inhibitory signals from the environment. Although the
full complement of proteins involved in this process remains to be determined, ultimately
the PPAR and C/EBP family of transcription factors must function cooperatively to
transactivate adipocyte genes and thereby bring about adipocyte differentiation [27, 28].

The PPARSs belong to type Il nuclear hormone receptor family and form heterodimers
with the RXR [29, 30]. Peroxisome proliferator-activated receptor-y is the most adipose
specific of the PPARs, and it is induced before transcriptional activation of most adipocyte
genes. The expression of PPAR-y has been shown to be sufficient to induce growth arrest
as well as to initiate adipogenesis in exponentially growing fibroblast cell lines,
demonstrating its critical role in the regulation of adipocyte differentiation [31-33]. Both
synthetic and natural ligands of PPAR-y have recently been identified. Thiazolidinediones
can directly bind and activate PPAR-y and have been shown to stimulate adipose
conversion (Fig. 1-2) [34-36]. Peroxisome proliferator-activated receptor-o was also
reported to be able to induce significant adipocyte differentiation in response to strong
PPAR activators. Because this isoform is only weakly expressed in adipocytes and has
been reported to be less adipogenic than PPAR-y, its precise role in triggering and/or
maintaining the adipocyte phenotype remains unclear [37]. Although PPAR-3 is not
adipocyte specific, this PPAR isoform is highly expressed in adipose tissue. It is
upregulated very early during adipocyte differentiation and has been suggested to play an

important role in adipogenesis [38].

Another important type of transcription factors are C/EBP. These transcription
factors have a basic transcriptional activation domain and an adjoining leucine zipper motif,
which provides the ability for homo- and heterodimerization. Studies of adipocyte
differentiation, primarily in 3T3-L1 cells, provide extensive evidence for C/EPB-a function
in adipocyte differentiation [39]. Although not strictly adipocyte specific, C/EPB-a is
expressed just before the transcription of most adipocyte-specific genes is initiated.
CCAAT/enhancer binding protein-a binds and transactivates the promoters of several

adipocyte genes, including aP2, SCD1, GLUT-4, PEPCK, leptin, and the insulin receptor.

10
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recognize PPAR-response elements (PPRE) in the promoter region of target genes and stimulate

transcription.

In some instances, constitutive expression of C/EPB-a is sufficient to induce
differentiation of 3T3-L1 cells in the absence of hormonal agents, and expression of
antisense C/EPB-a mRNA in 3T3-L1 preadipocytes prevents differentiation [40].
Moreover, C/EPB-a can efficiently promote adipogenesis in a variety of mouse fibroblastic
cells, including those that have little or no spontaneous capacity to develop into adipocytes
[41]. C/EPB-a has also been indicated to function in the termination of the mitotic clonal
expansion that occurs early in the differentiation program and seems to be involved in the
maintenance of the adipocyte phenotype through autoactivation of the C/EBP-a gene [12,
27, 28, 37]. Together, these findings provide evidence that C/EPB-a. is both required and
sufficient to induce adipocyte differentiation. Fine-tuning of the control of adipocyte gene
expression by C/EBP proteins involves homo- and heterodimerization between the
C/EBP-a, C/EBP-B, and C/EBP-6 isoforms. C/EBP-a expression occurs relatively late in
differentiation, the B- and 6-isoforms of C/EBP are present in preadipocytes, and their

levels increase transiently early in differentiation [42, 43]. C/EBP homologous protein-10
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(CHOP-10) is another member of the C/EBP family. It displays overall sequence similarity
to C/EBP proteins in the DNA binding and dimerization domain.

Sterol regulatory element binding proteins (SREBP) is another key transcription
factor known to modulate adipocyte differentiation [44]. The SREBP family consists of
three isoforms designated as SREBP-1a, SREBP-1c and SREBP-2. In human and mice
SREBP-1a and SREBP-1c¢ are produced from a single gene through the use of alternative
transcription sites. Adipocyte determination and differentiation dependent factor 1 (ADD 1),
cloned independently from a rat adipocyte cDNA library, is homologous to human
SREBP-I1c. Adipose tissue expresses predominantly ADD1/SREBP-1c¢ in comparison to
other isoforms. Overexpression studies with SREBP-1c¢ in cultured preadipocytes activated
genes involved in fat cell differentiation and lipid accumulation. This indicates the
involvement of SREBP-1c¢ in differentiation of adipocytes [45]. Recent studies showed that
ADD-1 exerts its adipogenic action by modulating both expression and activation of

PPAR-y [46].

Several other transcription factors including GATA-binding transcrition factors
GATA-2 and GATA-3 and cAMP response element binding protein (CREB), play a critical
role in the molecular control of the preadipocyte-adipocyte transition. Constitutive
expression of GATA-2 and GATA-3 suppress adipocytes differentiation thorugh direct
suppression of the activity of PPAR-y. On the other hand, CREB is expressed prior to and
during adipogenesis and overexpression in 3T3-L1 preadipocytes is necessary and

sufficient to initiate adipogenesis [47].

Moreover, other signaling molecule such as pref-1 and Wnts regulate adipocyte
differentiation. Pref-1 is an inhibitor of adipocyte differentiation and its down regulation is
required for adipose conversion. Wnt signaling is appears to be a molecular switch that
governs adipogenesis. Wnt signaling maintains preadipocytes in an undifferentiated state
that is mediated through inhibition of C/EBPa and PPAR-y [45, 48].

1.6. Mature adipocytes act as specialized endocrine cells

Recent findings revealed that adipocytes act as a specialized endocrine cell.
Immune system-related proteins produced by adipocytes include adipsin, acylation
stimulatin protein (ASP), adipocyte complement-related protein (Acrp30/AdipoQ), tumor
necrosis factor alpha (TNFa) and macrophage migration inhibitory factor [37]. ASP may
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be involved in regulating energy storage by stimulating triacylglycerol synthesis and
glucose transport. Acrp30/AdipoQ might be involved in signaling pathway and regulation
of energy homeostasis. TNFa levels are elevated in WAT obese rodent and human. It
inhibits adipocyte differentiation and may contribute to the insulin resistance that
accompanies obesity and non-insulin dependent diabetes mellitus [49, 50]. On the other
hand, leptin, a hormone produced by adipocytes, level increases with obesity. Leptin binds
to its receptor in the hypothalamus of brain and inhibits food intake. Loss of fat stores
decreases leptin levels that increase the neuropeptide Y level; that leads to increase food
intake. Leptin has a role on modulation of insulin action in liver, production of steroids in
ovary, effect on adrenocorticoid action, in reproductive physiology, in hematopoietic and

immune system development [51, 52].

Some vascular function related proteins such as angiotensinogen and plasminogen
activator inhibitor type 1(PAI-1) are secreted by adipocytes. Angiotensinogen play a role in
regulating adipose tissue blood supply and fatty acid efflux from fat. Angiotensin II, the
cleavage product of angiotensinogen, has been implicated adipose tissue growth by
stimulating production of prostacyclin by matured fat cells and thereby promoting
adipocyte differentiation via paracrine/autocrine manner [2]. Plasma PAI-1 levels are
closely correlated with visceral fat area but not with subcutaneous fat area in human
subjects. Enhanced expression of the PAI-1 gene in visceral fat may increase plasma levels

and may have a role in the development of vascular disease in visceral obesity [53].

In short, it can be said that adipocytes act as an endocrine as well as
paracrine/autocrine cell. Along with the active role in regulating energy balance, they are
also involved in a variety of other physiological processes, including the auto-regulation of

adipose tissue growth and development.

1.7 Biosynthesis of prostaglandin in adipocytes

Prostaglandins (PGs) and their related compounds such as prostacyclins,
thromboxane, leukotrienes etc. that are collectively known as eicosanoids. They are
synthesized from the polyunsaturated fatty acid, arachidonate providing specific effects on
target cells close to their site of formation. They are also considered as local hormones.
Prostaglandins are found in most tissues and organs. They are produced by almost all

nucleated cells.
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PGs are synthesized through the arachidonate cyclooxygenase (COX) pathway (Fig.
1-3) in which the enzymatic reaction of PGH synthase alternatively called COX is the
rate-limiting step for the generation of PGs after the release of free arachidonic acid (AA)
[54-56]. The COX enzyme is known to occur as two types of isoforms, including the
constitutive COX-1 and the inducible COX-2. COX-1 is constitutively expressed in most of
the cells and is mainly utilized in the immediate PG biosynthesis important for homeostasis
and certain physiological functions, which occurs within several minutes after stimulation
with Ca?* mobilizers [57]. On the other hand, COX-2 is expressed inducibly and is utilized
for delayed PG biosynthesis, which last for several hours after proinflammatory stimuli
[58].

Arachidonic acid H

HO,
S N="N""COOH m0H — COOH
= — C =
o OH

HO

OH
PGE; 20, 11p-PGF,,
COX
PGD-11-keto-
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H
‘|3 “N=""cooH
0 ,,,,,,, / ﬂ
PGDS
OH
PGFS PGH,
PGIS ,l,

PGF,, OH PG, 6-Keto PGF,,

Fig. 1-3. Biosynthesis of prostaglandins by arachidonate cyclooxygenase pathway.

Generation of PGs involves the oxidation and subsequent isomerization of
membrane-derived arachidonic acid (AA), polyunsaturated fatty acid, via three sequential
enzymatic reactions. The process is initiated through the release of AA from membrane
phospholipids, a reaction catalysed by phospholipases A, that catalyzes the hydrolysis of

14



arachidonic acid from sn-2 position of phospholipids. The released AA is then
subsequently metabolized to prostaglandin (PG) H, by the action of cyclooxygenase (COX)

enzyme.

Finally, the intermediate PGH, is converted into various bioactive derivatives such
as PGE,, PGF,., PGD; and PGI; by terminal synthase enzymes PGES, PGFS, PGDS and
PGIS, respectively. The J, series of PGs (PGl,, A'? -PGJ, and 15d-PGJ,) are derived
non-enzymatically from PGD;, through dehydration and isomerisation [59, 60]. PGD, is
further converted to 11B-PGF,. by the action of enzyme PGD-11-keto reductase [61]. PGI,
(prostacyclin) is a very unstable compound which is very rapidly hydrolyzed into stable
6-Keto-PGF1a [62].

1.8 Cyclooxygenases - structures and functions

The cyclooxygenase isoforms (COX-1 and COX-2) are the integral part of the
arachidonate COX pathway. They catalyze the bis-dioxygenation and subsequent reduction
of arachidonic acid (AA) to PGG; and PGH, (Fig. 1-3). This PGH; goes through
metabolism by downstream enzymes yielding the family of PGs, each member of which

exerts a range of physiologic effects through specific G-protein-coupled receptors [63, 64].

Human COX-1 and COX-2 are homodimers and they contain 576 and 581 amino
acids, respectively. Both enzymes contain three high mannose oligosaccharides, one of
which facilitates protein folding. A fourth oligosaccharide, present only in COX-2,
regulates its degradation. Considering the 60% identity in sequence between COX-1 and
COX-2, it is not surprising that their three-dimensional structures are nearly
superimposable. Each subunit of the dimer consists of three domains, the epidermal growth
factor domain (residues 34-72), the membrane binding domain (residues 73-116), and the
catalytic domain comprising the bulk of the protein, which contains the cyclooxygenase
and peroxidase active sites on either side of the heme prosthetic group [65-68]. On the
opposite side of the protein from the membrane binding domain, the peroxidase active site
consists of the heme positioned at the bottom of a shallow cleft. This structure provides
considerable solvent accessibility to the heme with the exception of a cluster of several
hydrophobic amino acids that form a dome over part of the cleft. The structure of the active
site helps to explain the promiscuous substrate specificity of the COX peroxidase, which

reduces a wide range of primary and secondary organic hydroperoxides [69]. Although the
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hydrophobic dome would appear to explain the preference of the peroxidase for organic
peroxides over H,O,, mutation of the dome residues to alanine has little effect on

peroxidase activity or substrate specificity [70].

The cyclooxygenase active site lies on the opposite side of the heme from the
peroxidase active site at the top of an L-shaped channel that originates in the membrane
binding domain. The mouth of the channel consists of the lobby, a large volume that
narrows to a constriction that must open before substrates or inhibitors can pass deeper into
the channel. Above the constriction, the channel is surrounded by hydrophobic residues,
which outline the nearly right angle bend and the narrow terminus. When AA binds in the
cyclooxygenase active site, it lies with its carboxyl group at the constriction and its
o-methyl group at the narrow terminus of the channel. This places carbon-13 of AA at the
bend in the channel in close proximity to Tyr-385, which is the critical catalytic amino acid

for the cyclooxygenase reaction [65, 66, 68].

The first step in the conversion of AA to the hydroperoxy-endoperoxide, PGG,, is
abstraction of the pro-S hydrogen atom from carbon-13. The steps that follow are
consistent with the mechanism of nonenzymatic lipid peroxidation, so the main
contributions of COX to PGG; formation are to restrict the options for hydrogen
abstraction and dictate reaction stereochemistry. Cyclooxygenase catalysis requires that the
enzyme first be activated, a process dependent on the peroxidase activity. Two-electron
reduction of a peroxide substrate results in the oxidation of the ferric heme to an oxo-ferryl
porphyrin radical cation. Transfer of an electron to the heme from Tyr-385 of the protein
generates a tyrosyl radical in the cyclooxygenase active site. This radical, as noted above, is
positioned perfectly to abstract the pro-S hydrogen from carbon-13 of AA, initiating the
cycloxygenase reaction. The final step of the reaction, reduction of the peroxyl radical to
the hydroperoxide to form PGG,, regenerates the tyrosyl radical. Thus, activated COX can
carry out multiple turnovers without need to repeat the activation step. After initiating the
cyclooxygenase reaction, the primary function of the peroxidase is to reduce the
15-hydroperoxy of PGG; to the corresponding alcohol of PGH, [65, 66, 71].

COX-1 1s widely distributed and constitutively expressed in most tissues where it is
found. Its gene, Prgs-1, codes for a 2.8 kb mRNA, which is relatively stable. By contrast,
the gene for COX-2, Ptgs-2, is an immediate early gene that is activated by a wide variety
of inflammatory and proliferative stimuli, and the 4 kb COX-2 mRNA turns over rapidly
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due to the presence of instability sequences in the 3'-untranslated region [65, 66]. The
difference in the pattern of gene expression provides an obvious explanation for the
existence of the two COX isoforms, suggesting that COX-1 provides PGs that are required
for homeostatic functions, including gastric cytoprotection and hemostasis, whereas COX-2
plays the predominant role in PG formation during pathophysiologic states, such as

inflammation and tumorigenesis [72].

In case of adipogenesis, the role of COX-2 has been explored in both animal model
and cell lines to a significant extent [73, 74]. However, the adipogenic role of COX-1 in

adipocytes has not been evaluated well.

1.9 Prostacyclin- generation and functions

Prostacyclin (PGI,) is an end product derived from the sequential metabolism of
arachidonic acid via COX pathway (Fig. 1-3) and was first reported by Needleman and
Vane in 1976. The enzyme prostacyclin synthase (PGIS) is responsible for converting
arachidonate metabolite PGH, to an end product PGI,. This biologically active PGl is a
very unstable compound and very rapidly hydrolyzes into inactive 6-keto-PGFi« (Fig. 1-3)
[74, 75].

Several types of cells have been shown to express PGIS and they include fibroblasts,
follicular dendritic cells, endothelial cells, smooth muscle cells, and thymic nurse cells. The
contributory role of PGIS in the production of PGI; is decreased through the inhibition of
PGIS by tyrosine-nitrating agents such as peroxynitrite and tetranitromethane [77, 78].
Besides, PGIS can be limited by substrate-dependent suicide inactivation if there is
adequate conversion of PGH,, the substrate for PGIS, which causes accumulation of
inactivated enzyme [79]. PGI, has been understood to play a role in cardiovascular health
specifically inhibiting platelet aggregation and having powerful vasodilatory effects via
relaxation of smooth muscle [80]. Many PGI, analogues have been successfully used for
therapy in pulmonary arterial hypertension, peripheral occlusive disease, vascular

complication of diabetes mellitus, and treatment of reperfusion injury [81].

The cell surface receptor for prostacyclin is a seven transmembrane
G-protein-coupled receptor termed IP. It is coupled to a guanosine nucleotide-binding
a-stimulatory protein. When activated by PGI,, IP stimulates adenyl cyclase leading to
increased intracellular cyclic AMP (cAMP). Increased cAMP then leads to activation of
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protein kinase A (PKA) and further phosphorylation of key proteins [81]. These actions
culminate in relaxation of smooth muscle, reduced cell proliferation, and other inhibitory
mechanisms. Human IP receptors are present on multiple cell types including platelets,
medullary thymocytes, neutrophils, dendritic cells, eosinophils, T regulatory cells, and
activated T cells [82, 84]. IP receptors are also found on many cell types in the lung such as
macrophages, pneumocytes, smooth muscle cells, and fibroblasts [82, 85]. PPARs,
expressed in adipose tissue, spleen, and large intestines predominately, are thought to be a
downstream of the activated [P membrane receptor and can be stimulated via stable PGI,

analogues [81].

In case of adipocytes, several works have been reported regarding the role
prostacyclin in differentiation of Ob1771 and 3T3-F442A cells [86-90]. However, the

proadipogenic action of PGI, in 3T3-L1 cells is still ambiguous.

1.10 Biological and pathophysiological roles of prostaglandins

Different PGs are produced in cells under the stimulation of metabolic and external
signaling factors and exert biological effects in a paracrine or autocrine manner. They ligate
a sub-family of cell surface seven-transmembrane receptors, G-protein-coupled receptors.
These receptors are termed DP1-2, EP1-4, FP, IP1-2, and TP, corresponding to the ligated
prostaglandin [91]. Depending on the cell type, the activated G protein may stimulate or
inhibit formation of cAMP, or may activate a phosphatidyl inositol signal pathway leading
to intracellular Ca*" release. Instead, PGJ, derivatives act via nuclear receptor PPARy, a

transcriptional regulator of adipocytes differentiation [92-94].

PGD; has marked effect on sleep induction, platelet aggregation, relaxation of
vascular and nonvascular smooth muscle and nerve cell function [75, 95]. PGE; activity
influences inflammation, fertility, gastric mucosal integrity and immune modulation, fever
generation and nociception [96, 97]. Both PGE, and PGI, contribute to the development of
inflammatory erythema and pain. PGI; is a major prostanoids secreted by endothelial cells
and binds to the IP receptors on vascular smooth muscles cells and inhibits vascular
contraction. The IP receptor couples to the Gs proteins and increases intracellular cAMP
concentrations, thus antagonizing the contractile agonists and inhibiting the
mitogen-activated protein kinase (MAPK) pathway. Therefore, PGI, produced by the COX

pathways is important in normal control of vascular homeostasis and thrombosis [98].
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PGF2a causes contraction of vascular, bronchial, intestinal, and myometrial smooth muscle,

and also exhibits potent luteolytic activity [99].

1.11 Prostaglandins modulate adipocyte differentiation

Several lines of evidence indicate that arachidonate metabolites play an important
physiological role in adipose tissue metabolism and development [100]. PGF,. inhibits
differentiation of various preadipose cell lines and primary rat preadipocytes through FP
receptor. In 3T3-L1 cells, FP receptor stimulation causes a transient rise in intracellular
calcium ion concentration, activation of a calcium/calmodulin-dependent protein kinase
(CaM kinase) and an increase in DNA synthesis that is associated with the inhibition of
differentiation [64] and through activation of mitogen-activated protein kinase (MAPK),
resulting in the inhibitroy phosphorylation of of peroxisome proliferators activated receptor
[101]. It also inhibits differentiation of preadipocytes by stimulating synthesis of
transforming growth factor-alpha (TGFa) [102]. While PGE; inhibits the differentiation of
preadipocytes by interacting with EP receptors, mainly EP4 receptor. The differentiation
associated responses in genes such as adipocytokines and enzymes related to lipid
metabolism were largely weakened upon PGE, treatment. In particular, the expression of
PPARy and CEBPa, genes playing a central role in adipogenesis, was greatly suppressed
[103]. PGD,, an unstable product of lipocaline-type prostaglandin D synthase (LPGDS)
enzyme in the COX pathway, is degraded nonenzymatically to form PGJ, series such as
15d-PGJ,, and A-PGJ,. PG, series prostanoids are thought to be natural ligand of PPARY,
expressed at high levels in adipose tissues and is thought to play an important role in the

controlling the differentiation of preadipocytes to adipocytes [60].

1.12 The issues remain to be addressed and aim of the study

COX i1soforms include the constitutive COX-1 and the inducible COX-2. COX-1 is
generally associated with the immediate production of PGs to execute house keeping
functions, such as platelet aggregation and vascular homeostasis, while COX-2 is mostly
responsible for the delayed synthesis of PGs by the induction of the de novo synthesis of
the new enzyme in response to mitogenic and inflammatory factors in pathological tissues.

Adipocyte produces varieties of PGs which might regulate the adipogenic development of
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them [104]. The specificity for the synthesis of PG species depends on the functional
coupling of either COX with the downstream PG synthases expressed in mammalian cells.
A previous study have described that obesity is induced more highly in mice heterozygous
for COX-2 than COX-1 and COX-2 deficient homozygotes and their control littermates
[105]. This observation suggests that COX-2 is implicated in the negative regulation of
adipogenesis in whole body. However, mice heterozygous for COX-1 have not been
described, so that it remains elusive as for the role of COX-1 in adipogenesis and obesity in

Vivo.

In addition, the endogenous prostanoids have complicated role on adipogenesis and
many studies have been conducted on different PGs using different cell lines [106-110].
But, the PGI; has not been studied to a greater extent. This metabolite is a very unstable
and has a very short half-life ranging from 30 seconds to a few minutes. It is rapidly
hydrolyzed to produce stable 6-Keto-PGF, [75, 95]. It should be noted that different cell
types and alterations in the culture conditions of cultured adipocytes and precursor cells
would gave contradictory results on adipogenesis. For example, PGF,, serves as
anti-adipogenic factor in cultured 3T3-L1 cells in contrast to the stimulatory effect on the
adipocyte differentiation of cultured Ob1771 pre-adipose cells as described above
[111-114]. In addition, a previous study observed that the repeated addition of exogenous
PGI; to cultured 3T3-L1 cells inhibited insulin- and indomethacin-mediated adipocyte
differentiation [115]. Earlier, cultured 3T3-L1 cells have been described to generate PGI,
as an immediate response to calcium ionophore A23187 for 5 min or by the incubation with
extracellular arachidonic acid [102]. However, until now the biosynthesis of PGI,, which is
usually quantified as the levels of stable 6-keto-PGF),, has not been monitored
comprehensively at different life stages of adipocytes through the growth, differentiation,
and maturation phases. To clarify theses issues, initiative should be taken to quantify
prostacyclin as 6-Keto-PGF;, and shed light on the role of endogenously synthesized PGI,

for causing the differentiation and subsequent adipogenesis in 3T3-L1 preadipocytes.
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Chapter 2

Cultured preadipocytes undergoing stable transfection with
cyclooxygenase-1 in the antisense direction accelerate adipogenesis

during the maturation phase of adipocytes

1. Introduction

Fat mass in the animal body is progressively enhanced by adipogenesis through
excess food intake, resulting in the increases in the cell number and the size of mature
adipocytes in adipose tissue. The process for the development of mature adipocytes
includes distinct steps, such as the growth phase for the proliferation of preadipocytes, the
differentiation phase for the induction of adipogenesis program, and the terminal
maturation phase for the accumulation of fats due to the stimulated adipogenesis [1-3].
Obesity is characterized by the pathological abundance of hypertrophic adipocytes in
visceral and subcutaneous adipose tissues and the changes in the quality of adipocytes
leading to the onset of insulin resistance and altered secretion patterns of adipocytokines [4,
5]. Hence, understanding of the cellular mechanism underlying the control of the adipocyte
differentiation and adipogenesis by bioactive modulators is important in terms of obesity

and the related diabetes.

Prostaglandins (PGs) and the related compounds classified as autacoids or local
hormones are known to be produced at different life stages of adipocytes and exert their
opposite effects on adipogenesis depending on the type of PG species [6-9]. For example,
PGE, and PGF,, can be generated predominantly by undifferentiated preadipocytes in the
growth phase of cultured 3T3-L1 cells [7, 10]. Both compounds have been shown to act as
anti-adipogenic factors for the differentiation and maturation of adipocytes through the
specific cell surface receptors of the EP4 and FP receptors for PGE, and PGF,,,
respectively [6, 7]. On the other hand, recent studies have revealed that PGs of J, series
including 15-deoxy-A'*'"*-PGJ, (15d-PGJ,) and A'>-PGJ,, the dehydration products of
PGD,, promote adipogenesis in cultured adipocytes as pro-adipogenic factors by the

activation of peroxisome proliferator-activated receptor y (PPARY), a nuclear hormone
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receptor known as a master regulator of adipogenesis [11, 12]. Especially, 15d-PGlJ; is
known to be one of the most potent high-affinity ligand for the PPARy. We have
previously described that cultured 3T3 -L1 cells can enhance the ability to endogenous PGs
of J, series during the later maturation phase and contribute to the up-regulation of
adipogenesis in an autocrine manner [8, 9]. Nevertheless, the effects of PGs on
adipogenesis and related functions of adipocytes remain yet to be elucidated because those
actions are complicated due to the differences in the used cell type and the culture

condition among various approaches.

PGs are synthesized through the arachidonate cyclooxygenase (COX) pathway in
which the enzymatic reaction of PGH synthase alternatively called COX is the rate-limiting
step for the generation of PGs after the release of free arachidonic acid (AA) [13]. The
COX enzyme is known to occur as two types of isoforms, including the constitutive COX-1
and the inducible COX-2. While COX-1 is generally associated with the immediate
production of PGs to execute house keeping functions, such as platelet aggregation and
vascular homeostasis, COX-2 is mostly responsible for the delayed synthesis of PGs by the
induction of the de novo synthesis of the new enzyme in response to mitogenic and
inflammatory factors in pathological tissues. The specificity for the synthesis of PG species
depends on the functional coupling of either COX with the downstream PG synthases
expressed in mammalian cells. A previous study have described that obesity is induced
more highly in mice heterozygous for COX-2 than COX-1 and COX-2 deficient
homozygotes and their control littermates [14]. This observation suggests that COX-2 is
implicated in the negative regulation of adipogenesis in whole body. However, mice
heterozygous for COX-1 have not been described, so that it remains elusive as for the role

of COX-1 in adipogenesis and obesity in vivo.

Cultured mouse preadipogenic 3T3-L1 cells have been useful for the studies on the
regulation of the arachidonate COX pathway and the role of the products in the control of
adipogenesis and other functions of adipocytes because of the established culture
conditions consisted of the growth, differentiation, and maturation phases [15, 16].
Therefore, we have been studying the gene expression of the biosynthetic enzymes of the
COX pathway and the roles for endogenous and exogenous PGs at different life stages
[7-9]. The delayed synthesis of PGE, and PGF,, by cultured preadipocytes can be

simulated by the addition of a mixture of active phorbol diester and calcium ionophore,
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which was accompanied by the induction of COX-2 [7]. Alternatively, our study has shown
that cultured adipocytes during the maturation phase enhance the ability to generate
endogenous PGJ, derivatives and contribute to the up-regulation of adipogenesis [8, 9].
Since both specific inhibitors for COX-1 and COX-2 were found to be effective in the
inhibition of the generation of endogenous PGJ, derivatives, both COX isoforms could be
responsible for the production of them. Some of other studies have reported the selective
inhibitors for COX-1 and COX-2 similarly accelerated the differentiation of 3T3-L1
adipocytes in the modified differentiation medium without dexamethasone in the presence
of a PPARYy agonist [17] or in another culture medium supplemented with free arachidonic
acid [18]. Thus, COX inhibitors sometimes exert different effects on adipogenesis by the
use of modified differentiation medium with varied hormone cocktails. As well, it should
be noted that some of COX inhibitors by themselves act as active ligands for PPARy at

higher concentrations [19].

On the basis of the findings and uncertainties as described above, we attempted to
investigate the contribution of the constitutive COX-1 to adipogenesis during the
maturation phase of adipocytes. For this analysis, we undertook the approach to selectively
suppress the expression of COX-1 by making use of cultured preadipocytes transfected
stably with COX-1 oriented in the antisense direction. The resulting methods have been
shown to be effective for the selective attenuation of COX-2 and lipocalin-type PG
synthase in our recent studies [20, 21]. In this study, we show that sustained expression of
antisense COX-1 selectively block the expression of sense COX-1 and inhibited the
immediate PG synthesis without affecting the induction of COX-2. The resulting
transfectants can promote adiopogenesis at higher levels during the maturation phase than

untransfected parent cells and the transfectants with the vector only.

2. Materials and methods
2.1 Materials

Dulbecco's modified Eagle's medium with 25 mM HEPES (DME-HEPES), penicillin
G potassium salt, streptomycin sulfate, dexamethasone, phorbol 12-myristate 13-acetate
(PMA), calcium ionophore A23187, and recombinant human insulin were obtained from

Sigma (St. Louis, MO, USA). Fetal bovine serum (FBS) was purchased from MP
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Biomedicals (Solon, OH, USA), and Plasmid Mini Kit and PolyFect Transfection Reagent
were from Qiagen (Valencia, CA, USA). 3-Isobutyl-1-methylxanthine (IBMX), the Xbal
restriction enzyme, geneticin disulfate (G418), and Triglyceride E-Test Kit were supplied
by Wako (Osaka, Japan). AA, PGs, COX inhibitors, and rabbit polyclonal antibodies
against murine COX-1 and COX-2 were provided by Cayman Chemical (Ann Arbor, MI,
USA). M-MLYV reverse transcriptase (RT) (ribonuclease H minus) and Polymerase Chain
Reaction (PCR) MasterMix were commercial products of Promega (Madison, WI, USA).
Oligonucleotides used for the reactions of RT and PCR were supplied by Sigma Genosys
Japan (Ishikari, Japan). 96-Well microplates for enzyme-liked immunosorbent assay
(ELISA) were purchased from BD Falcon (Durham, NC, USA). Other chemicals and
materials used for cell culture, RT-PCR, and ELISA were obtained as described earlier [7,

20, 22].

2.2 Cell culture of preadipocytes and the differentiation into mature adipocytes

The preadipogenic mouse 3T3-L1 cells JCRB9014) were plated at 5 x 10* cells/ml
in the growth medium (GM) containing DME-HEPES, 10% FBS, 100 pg/ml streptomycin
sulfate, 100 U/ml penicillin G, and 200 pM ascorbic acid, and then cultured at 37 °C under
7% CO; until confluence. The resulting monolayer cells were exposed to the differentiation
medium (DM) corresponding to GM supplemented with 1 pM dexamethasone, 0.5 mM
IBMX, and 10 pg/ml insulin for 45 h for the induction of the differentiation phase. Then,
the culture medium was replaced with the maturation medium (MM) consisting of GM
with 5 pug/ml insulin, and refed every 2 days to promote the accumulation of fats in
adipocytes during the maturation phase as described earlier [7-9, 23]. For the determination
of fat storage, the cultured cells were usually harvested after 6 days of the maturation phase.
Furthermore, MM was collected during the corresponding period of 8-10 days for the

quantification of J, series PGs as described below.

2.3 Construction of expression vector for COX-1 oriented in the antisense direction

Total RNA was extracted from cultured murine MC3T3-E1 cells and used for the
amplification of mouse COX-1 cDNA coding for the open reading frame by RT-PCR using

specific 5'- and 3'-primers with the Xbal recognition site as described previously [20, 24].
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The amplified DNA fragments were cut with Xbal and ligated to the same site of the
mammalian expression vector, pcDNA3.1(+) with neomycin-resistant gene (Invitrogen,
Carlsbad, CA, USA). To obtain the recombinant plasmid, £. co/i DH5a was transformed
with the ligation product along with ampicillin. After extraction of the recombinant DNA
from the independent single colonies, it was subjected to the analysis of the orientation of
COX-1 cDNA by digesting with unique restriction enzymes. Finally, the desired DNA
fragment was extracted and purified by the Plasmid Mini Kit. The isolated plasmid DNA
was analyzed for the confirmation of the cDNA insert of COX-1 oriented in the antisense
direction by the DNA sequence using a ABI Prism 3100 Genetic Analyzer and the BigDye
Terminator v.1.1 Cycle Sequence Kit (Applied Biosystems, Foster City, CA, USA) [7, 20,
24].

2.4 Isolation of cloned stable transfectants with antisense COX-1

Parent 3T3-L1 preadipocytes were transfected with the mammalian expression vector,
pcDNA3.1(+), harboring the cDNA insert of mouse COX-1 oriented in the antisense
direction or the expression vector only as a control using the PolyFect Transfection
Reagent according to the manufacturer's instructions. The cultured cells were grown in GM
supplemented with 500 pg/ml G418 as described previously [20, 21, 24]. The resulting
stable transfectants were employed for the isolation of cloned cells from single cells by the
limiting dilution method in 96-well microplates or using cloning glass rings in 100-mm
Plastic culture dishes. The isolated independent clones were propagated and analyzed for
the transcript levels of sense and antisense mRNA of COX-1 and protein levels of COX

1soforms as described below.

2.5 Analysis of transcript and protein expression levels

Total RNA was extracted from the cultured parent 3T3-L1 cells and the stable
transfectants at the indicated stages by the method of acid guanidium
thiocyanate/phenol/chloroform mixture [25]. For the specific detection of mRNA levels of
desired mouse genes, total RNA (1 pg) was used for RT-PCR with M-MLYV reverse
transcriptase (ribonuclease H minus) and 1xPCR Master Mix as described earlier [7, 8].

Most of the RT reaction was performed using a mixture of the oligo-(dT)s primer and a
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random primer (9 mer) (Takara, Kyoto, Japan) for the synthesis of single strand cDNA. To
distinguish sense and antisense mRNA levels of mouse COX-1,
5'-TCAGAGCTCAGTGGAGCGTCT-3" as a complementary sequence of terminal sense
COX-1 mRNA and 5'- ATGAGTCGAAGGAGTCTCTCG-3' as a complementary
sequence of terminal antisense COX-1 mRNA were used instead of the oligo-(dT);s primer.
The amplification of target genes was conducted using a combination of 5'-primer and
3'-primer specific for COX-1, COX-2, neomycin-resistant gene, PPARY,
CCAAT/enhancer-binding protein a (C/EBPa), glucose transporter-4 (GLUT-4), leptin,
lipoprotein lipase (LPL), adipocyte protein 2 (aP2), adiponectin, and B-actin as listed
previously [7, 8, 20, 24]. The amplified DNA fragments were separated by 1.5% agarose
gel electrophoresis and stained with ethidium bromide. Moreover, the DNA sequences of

the PCR products were confirmed as reported earlier.

Parent cultured 3T3-L1 cells and transfectants with antisense COX-1 or the vector
only were cultured until 100% confluence in GM. The confluent cells were harvested for
the determination of the protein levels of COX-1 by Western blot analysis using a
polyclonal rabbit antibody raised specifically against mouse COX-1 as reported previously
[7, 20, 24]. For the determination of inducible COX-2 protein levels, the confluent cells
were stimulated for 24 h with a mixture of 0.1 pM PMA and 0.1 uM A23187 in GM. After
the incubation, the cultured cells were harvested for Western blot analysis using a
polyclonal rabbit antibody specific for mouse COX-2 according to our previous methods [7,

20, 24].

2.6 ELISA for PGE,, 15-deoxy-A"*"*-PGJ, (15d-PGJ,) and A’-PGJ,

To monitor the immediate synthesis of PGE,, parent preadipocytes and the
transfectants were grown to 100% confluence in GM and stimulated for 30 min with either
10 uM free AA or 10 uM calcium ionophore A23187. After the incubation, the culture
medium was collected for the quantification of PGE, by ELISA using a monoclonal
antibody specific PGE, as described before [22]. Alternatively, for the determination of
endogenous synthesis of J, series of PGs, parent preadipocytes and the transfectants were
allowed to undergo the differentiation and maturation as described above. During 8-10 days
of the maturation phase, MM was collected and subjected to the quantification of 15d-PGJ,
and A'*-PGJ, by ELISA specific for each of the compounds using specific antibodies raised
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for 15d-PGJ, and A'>-PGJ,, respectively as we reported recently [8, 9].

2.7 Other methods

The content of triacylglycerols in adipocytes was measured by using Triglyceride
E-Test Kit [7, 23]. The amount of cellular proteins in adipocytes was determined according
to the method of Lowry et al. [26] following the precipitation of proteins with cold
trichloroacetic acid to remove the interfering substances [27]. The lipid droplets
accumulated in cultured 3T3-L1 adipocytes were stained with Oil Red O for macroscopic
and microscopic views in culture dishes as reported earlier [23, 28]. Cell number of
cultured cells attached to dishes was counted using a hepatocytometer after treatment with
a mixture of trypsin and EDTA. Quantification of transcript and protein levels of target
genes was performed as described previously [29]. Statistical analysis was evaluated by the
Student's ¢ test, and the values of p<0.05 were used for the consideration of significant

difference.

3. Results

3.1 Isolation of cloned stable transfectants from cultured preadipoytes with antisense

COX-1

To suppress specifically the expression of COX-1, the constitutive isoform, cultured
3T3-L1 preadipocytes were transfected with the mammalian expression vector,
pcDNA3.1(+), having the insert of mouse COX-1 oriented in antisense direction.
Eventually, cloned stable transfectants with antisense COX-1 were independently isolated
after the continued growth by the selection in the presence of G418, a neomycin analogue.
Among these cloned transfectants, we made use of four types of cloned cells termed C-3,
C-7, C-11, and C-21 as representative ones for further characterization of them by the
comparison with untransfected parent cells and the transfectants with the vector only. The
neomycin-resistant gene was consistently expressed in all the isolated clones of the stable
transfectants (Fig. 2-1). By contrast, the gene was not expressed in the untransfected parent

preadipocytes.

We attempted to distinguish the gene expression levels of sense and antisense COX-1
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mRNA by RT-PCR using primers specific for mouse COX-1 sequences after the RT
reaction was performed with unique oligonucleotides as primers complementary to the
respective terminal sequences of sense and antisense COX-1 mRNA. The analysis revealed
that the expression of sense COX-1 was markedly blocked in the transfectants with
antisense COX-1 while its expression was not affected in both untransfected parent

preadipocytes and the transfectants with the vector only (Fig. 2-1).

COX-1-sense _ e

COX-1-antisense

Neomycin
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Fig. 2-1. Transcript levels of sense and antisense COX-1 in untransfected parent 3T3-L1
cells and the transfectants with COX-1 orientated in the antisense direction. Parent 3T3-L1
preadipocytes and the stable transfectants with either the mammalian expression vector only or the
vector having the insert of murine COX-1 in the antisense direction were plated at 5 x 10” cells/ml
in a 60-mm Petri dish containing 4 ml of GM and grown to until confluence. Total RNA was
extracted from cultured cells for the analysis for mRNA levels of sense or antisense COX-1, a
neomycin-resistant gene in the vector, and p-actin as a control. The gene expression levels of sense
and antisense COX-1 were specifically detected by RT-PCR using the corresponding specific
primer complementary to the terminal sequence of either sense or antisense COX-1 mRNA. The
amplified DNA fragments were separated by 1.5% agarose gel electrophoresis and stained with
ethidium bromide. Data are shown from a representative one done in triplicate experiments. Labels:
Parent, untransfected cells; Vector, cloned transfectants with the expression vector only; C-3, C-7,

C-11, and C-21, cloned transfectants with antisense COX-1.
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Fig. 2-2. Protein expression levels of COX-1 and COX-2 in cultured parent cells and the

transfectants with antisense COX-1. Parent preadipocytes and the transfectants were plated and
grown to confluence as described in Fig. 2-1. (A) Western blot analysis of COX-1. After the
confluent cells were harvested, the resulting lysates (20 pg in each lane) were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a 7.5% separation gel, and
then transferred onto polyvinylidene difluoride (PVDF) membrane. The blotted membrane was
used for the detection by a rabbit polyclonal antibody specific murine COX-1. Data are shown from
a representative one done in triplicate experiments. (B) Quantification of the expressed protein
levels of COX-1. The results of (A) were employed for the quantification by the image analysis.
Data represent the mean £ S.E.M. of three independent experiments relative to the average value of
parent cells. *p<0.05 compared with the transfectants with the vector only. (C) Western blot
analysis of COX-2. After the stimulation of the confluent cells for 24 h with a mixture of 0.1 pM
PMA and 0.1 pM A23187, the cell lysates (20 pg in each lane) were harvested, separated by
SDS-PAGE, and transferred on the PVDF membrane as described above. The blotted membrane
was subjected to the detection by a polyclonal antibody specific for murine COX-2. Data are shown
from a representative one done in triplicate experiments. (D) Quantification of the expressed protein
levels of COX-2. The results of (C) were analyzed for the quantification by the image analysis.
Data represent the mean + S.E.M. of three independent experiments relative to the average value of

parent cells.
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On the other hand, all of the stable transfectants with antisense COX-1 showed
clearly the expression of antisense COX-1 mRNA that were not detectable in other control
cells. Moreover, we investigated the protein expression levels of COX isoforms in those
cultured cells by Western blot analysis (Fig. 2-2). Consistent with the results of the
transcription, the protein expression levels of COX-1 were significantly suppressed in the
transfectants with antisense COX-1 (Figs. 2-2A and 2-2B). However, the transfection of
cultured preadipocytes with antisense COX-1 had no effect on the protein expression of the
inducible COX-2 in response to a mixture of PMA and A23187 (Figs. 2-2C and 2-2D). All
of cultured cells showed much lower basal levels of COX-2 without the stimuli, which
were almost similar among the used cultured cells. The basal expression levels of COX-2
were much lower and These findings indicated that we established successfully cloned
stable transfectants unable to specifically express the constitutive COX-1 without the

influence on the expression of the inducible COX-2.

3.2 Immediate generation of PGE,; by parent preadipocytes and the transfectants with
antisense COX-1

The immediate synthesis of PGs is known to involve the enzymatic reaction of the
constitutive COX-1 in response to acute cellular stimuli [13]. To determine whether the
suppressed gene expression of COX-1 could affect the immediate production of PGE, by
the cloned stable transfectants, the cultured cells during the growth phase were allowed to
react for 30 min with 10 uM free AA (Fig. 2-3A) or 10 uM calcium ionophore A23187
serving as an activator of phospholipase A, through the elevation of intracellular Ca**
levels to release free AA from membrane phospholipids (Fig. 2-3B). The quantification of
endogenous PGE; by its specific ELISA provided the evidence that the immediate
synthesis of PGE, from both exogenous and endogenous AA was substantially attenuated
in the stable transfectants with antisense COX-1 under the same conditions as compared
with the parent preadipocytes and the transfectants with the vector only. These results were
consistent with those of the specifically reduced gene expression of COX-1 as described

above.
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Fig. 2-3. Immediate PGE, synthesis by cultured transfectants with antisense COX-1. (A)

PGE, synthesis from exogenous free AA. Parent preadipoctyes and the transfectants were plated at
5 x 10* cells/ml in a 35-mm dish Petri dish containing 2 ml of GM and grown to confluence. The
resulting cultured cells were incubated for 30 min with 10 uM free AA (A) or 10 uM A23187 (B).
The culture medium was collected for the quantification of endogenously synthesized PGE, by its
specific ELISA. Data represent the mean + S.E.M. of three experiments. *p< 0.05 compared with
the transfectants with the vector only after incubation with free AA or A23187.
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3.3 Stimulated storage of fats in transfectants with antisense COX-1 during the

maturation phase

The accumulation of triacylglycerols was determined in the cloned stable
transfectants and the related control cells after 6 and 12 days of the maturation phase (Fig.
2-4A). The quantitative analysis revealed that the stored levels of fats were significantly
higher during both periods of the maturation phase in all the cloned stable transfectants

with antisense

COX-1 than in the parent adipocytes and the vector-transfected cells. On the other hand, no
appreciable difference of cell proliferation was observed between the cloned stable
transfectants and other related control cells when the cell number was monitored after 6 and
12 days of the maturation phase (Fig. 2-4B). Moreover, the observation of microscopic and
macroscopic views of cultured cells before or after staining of fat droplets with Oil Red O
confirmed the elevated levels of stored fats in cloned stable transfectants with antisense
COX-1 (Fig. 2-5A). In addition, the quantitative analysis revealed that the size of fat
droplets in individual cloned transfectants was found to be significantly larger than that in
the parent adipocytes and the vector-transfected cells (Fig. 2-5B). Thus, these findings
obviously confirmed that the stable transfection of cultured preadipocytes with antisense

COX-1 enhance fat storage in cultured adipocytes during the maturation phase.

3.4 Gene expression of adipogenesis markers

Next, we investigated whether the increased accumulation of fats in the cloned
stable transfectants could be associated with the positive regulation of adipogenesis
program after the maturation phase. To determine this involvement, the transcript levels of
well-known adipogenesis markers were evaluated in cultured adipocytes and the related
transfectants after 6 days of the maturation phase (Fig. 2-6). All of the cloned transfectants
with antisense COX-1 expressed higher transcript levels of typical adipogenesis markers,
including C/EBPa, GLUT-4, leptin, LPL, aP2, and adiponectin, under the control of
PPARy as a master regulator of adipogenesis as compared with the parent adipocytes and

the transfectants with vector only (Fig. 2-6A). The quantitative determination confirmed
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Fig 2-4. Storage of fats and cell growth during the maturation phase in cultured
transfectants with antisense COX-1. Parent preadipocytes and the transfectants were plated and
grown to confluence as described in Fig. 2-3. The resulting monolayer cells were allowed to
undergo the differentiation and maturation in DM and MM, respectively. The amount of
accumulated triacylglycerols (A) and the cell number of cultured cells attached to the dishes (B)
were quantified after 6 and 12 days of the maturation phase. Data represent the mean + S.E.M. of
three experiments. *p< 0.05 compared with the transfectants with the vector only after 6 days of the
maturation phase. #p< 0.05 compared with the transfectants with the vector only after 12 days of

the maturation phase.
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Fig. 2-5. Observation of cultured transfectants with antisense COX-1. Parent

preadipocytes and the transfectants were plated and grown to confluence as described in Fig. 2-3.
The resulting monolayer cells were allowed to undergo the differentiation and maturation. (A)
Microscopic and macroscopic views of cultured cells. After 6 days of the maturation phase, the
cultured cells were viewed by phase-contrast microscopy at 200 x magnification (upper panels).
Alternatively, the cultured cells under the same conditions were observed as microscopic views by
differential-interference microscopy (middle panels) or macroscopic views (lower panels) after
staining with Oil Red O. Data are shown from a representative one done in triplicate experiments.
(B) Determination of the size of oil droplets. The average diameter of oil droplets in different cells
was quantified by the image analysis of the cells stained with Oil Red O. Data represent the

mean = S.E.M. (n=30). *p< 0.05 compared with the transfectants with the vector only after 6 days

of the maturation phase.
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Fig. 2-6. Gene expression levels of adipocyte-specific genes in cultured transfectants

with COX-1 orientated in the antisense direction. Parent preadipocytes and the transfectants
were plated and grown to confluence as described in Fig. 2-1. The resulting monolayer cells were
allowed to undergo the differentiation and maturation. After 6 days of the maturation phase, total
RNA was extracted from the cultured cells as described in Fig. 2-1 and subjected to the gene
expression analysis of adipocyte-specific markers including C/EBPa, GLUT-4, leptin, LPL, aP2,
adiponectin, PPARy and B-actin (A). Data are shown from a representative one performed in
triplicate experiments. The quantified transcript levels of leptin (B), aP-2 (C), adiponectin (D), and

PPARy (E) were also represented with the data showing the mean + S.E.M. of three experiments for
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each target gene. *p< 0.05 compared with the transfectants with the vector only after 6 days of the

maturation phase.

that the transcript levels of leptin (Fig. 2-6B), aP-2 (Fig. 2-6C), adiponectin (Fig. 2-6D),
and PPARYy (E) were significantly higher than in the closed cells transfected with antisense
COX-1 than in other control cells. These results indicate that the stimulated fat storage was
tightly linked with the up-regulation of adipogenesis program during the maturation phase

in the stable transfectants with antisense COX-1.

3.5 Endogenous production of J; series PGs by cultured adipocytes and the

transfectants during the maturation phase

PGD; has been shown to undergo the non-enzymatic dehydration to generate PGJ,
derivatives including 15d-PGJ, and A*-PGJ, through PGJ; as an unstable intermediate [30].
These J, series PGs are known to serve as pro-adipogenic factors in cell culture systems of
adipocytes [8, 9, 11, 12]. Here, to assess whether the stimulation of fat storage in the
transfectants with antisense COX-1 could be accompanied by the increases in the
endogenous levels of PGJ, derivatives, we evaluated the ability of cultured cells during the
maturation phase to generate endogenous 15d-PGJ, and A'*-PGJ, by ELISA specific for
each of them. The cloned stable transfectants with antisense COX-1 generated endogenous
15d-PGJ; (Fig. 2-7A) and A'>-PGJ, (Fig. 2-7B) between 8 and 10 days of the maturation
phase at significantly higher levels than parent adipocytes and the transfectants with the
vector only. The increased ability of the transfectants with antisense COX-1 was also
recognized after 2 days of the maturation phase and found to be evident up to 14 days of it.
These findings suggest the contribution of endogenous PGJ, derivatives to the

up-regulation of adipogenesis in the transfectants with antisense COX-1.

4. Discussion

The preadipogenic cultured 3T3-L1 cells have been widely used for the monitoring a series

of cellular processes of cell proliferation, the induction of the differentiation, and the
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Fig. 2-7. Endogenous synthesis of 15d-PGJ,and A'>-PGJ, by cultured transfectants
with antisense COX-1 during the maturation phase. Parent preadipocytes and the transfectants
were plated and grown to confluence as described in Fig. 2-3. The resulting monolayer cells were
allowed to undergo the differentiation and maturation. The culture medium was collected between 8
and 10 days of the maturation phase for the quantification of 15d-PGJ, (A) and A'*-PGJ;, (B) by
ELISA specific for each compound. Data represent the mean + S.E.M. of three experiments.
*p<0.05 compared with the transfectants with the vector only at the corresponding stage of the

maturation phase

maturation process associated with adipogenesis under the controlled conditions [10, 15,
16]. Earlier studies have shown that cultured adipocytes and the precursor preadipocytes

are capable of generating endogenously several types of PGs with opposite effects on
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adipogenesis at different life stage of adipocytes [7-9, 23]. Hence, the roles of PGs in the
function of adipocytes are complicated in addition to the existence of multiple receptors for
each PG species. Cultured 3T3-L1 cells express two types of COX isoforms, the
constitutive COX-1 and the inducible COX-2, as the rate-limiting enzymes for the
arachidonate COX pathway [13]. To evaluate the contribution of each of COX isoforms to
the biosynthesis of PGs in cultured preadipocytes, we have previously shown that the
sustained expression of antisense mRNA of COX-2 can selectively suppress the expression
levels of sense transcript of COX-2 [20]. In this study, we alternatively attempted to apply
this approach to the specific attenuation of the gene expression of COX-1 in the cultured
preadipocytes. The following lines of evidence supported the successful isolation of cloned
stable transfectants with antisense COX-1 to block specifically the expression of sense
COX-1 without affecting the expression of another isoform, the inducible COX-2. At first,
the expression levels of sense mRNA of COX-1 were appreciably reduced and
accompanied by the increased expression of antisense COX-1 mRNA in the desired clones
of the transfectants with antisense COX-1. In contrast, the gene expression of sense COX-1
was not influenced by the stable transfection with the vector only and occurred at the same
levels as that by the parent cells, indicating the exclusion of the artifacts due to the
transfection. Furthermore, the protein expression levels of COX-1 in all the trasfectants
with antisense COX-1 were substantially reduced in agreement with the decreased
transcript levels of COX-1 mRNA. On the other hand, we did not detect a significant
change in the protein expression levels of the inducible COX-2 in response to PMA and

A23187 in all the parent cells and the transfectants.

Previous studies have reported that cultured 3T3-L1 preadipocytes can synthesize
PGE; as one of major cyclooxygenase products through both the immediate and delayed
responses [7, 20, 24, 29]. The immediate synthesis of PGs within 30 min is known to
include the generation of PGs from exogenous 10 uM free AA by the action of the
constitutive COX-1 [13, 20, 24, 31]. As well, we can monitor the immediate production of
PGs by COX-1 after stimulating cultured cells with 10 uM calcium ionophore A23187 to
raise the intracellular concentration of Ca>* which activates cytosolic phospholipase A; to
release free AA from membrane phospholipids [13, 20, 24, 31]. Our study confirmed that
all the immediate synthesis of PGs by the cloned stable transfectants with antisense COX-1

with exogenous AA and A23187 occurred at significantly lower levels than the
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untransfected parent preadipocytes and the control cells transfected with the vector only.
These results reflect the suppressed gene expression of the constitutive COX-1 in the
desired stable transfectants with antisense COX-1 as expected. Recently, we have shown
that cultured 3T3-L1 preadipocytes are capable of stimulating the delayed synthesis of
PGE; involving de novo synthesis of the inducible COX-2 after 24 h of the incubation in
response to a mixture of 0.1 uM PMA and 0.1 uM A23187 [7, 29]. The present study
ascertained that the sustained transfection of preadipocytes with antisense COX-1 did not
affect the delayed synthesis of PGE,; as well as the induction of COX-2 under the
conditions described above. These combined findings firmly support the selective
suppression of the gene expression of the constitutive COX-1 without the artificial

interference with the inducible COX-2 in the cloned stable transfectants.

The growth-arrested cultured preadipocytes can respond to a mixture of IBMX,
dexamethasone, and insulin to induce the differentiation phase characterized as clonal
expansion phase [32, 33], after which the accumulation of fats proceeds due to the
up-regulation of adipogenesis program during the maturation phase under the established
conditions. The present study demonstrated that all the cloned stable transfectants with
antisense COX-1 accumulated triacylglycerols at significantly higher levels than the parent
and the control cells after both 6 and 12 days of the maturation phase. According to the
microscopic and macroscopic views of the cultured cells during the maturation phase, we
obviously observed the increased size of fat droplets inside the cells of cloned transfectants
with antisense COX-1, which became evident within 6 days of the maturation phase.
However, we did not detect any other phenotypic aberrance, suggesting the promotion of
normal adipogenesis program. This notion was supported by the current study revealing the
enhanced gene expression of typical adipogenesis markers, such as GLUT-4, leptin, LPL,
aP2, and adiponectin under the control of PPARy and C/EBPa, the nuclear transcription
factors serving as master regulators of the differentiation of adipocytes [1-3]. On the other
hand, we did not observe any discernible difference between the cloned stable transfectants
with antisense COX-1 and the control cells with respect to the cell growth after the
maturation phase, indicating that the sustained transfection had no effect on the clonal
expansion involving the mitogenic cell cycle prior to normal adipogenesis. Furthermore, it
is also unlikely that the unusual inhibition of basal lipolysis was responsible for the

increased levels of fats stored in the stable transfectants with antisense COX-1.
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PGJ, derivatives including 15d-PGJ, and A'?-PGJ, can be formed by the
non-enzymatic dehydration of PGD;,, one of classical PGs that are biosynthesized by the
COX pathway [30, 34]. These PGs of J, series have been shown to serve as pro-adipogenic
factors in cultured adipocytes during the maturation phase when being administered
exogenously [8, 9]. As well, we have recently reported the ability of cultured adipocytes to
produce increasingly the endogenous synthesis of PGJ, derivatives after the maturation
phase [8, 9, 23]. Our present study also confirmed that the stable transfectants with
antisense COX-1 produced both endogenous PGJ, derivatives at significantly higher levels
compared with the parent cells and the vector-transfected cells. The resulting up-regulation
of the biosynthesis of J, series PGs is more likely to be linked closely with the promotion
of a series of adipogenesis program leading to the maturation of adipocytes. According to
earlier studies, the endogenous synthesis of PGJ, derivatives and the storage of fats have
been shown to be attenuated by both selective inhibitors for COX-1 and COX-2,
respectively, as well as non-selective aspirin and indomethacin if those compound are
added to the culture medium during the maturation phase [8, 23]. These findings imply that
both COX isoforms could contribute to the generation of the endogenous PGJ, derivatives
serving as pro-adipogenic factors in untransfected parent cells. On the basis of the
preceding information, we initially predicted that the suppressed expression of COX-1 in
the stable transfectants with antisense COX-1 could result in the attenuation of fat storage
in adipocytes after the maturation phase. Nevertheless, our cloned stable transfectants with
antisense COX-1 positively regulated the storage of fats and the endogenous synthesis of J,
series PGs. It is conceivable that the inducible COX-2 can compensate for the suppressed
expression of the constitutive COX-1 in the stable transfectants with antisense COX-1 and
is involved in the generation of PGJ, derivatives during the maturation phase. Interestingly,
more recent studies have reported the role of COX-2 in the production of PGD, and PGJ;
derivatives acting as modulators of adipocyte differentiation using COX-2-deficient mice

[35].

It remains unclear about the detailed cellular mechanism by which the stable
transfection of cultured preadipocytes with antisense COX-1 caused the stimulation of

adipogenesis in adipocytes during the maturation phase. Previous studies have revealed that

cultured 3T3-L1 preadipocytes synthesize anti-adipogenic PGs, such as PGE, and PGF,,,,
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by the COX pathways through the immediate and delayed responses [7, 20, 24, 29]. In
particular, EP4, a subtype of the prostanoid receptor for PGE,, is predominantly expressed
during the differentiation phase before the commitment to cultured adipocytes and is

involved in the inhibition of adipocyte differentiation [6]. Therefore, it is plausible that the
decreased levels of PGE, and PGF,,,, synthesized endogenously by our stable transfectants

with antisense COX-1 during the growth phase or the differentiation phase would be
associated with the up-regulation of adipogenesis program during the maturation phase.
Consistent with our idea, Yan et al. [17] have earlier reported that selective inhibitors for
COX-1 and COX-2 accelerate the differentiation of cultured 3T3-L1 cells by adding each
of them in the differentiation medium without dexamethasone, suggesting the role of both
COX isoforms in the negative regulation of adipocyte differentiation. However, it should
be noted that higher concentrations of some COX inhibitors act as active ligands for
PPARYy, a master regulator for adipocyte differentiation [19]. As another potential cellular
mechanism for the influence of COX isoforms on adipogenesis independent of endogenous
PGs, the suppression of the constitutive COX-1 might rescue the inhibitory action of
COX-1 on adipogenenesis program through the activation of NF-kB due to the peroxidase
activity of COX-1 in response to cellular reactive oxygen species [36]. More extensive
studies need to be conducted for the dissection of the specific role of COX-1 in the control

of adipogenesis in adipose tissues.

In conclusion, we were able to specifically suppress the gene expression of the
constitutive COX-1 by isolating cloned preadipocytes transfected stably with antisense
COX-1. The resulting stable transfectants exhibited the marked reduction in the gene
expression of the sense transcript of COX-1, which was followed by the substantial
decrease in the immediate synthesis of PGE,, an anti-adipogenic factor. In sharp contrast,
the gene expression of the inducible COX-2 was not affected. Fat storage was stimulated in
the stable transfectants with antisense COX-1 due to the positive regulation of adipogenesis
program, which was accompanied by the higher production of J, series PGs known as
pro-adipogenic PGs. These findings indicate that remaining COX-2 can contribute to the
endogenous synthesis of those PGJ, derivatives by the COX pathway by compensating for
the suppressed expression of COX-1. The understanding of the cellular mechanism for the

up-regulation of adipogenesis awaits more extensive investigation.
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Chapter 3

Endogenous synthesis of prostacyclin was positively regulated during the
maturation phase of cultured adipocytes

1. Introduction

Adipose tissue serves as fat depot for the storage and mobilization of fats depending
on the necessity of energy requirement. Excess accumulation of fats is well known to
generate obesity characterized by the increases in the number and size of mature adipocytes
due to the enhanced energy intake and the reduced energy expenditure. Therefore, the body
mass is controlled by adipogenesis through the differentiation of adipocytes from
undifferentiated preadipocytes in adipose tissue in vivo. As well, adipocytes function as an
endocrine organ to secrete a variety of bioactive adipocytokines, such as leptin and
adiponection, and are involved in the suppression of food intake and the maintenance of
insulin sensitivity, respectively [1]. By contrast, hypertrophic adipocytes in obese tissues
have been shown to secrete other types of adipocytokines including monocyte
chemoattractant protein-1, interleukin-6, and tumor necrosis factor-o, which are
inflammatory factors to promote macrophage infiltration into adipose tissue with obesity
and generate adipocyte inflammation and insulin resistance [2-4]. For these functional
changes and the control of adipogenesis, peroxisome proliferator-activated receptor y
(PPARY), a nuclear hormone receptor and ligand-activated transcription factor, functions as
a master regulator [5, 6]. Since prostaglandins (PGs) of J, series, a member of bioactive
eicosanoids, have been shown to be the potent natural ligand for the activation of PPARYy [7,
8], much attention has been paid to the role of PGs in the control of adipocyte function.
PGs are generally regarded as local hormones or autacoids that exert their effects on the

neighboring cells in an autocrine or paracrine manner.

Adipocytes and the precursor cells can synthesize different types of prostanoids
with opposite effects on adipogenesis through the arachidonate cyclooxygenase (COX)

pathway [9-12]. In addition, the biosynthesis of individual PG species is specifically
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regulated at different stages leading to adipocytes from undifferentiated preadipocytes.
Mouse preadipogenic 3T3-L1 cells, an established cell line, have been employed as a
useful model system for the study on adipogenesis [13, 14]. The cells can be induced to
undergo spontaneous morphologic and biochemical differentiation into adipocytes in
culture under the controlled culture conditions involving the growth, differentiation, and
maturation phases. PGs of J; series including 15-deoxy-A'*'*-PGJ, and A'>-PGJ, formed
through non-enzymatic dehydration of PGD; serve as members of pro-adipogenic factors
because of their capability of activating PPARy and the effectiveness of exogenous PGJ,
derivatives to promote adipogenesis [7, 8, 15, 16]. We have recently shown that those PGs
of J, series can be synthesized endogenously during the maturation phase of cultured
3T3-L1 cells and contribute to up-regulation of adipogenesis through the activation of
PPARy [15, 16]. Moreover, our studies have revealed that parent PGD, for PGJ,
derivatives can rescue the storage of fats reduced in the presence of COX inhibitors after
the maturation phase. On the other hand, another types of prostanoids exhibit
anti-adipogenic effects through the cell-surface membrane receptors. For example, PGE,
inhibited adipocyte differentiation of cultured 3T3-L1 cells through the mediation of the
EP4 receptor, one of the PGE, receptor subtypes when PGE, was added to both the
differentiation and maturation phases [17]. Alternatively, PGF,, has been reported to inhibit
the differentiation of preadipocytes into adipocytes through the specific FP receptor, which
transmits the cellular signal to phosphorylate PPARy by mitogen-activated protein kinase
[18].

Earlier studies have reported that carbaprostacyclin, a stable analogue of
prostacyclin also called PGI,, stimulates terminal differentiation of Ob1771 mouse
pre-adipose cells in serum-free hormone-supplemented medium [19, 20]. Furthermore,
under the same conditions, they recognized the pro-adipogenic effect of arachidonic acid,
which was blocked by COX inhibitors. According to the ability of those cells to
6-keto-PGF, a stable hydrolysis product of unstable parent PGI,, and PGF,,, those

prostanoids are considered as autocrine mediators in the process of adipose conversion.
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Nevertheless, the pro-adipogenic action of endogenous PGI, remains obscure due to the
instability of PGI; and its uncertainty of effective concentration of the parent form.
Biologically active PGI; is rapidly hydrolyzed to inactive 6-keto-PGF, in most biological
fluids [21]. It should be noted that different cell types and alterations in the culture
conditions of cultured adipocytes and precursor cells would gave contradictory results on
adipogenesis. For example, PGF,, serves as anti-adipogenic factor in cultured 3T3-L1 cells
in contrast to the stimulatory effect on the adipocyte differentiation of cultured Ob1771
pre-adipose cells as described above. In addition, a previous study observed that the
repeated addition of exogenous PGI; to cultured 3T3-L1 cells inhibited insulin- and
indomethacin-mediated adipocyte differentiation [9]. Earlier, cultured 3T3-L1 cells have
been described to generate PGI, as an immediate response to calcium ionophore A23187
for 5 min or by the incubation with extracellular arachidonic acid [10]. However, until now
the biosynthesis of PGI,, which is usually quantified as the levels of stable 6-keto-PGF |,
has not been monitored comprehensively at different life stages of adipocytes through the

growth, differentiation, and maturation phases.

In this study, we obtained an antiserum specific for 6-keto-PGF, and used for the
development of a sensitive, convenient solid-phase enzyme-linked immunosorbent assay
(ELISA) for the quantification of 6-keto-PGF,. After the confirmation of the precision and
accuracy of our ELISA, this immunological assay was applied to the determination of
6-keto-PGF 4 reflecting the endogenous levels of PGI, synthesized by cultured 3T3-L1
cells at different life stages of adipogenesis. We here provided the evidence that cultured
adipocytes at the maturation phase have the highest ability to generate endogenous PGI,; as
determined by 6-keto-PGF,, which was accompanied by the coordinated gene expression
of PGI synthase (PGIS) and the IP receptor for PGI, and then followed by the continuous

promotion of adipogenesis.
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2. Materials and methods

2.1 Materials

Dulbecco's modified Eagle medium with 25 mM HEPES (DMEM-HEPES),
penicillin G potassium salt, streptomycin sulfate, dexamethasone, recombinant human
insulin, and ExtrAvidin-peroxidase conjugate were supplied by Sigma (St. Louis, MO,
USA). Biotin-conjugated rabbit anti-mouse 1gG antibody was purchased from Jackson
ImmunoResearch Laboratories (West Grove, PA, USA). Fetal bovine serum (FBS) was
obtained from MP Biomedicals (Solon, OH, USA). Authentic PGs were purchased from
Cayman Chemical (Ann Arbor, MI, USA). M-MLYV reverse transcriptase (RT)
(Ribonuclease H minus, point mutant) and polymerase chain reaction (PCR) MasterMix
were supplied by Promega (Madison, WI, USA). 3-isobutyl-1-methylxanthine (IBMX), and
Triglyceride E-Test Kit were purchased from Wako (Osaka, Japan). Oligonucleotides used
for the PCR reaction were provided by Sigma Genosys Japan (Ishikari, Japan). 96-Well
microplates for ELISA were purchased from BD Falcon (Durham, NC, USA), and other
Petri dishes and multiwell plates with the Iwaki brand for tissue culture were from Asahi
Glass (Tokyo, Japan). All other chemicals used are of reagent or tissue culture grade. Other
materials and apparatus used for the experiments of cell culture, ELISA and gene

expression were obtained as described previously [12, 15, 16]

2.2 Cell culture of 3T3-L1 cells and adipocyte differentiation

Mouse preadipogenic 3T3-L1 cells (JCRB9014) were plated at 5 x 10* cells/ml in
growth medium (GM) containing DMEM-HEPES, 10% FBS, 100 U/ml penicillin G,
100 pg/ml streptomycin sulfate, and 200 uM ascorbic acid, and then cultured at 37 °C
under 7% CO,. After growth until confluence, the monolayer cells were exposed to the
differentiation medium (DM) composed of GM supplemented with 1 uM dexamethasone,
0.5 mM IBMX, and 10 pg/ml insulin for 45 h. Then, DM was replaced with by maturation
medium (MM) consisting of GM and 5 pg/ml of insulin, and refed every 2 days with fresh
MM as described earlier [11, 13-15]. At the indicated life stage, the resulting culture
medium was collected and used for the determination of 6-keto-PGF;, by ELISA, whereas
the cells were harvested for determination of triacylglycerol and cellular proteins as well as

the staining with Oil Red O as described below.
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2.3 Solid-phase ELISA for 6-keto-PGFy,

A conjugate of 6-keto-PGF, and bovine serum albumin was formed chemically and
employed for the immunization of female BALB/c mice to prepare antisera specific for
6-keto-PGF,4 according to our previous methods regarding the generation of antibodies for
other prostanoids [22-24]. For conducting solid-phase ELISA for 6-keto-PGF,, another
conjugate of 6-keto-PGF,, and bovine y-globulin was prepared and used as an immobilized
antigen attached on the surface of the bottom in a 96-well ELISA microplate. The resulting
immobilized antigen was then allowed to react competitively with 50 ul of a 2 x 10°-fold
diluted solution of a mouse antiserum specific for 6-keto-PGF;, and 50 pl of a solution
containing various amounts of standard 6-keto-PGF, or samples to be tested. The
immunocomplex was furthermore incubated with biotin-conjugated rabbit anti-mouse 1gG
antibody followed by ExtrAvidin-peroxidase conjugate after washing at each step. The
newly formed immunocomplex was finally detected spectrophotometrically by the
measuring peroxidase activity using o-phenylenediamine as a substrate as detailed

previously [22-24].

For validation of the precision in our developed ELISA for 6-keto-PGF,, the
intraassay coefficients of variation were determined in ten replicate 96-wells for each assay
of samples containing 0, 0.01, 0.1, 1, and 10 ng of 6-keto-PGF,,. Additionally, the
interassay coefficients of variation were assessed for five different times over 3 weeks
using five replicate 96-wells containing the same amounts of 6-keto-PGF;,, as described

above.

2.4 Application of ELISA to the determination of endogenous synthesis of
6-keto-PGF,

To determine 6-keto-PGF, in different culture media used for the growth,
differentiation and maturation phases from undifferentiated preadipocytes to mature
adipocytes, the calibration curve was generated separately using each of GM, DM, and MM.
Namely, authentic 6-keto-PGF;, was serially diluted using an equal volume of each fresh
culture medium and the ELISA buffer containing phosphate-buffered saline without Ca**

and Mg”" ions, 0.5% bovine serum albumin and 0.02% NaNj. For the analysis of samples,
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the corresponding culture medium was collected at the indicated time of cell cultures and
diluted 2-fold with the ELISA buffer followed by further dilution by 4-fold and 8-fold with
an equal volume of the respective fresh culture medium and the ELISA buffer. The
resulting diluted samples were placed individually in 96-well ELISA microplates at three
different dilutions in duplicate and processed for the quantification of 6-keto-PGF, by the
specific ELISA. To obtain the final concentration of 6-keto-PGF, in the corresponding
culture medium for an unknown sample, the values read within the range of 10-90% of the
binding from the calibration curve were used for calculation of the average value of each

sample after the multiplication by dilution folds.

For the evaluation of the accuracy of our ELISA in the quantification of
6-keto-PGF, in the respective culture medium, each of fresh GM, DM, and MM was
fortified with known amounts of authentic 6-keto-PGF),, and then subjected to ELISA for
6-keto-PGF after serial dilutions (2-fold, 4-fold, and 8-fold) to give an equal-volume
mixture of the same culture medium and the ELISA buffer as described above. The
resulting samples were subjected to the quantification of 6-keto-PGF,, by ELISA and the

subsequent regression analysis between added values and measured ones.

2.5 Gene expression analysis

Total RNA was extracted at different stages of adipocytes using a mixture of acid
guanidium thiocyanate, phenol and chloroform [12, 15, 16]. For the analysis of gene
expression of a target gene, total RNA (1 pg) was subjected to amplification of each
desired DNA fragment by RT-PCR with M-MLYV reverse transcriptase (Ribonuclease H
minus, point mutant) and 1x PCR Master Mix as reported previously [12, 15, 16]. In order
to perform the RT reaction for producing single stranded cDNA, oligo-(dT);s and a random
9 mer (Promega) were used as primers. The cDNA fragments for the target genes were
amplified by PCR in a semi-quantitative manner. Oligonucleotides used for detecting
mRNA levels of PGIS were 5'-ATGAAGCCGACGCTCATGCAC-3' as 5'- primer and
5'-GAAACAGGCTGCTCTGCTTG-C-3" as 3'-primer. The transcription levels of [P
receptor were detected using 5'-TGAGCCCTGCAGTGTTTGTGG-3' as 5'- primer and
5'-GAAGCCTCGGATCATGAGAGG-3' as 3'-primer. The amplified DNA fragments were

separated by electrophoresis on a 1.5% agarose gel and stained with ethidium bromide. For
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confirming the target gene, the DNA sequences of the PCR products were determined
using ABI Prism 3100 Genetic Analyzer following the reaction with BigDye Terminator
v.1.1 Cycle Sequence Kit (Applied Biosystems, Foster City, CA, USA) as reported earlier
[12,25].

2.6 Other procedures

For quantification of the amounts of triacylglycerols in cultured adipocytes, the
homogenates from the cells harvested at different stages were subjected to the assay of
triacylglycerols using Triglyceride E-Test Kit as reported earlier [12, 15, 16]. Cellular
proteins were determined after precipitating with cold trichloroacetic acid to remove
interfering substance according to the method reported previously [11, 12, 25]. The
accumulated lipid droplets were observed as macroscopic and microscopic views by

staining cultured cells with Oil Red O as described previously [11, 12, 15, 16].

3. Results
3.1 Development of a solid-phase ELISA specific for 6-keto-PGF,

PGI; is known to undergo rapid conversion to 6-keto-PGF, as the stable hydrolysis
product in neutral solutions [26, 27]. Therefore, to monitor specifically the endogenous
synthesis of PGI; in cultured cells, the target for the measurement should be 6-keto-PGFj,.
Here, we attempted to develop a sensitive solid-phase ELISA for 6-keto-PGF,, using the
immobilized antigen in 96-well microplates. Among several mice used for the
immunization with the BSA conjugate of 6-keto-PGF,,, a mouse polyclonal antiserum
highly reactive with the immobilized antigen was obtained and used for the development of
the ELISA for 6-keto-PGF,,. After extensive optimization of the conditions of the ELISA
procedures, a standard calibration curve was established allowing us to determine the
amounts of 6-keto-PGF, from 0.8 pg to 7.7 ng in an assay corresponding to 90% and 10%
of the maximal binding of the immobilized antigen, respectively (Fig. 3-1). This assay also

gave a standard value of 38 pg at the 50% displacement in the typical calibration curve.

To validate the precision of our solid-phase ELISA for 6-keto-PGF,, we
determined the intraassay and interassay coefficients of variation under the established

standard assay conditions. The analysis of the intraassay coefficients of variation provided
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Fig. 3-1. Calibration curve of solid-phase ELISA for 6-keto-PGF,,. Binding percentage

of the immobilized antigen is plotted against increasing amounts of authentic 6-keto-PGF |,

values ranging from 2.2% to 8.6% with five groups of ten replicate assays for each group in
the range of 0-10 ng/well of authentic 6-keto-PGF,,. In addition, the interassay coefficients
of variations were evaluated by repeating the measurements five times using five groups of
five replicate assays for each group containing the range of 0-10 ng/well, giving values
ranging from 2.2% to 7.2%. The specificity of mouse polyclonal antibody used for the
current ELISA was examined by the immunoreaction with increasing amounts of other
prostanoids and free arachidonic acid (Fig. 3-2 and 3-3). Our ELISA for 6-keto-PGF,
exhibited almost no cross-reaction, with values of less than 0.1% with other prostanoids
except PGF,,, with a cross-reaction of 1.5% (Table 3-1). The findings indicated that our
antiserum used for the development of our solid-phase ELISA was specific for

6-keto-PGF,, and useful for the quantification of the target molecule.

3.2 Endogenous synthesis of 6-keto-PGF, and fat storage at different life stages of
adipocytes

To monitor the endogenous synthesis of 6-keto-PGF |, reflecting the biosynthesis of

PGI; at different life stages of adipocytes-the growth, differentiation, and maturation
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phases, our solid-phase ELISA specific for 6-keto-PGF;, was applied to the quantification
of 6-keto-PGF,, in the corresponding culture medium of each phase. Initially, we evaluated
the accuracy for the determination of 6-keto-PGF, by our solid-phase ELISA by fortifying
with increasing concentrations of authentic 6-keto-PGF |, in the fresh culture medium using
either GM, DM, or MM. The resulting immunological assays of all of the different culture
media showed a satisfactory, linear proportionality between added amounts and read values.
Accordingly, the least-regression analysis of the MM supplemented known amounts of
6-keto-PGF, in a range of 0-200 pg/ml revealed the relationship with a calculated recovery
of 103% (y= 1.03x — 0.0965) (Fig. 3-4). The resulting methods were employed for the
determination of endogenous synthesis of 6-keto-PGF ), at different life stages of cultured
3T3-L1 cells from undifferentiated preadipocytes to the adipocytes after 14 days of the
maturation phase (Fig. 3-5). The ability of cultured 3T3-L1 cells to generate endogenous
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Fig. 3-2. Chemical structures of prostanoids and arachidonic acid used for

determining the cross-reaction with them of mouse antiserum raised for 6-keto-PGF,,
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6-keto-PGF,, was found to be much higher during the maturation phase of adipocytes than
other growth and differentiation phases. The highest levels were observed in the MM

harvested during the periods of 4-6 days after the maturation phase of adipocytes.

Table 3-1. Cross-reaction of mouse antiserum for 6-keto-PGF1oa with other

prostanoids and arachidonic acid

Compound Cross-reaction (%)*
6-Keto-PGF1a 100
PGF2a 1.5
PGE, 0.1
PGA, <0.1
PGB, <0.1
PGD, <0.1
11-B-PGF2a <0.1
8-iso-PGF2a <0.1
Arachidonic acid <0.1
Thromboxane B, <0.1

*ELISA was performed under the standard conditions for 6-keto-PGF1a in the presence of
increasing amounts of prostanoids and free arachidonic acid. The amount of each compound to be

tested for 50% binding was compared with that of standard 6-keto-PGF i«

When we monitored the progression of adipogenesis at different life stages of
adipocytes under the same culture conditions as described above, the storage of fats was
found to increase gradually up to 14th day of the maturation phase as revealed by the
increased amounts of triacylglycerol (Fig. 3-6A) and by the marked staining of lipid
droplets with Oil Red O at microscopic and macroscopic views (Fig. 3-6B). The
observation raised the possibility that the endogenous synthesis of parent PGI; as
determined by the levels of 6-keto-PGF,, might contribute to the promotion of
adipogenesis of adipocytes during the maturation phase since the production of
6-keto-PGF preceded the stimulated accumulation of fats in adipocytes, which was more

evident after 6 days of the maturation phase.
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Fig. 3-3. Cross-reaction of mouse antiserum for 6-keto-PGF,, with other prostanoids and
arachidonic acid. A fixed amount of immobilized antigen in each 96-well ELISA microplate was
incubated with a 2 x 10°-fold diluted solution of a mouse antiserum for 6-keto-PGF,, in a total
volume of 100 pl together with each of increasing amounts of each authentic prostanoid and free
arachidonic acid under the established condition. The values of the binding percentage were
subjected to the logit transformation in the ordinate to give the linearized straight lines. All of the

data are plotted in duplicates. AA, arachidonic acid; TXB,, thromboxane B,

3.3 Gene expression of PGIS and IP receptor during the maturation phase

Cultured 3T3 cells have been shown to express the arachidonate COX pathway
involving two types of COX isoforms, constitutive COX-1 and inducible COX-2, which
are involved in the biosynthesis of different prostanoids with opposite effects on
adipogenesis [12, 15]. For the endogenous synthesis of PGI,, the arachidonate COX
pathway requires PGIS, the biosynthetic enzyme using PGH, as the substrate, which is the
product of COX isoforms. In addition, PGI, exerts its biological activity through the

specific PGI, receptor, the IP receptor [28, 29]. Here, we investigated the gene expression
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profiles of PGIS and IP receptor during the maturation phase of adipocytes (Fig. 3-7). The
analysis revealed that the transcript levels of both PGIS and IP receptor increased gradually
and reached the highest levels after 6 days of the maturation phase although the gene
expression of them was detectable at earlier stages including growth and differentiation
phases. However, their mRNA levels at the differentiation phase were found to be much
lower than other phases, presumably due to the presence of dexamethasone or IBMX in
DM. These results suggest that the enhanced gene expression of PGIS was responsible for
the stimulation of the PGI, synthesis as determined by the production of 6-keto-PGF,
during the maturation phase as described in Fig. 3-5. As well, a co-expression of IP
receptor in a similar way could effectively contribute to the action of PGI, synthesized

endogenously by adipocytes during the process of adipogenesis.

200

100

Measured 6-keto-PGF,, (pg/ml)

0 100 200
Added 6-keto-PGF,, (pg/ml)

Fig. 3-4. The accuracy for the quantification of 6-keto-PGF, in the maturation medium of
cultured adipocytes. The fresh maturation medium to be used for cultured adipocytes was fortified
with increasing amounts of authentic 6-keto-PGF,in a range of 0-200 pg/ml. The resulting samples

were diluted and applied to the quantification of 6-keto-PGF;, by ELISA
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Fig. 3-5. Endogenous synthesis of 6-keto-PGF, by cultured adipocytes at different life
stages of adipocytes. 3T3-L1 cells were plated at 5 x 10" cells/ml in a 35-mm Petri dish containing
2 ml of GM, and grown to the confluence. The confluent cells were exposed to DM for the
induction of the differentiation phase, and then matured to terminal differentiation up to the 14th
day of the maturation phase by changing MM every 2 days. At the indicated time, the culture
medium was collected and subjected to the quantification of 6-keto-PGF;, by ELISA. Data

represent the mean + S.E.M. of three independent experiments

4. Discussion

A role of prostacyclin PGI; as a potent inhibitor of platelet aggregation and a
powerful vasodilator is well established in the blood vascular system [21]. In adipose tissue,
earlier studies have described that carbaprostacyclin, a stable analogue of prostacyclin,
promotes terminal differentiation of cultured mouse OB1771 preadipose cells and
3T3-F442A cells under serum-free culture conditions [19, 20]. Nevertheless, until now the
endogenous synthesis of PGI, has not been determined quantitatively at different life stages

of adipocytes from the growth, differentiation, and maturation phases. PGI, is a
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Fig. 3-6. Accumulation of fats by cultured adipocytes during the maturation phase. 3T3-L1
cells were plated and grown to the confluence as described in Fig. 3-5. The confluent cells were
exposed to DM for the induction of the differentiation phase, and then matured to terminal
differentiation up to the 14th day of the maturation phase by changing MM every 2 days. At the
indicated time, the cultured cells were harvested to determine the accumulation of triacylglycerols
(A). Data represent the mean £ S.E.M. of three independent experiments. Alternatively, the
unstained cultured cells were viewed by phase-contrast microscopy (upper panels), or the cultured
cells after staining with Oil Red O were observed by differential-interference microscopy (middle

panels) as well as macroscopic views (lower panels) (B). Data are shown from a representative one

done in replicate experiments. Scale bar, 50 um
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Fig. 3-7. Gene expression of PGIS and IP receptor at different life stages of adipocytes.
3T3-L1 cells were plated at 5 x 10* cells/ml in a 60-mm Petri dish containing 4 ml of GM, and
grown to the confluence. The resulting cultured cells were differentiated and matured to terminal
differentiation up to the 10th day of the maturation phase by changing MM every 2 days. At the
indicated time, total RNA was extracted from the cultured cells at different life stages of adipocytes
and subjected to the analysis of mRNA levels of PGIS, IP receptors and B-actin (reference). Data

are shown from a representative one done in replicate experiments

well-known unstable product generated by the arachidonate COX pathway and converted
rapidly to 6-keto-PGF,, by spontaneous hydrolysis [27]. Hence, to monitor the endogenous
synthesis of PGI,, the target of the measurement should be a stable 6-keto-PGF although
this compound is biologically inactive. In order to apply the quantification of 6-keto-PGF,
as a measure of the endogenous levels of PGI; in different culture media used for
adipogenesis of cultured 3T3-L1 cells, we currently attempted to develop a sensitive
solid-phase ELISA specific for 6-keto-PGF, in biological fluids. This immunological
assay using the immobilized antigen is a convenient and useful method that can be used for
the measurement of many samples at the same time with low-cost instruments. Our
solid-phase ELISA was found to be sensitive enough to quantify the amount of over 1 pg in
an assay that corresponds to the concentration of 20 pg/ml in a biological fluid in our
system. In this study, we also demonstrated that our immunological assay was specific for

6-keto-PGF,, due to with a very low cross-reaction of the antibody with other prostanoids
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and the related compounds, with values of less than 0.1%. Thus, the sensitivity and
specificity of our assay were almost comparable with other ELISA for each of 15d-PGlJ,
and A'2-PGJ, using its specific antiserum as reported recently [15, 16]. As long as cultured
3T3-L1 cells are used for the generation of PGI,, the end product is more likely to be
6-keto-PGF,, without further metabolism to other products, since there are no further
oxidation systems in adipocytes and the related precursor cells, which is different from

blood circulation system in vivo.

To monitor the endogenous production of 6-keto-PGF,, derived from PGI, at
different life stage of adipocytes, we employed three types of culture media including the
GM, DM, and MM corresponding to the growth, differentiation, and maturation phases,
respectively. Hence, it is crucial to demonstrate that non-specific interference can be
excluded in individual assays with different culture media. We tried to verify the accuracy
of our ELISA for the quantification of 6-keto-PGF;, by generating the calibration curve
using an ELISA buffer mixed equally with the desired culture medium. The resulting
analysis provided the evidence that the measured values of 6-keto-PGF, in the culture
medium were linearly correlated with those fortified with increasing amounts of the
authentic compound in the respective one. The findings indicated that we successfully
confirmed the accuracy of our ELISA for the determination of the levels of 6-keto-PGF,, in
the individual culture media used for life stages leading to adipogenesis in cultured
adipocytes. The combined results led us to know that non-specific interference was not
detectable in our immunological assays for 6-keto-PGF, due to the presence of various

components in different culture media.

After confirming the validity of our developed solid-phase ELISA, we applied our
developed solid-phase ELISA to the determination of endogenous synthesis of
6-keto-PGF, at different life stages of cultured 3T3-L1 cells leading to adipocytes from
undifferentiated preadipocytes. In this study, we showed that preadipocytes at the growth
phase produced 6-keto-PGF, reflecting the endogenous synthesis of PGI,. However, when

the cultured cells were induced to undergo the differentiation phase, the synthesis of
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6-keto-PGF,, was suppressed substantially. This suppression is considered to be due to the
presence of dexamethasone in DM, a well-known anti-inflammatory synthetic compound
acting through the glucocorticoid receptor [30]. Once DM was removed and cells were
refed with MM every 2 days, adipocytes were found to recover the ability to synthesize
6-keto-PGF, after the maturation phase of adipocytes, exhibiting the highest level during
the periods of 4-6 days. Then, the capability of cultured adipocytes to generate
6-keto-PGF,, was gradually attenuated at later maturation phase while the stimulation of
fat storage was more evident in later maturation phase. This up-regulation of the
endogenous synthesis of 6-keto-PGF, was consistent with our current data on the gradual
increase in gene expression levels of PGIS responsible for the synthesis of PGI, from PGH,
with the highest level after 6 days of the maturation phase. We have already reported the
gene expression of biosynthetic enzymes in the arachidonate COX pathway necessary for
the formation of PGH; from arachidonic acid in cultured 3T3-L1 adipocytes [15]. These
include cytosolic phospholipase Aa for the release of free arachidonic acid from
membrane phospholipids and COX isoforms for the oxygenation of free arachidonic acid to
generate PGH», such as the constitutive COX-1 and the inducible COX-2. Thus, both COX

isoforms appear to be involved in the generation of PGI, during the maturation phase.

Previous studies have described the synthesis of PGI, by cultured 3T3-L1 cells as
determined by the amount of 6-keto-PGF,,. For example, an earlier study has described
that rapidly growing cultured 3T3-L1 preadipocytes can produce PGI; as an acute response
to the stimulation with the calcium ionophore A23187 or incubation with exogenous
arachidonic acid [10]. According to this study, the capability to form PGI, was lower in
cultured adipocytes than preadipocytes. Alternatively, Xie et al. [31] have documented the
reduced levels of 6-keto-PGF;, in 3T3-L1 adipocytes compared with preadipoctyes.
However, the development stages of cultured cells and the culture conditions used were not
specified in that study. In contrast, [32] have reported gradual increase in the generation of
6-keto-PGF, after cultured 3T3-L1 cells had been induced to the differentiation phase for

two days in the presence of IBMX, dexamethasone, and insulin. The reason of the
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discrepancy might be explained by differences in their culture conditions, sampling periods,
or assay methods. Neither of the above studies determined the endogenous synthesis of
6-keto-PGF, at different life stages continuously from undifferentiated preadipoctyes to
mature adipocytes. On the other hand, we found that the ability of cultured cells to generate
6-keto-PGF,, was reduced when the cells were shifted from the growth phase to the
differentiation phase. Instead, the up-regulation of the endogenous synthesis of
6-keto-PGF,, was observed markedly during the maturation phase, which was
accompanied by the enhanced gene expression of PGIS. As a separate cell culture system,
Ob1771 pre-adipose cells have been used for the synthesis of prostanoids including PGI,
although the changes in the capability of cells to form PGI, were not monitored at the
different stages of adipogenesis [31]. In this case, cultured cells were maintained in
serum-free hormone-supplemented medium. Therefore, the culture conditions are largely

different from our culture conditions of 3T3-L1 cells.

We found the highest capability of cultured adipocytes to endogenously synthesize
6-keto-PGF, reflecting PGI, around the periods of 4-6 days during the maturation phase.
Following this endogenous synthesis of PG, the accumulation of fats occurred more
increasingly at later maturation phase. Moreover, the gene expression of the cell surface IP
receptor was closely linked with the generation of PGI, and the transcript levels of PGIS.
Considering these findings, endogenously synthesized PGI, appears to potentially
contribute to the positive regulation of adipogenesis in an autocrine manner. In support of
this idea, we have recently reported that well-known COX inhibitors including aspirin and
indomethacin attenuated fat storage during the maturation phase. However, we have
recently shown that other pro-adipogenic prostanoids including J, series PGs were
generated during the maturation phase [15, 16]. Hence, the up-regulation of adipogenesis is
not explained solely by the action of PGI,. Furthermore, since biologically active PGI; is
an unstable compound in biological fluids, the effectiveness of intact PGI, remains yet to
be determined during the maturation phase of adipocytes. Nonetheless, it is conceivable

that the endogenous PGI, could partly be efficacious to up-regulate adipogenesis through
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its IP receptor. Just recently, we have noticed that specific IP agonists can partly rescue the
inhibition of adipogenesis in the presence of indomethacin or aspirin. As well, specific
antagonists for the IP receptor were able to attenuate fat storage during the maturation
phase under our experimental conditions (data not shown). Although the cell line and the
culture conditions are different from the ones used in the present study, earlier studies have
reported that carbaprostacyclin, a stable analogue of prostacyclin, stimulated the terminal
differentiation of Ob1771 pre-adipose cells in serum-free hormone-supplemented medium,
indicating the pro-adipogenic action through the IP receptor [19, 20]. In these studies, they
did not show any results using a natural PGI; itself presumably due to the instability of this
prostanoids. Interestingly, a recent study using a cell-based reporter gene assay in HEK-293
cell lines stably expressing the IP receptor has reported that PPARy, a master regulator of
adipogenesis, is activated through the IP receptor via a cAMP-independent mechanism by
stable prostacyclin analogues [33]. Another study has described that fat mass gain is
suppressed in [P-deficient mice compared with wild-type mice when mother mice were fed
high-fat diet rich in linoleic acid, indicating the contribution of the signaling through the IP
receptor to adipose tissue development [34]. Thus, the modulation of adipogenesis by PGl
analogues through the IP receptor is more likely to occur in cultured cells or adipose tissues.
In addition, the present study support the potential idea that the increased synthesis of
endogenous prostacyclin by adipocytes during the maturation phase can stimulate
adipogenesis in an autocrine manner by interacting with its specific IP receptor, the
expression of which is regulated coordinately with PGIS. The resulting signaling process
would involve the indirect activation of PPARY, a master regulator of adipogenesis.
However, much work remains to be done regarding the role of naturally occurring PGI,

itself in adipogenesis in terms of an autocrine or paracrine control.

In conclusion, we have developed a sensitive solid-phase ELISA specific for
6-keto-PGF, a stable hydrolysis product of an unstable parent PGI; called also
prostacyclin. Our ELISA was validated for the application to the quantification of

6-keto-PGF 4 reflecting the biosynthesis of PGI; at different life stages of adipogenesis. We
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revealed that biosynthesis of PGI, was up-regulated at the highest levels around after 4-6
days after the maturation phase of adipocytes, which was accompanied by the gene
expression of PGIS and the IP receptor. Following these responses, the accumulation of
fats occurred increasingly at later maturation phase. These findings provided the useful
information on the generation of endogenous thesis of PGI, and raised the potential role of
this prostanoid as one of the pro-adipogenic factors in an autocrine manner in cultured
adipocytes. Thus, the biosynthesis of prostacyclin can be used as a biomarker of adipocyte

differentiation.
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Chapter 4

Conclusion

We have conducted a comprehensive study on the role of COX-1 in adipogenesis.
Here, we were able to specifically suppress the gene expression of the constitutive COX-1
by isolating cloned preadipocytes transfected stably with antisense COX-1. The resulting
stable transfectants exhibited the marked reduction in the gene expression of the sense
transcript of COX-1, which was followed by the substantial decrease in the immediate
synthesis of PGE,, an anti-adipogenic factor. In sharp contrast, the gene expression of the
inducible COX-2 was not affected. Fat storage was stimulated in the stable transfectants
with antisense COX-1 due to the positive regulation of adipogenesis program, which was
accompanied by the higher production of J, series PGs known as pro-adipogenic PGs.
These findings indicate that remaining COX-2 can contribute to the endogenous synthesis
of those PGJ; derivatives by the COX pathway by compensating for the suppressed
expression of COX-1. The understanding of the cellular mechanism for the up-regulation of
adipogenesis awaits more extensive investigation.

Besides, we performed another study on Prostacyclin alternatively called
prostaglandin (PG) L,. Earlier the biosynthesis of PGI, has not been determined
comprehensively at different life stages of adipocytes. We have developed a sensitive
solid-phase ELISA specific for 6-keto-PGF,,, a stable hydrolysis product of an unstable
parent PGI; called also prostacyclin. Our ELISA was validated for the application to the
quantification of 6-keto-PGF 4 reflecting the biosynthesis of PGI, at different life stages of
adipogenesis. We revealed that biosynthesis of PGI, was up-regulated at the highest levels
around after 4-6 days after the maturation phase of adipocytes, which was accompanied by
the gene expression of PGIS and the IP receptor. Following these responses, the
accumulation of fats occurred increasingly at later maturation phase. These findings
provided the useful information on the generation of endogenous thesis of PGI, and raised
the potential role of this prostanoid as one of the pro-adipogenic factors in an autocrine
manner in cultured adipocytes. Thus, the biosynthesis of prostacyclin can be used as a

biomarker of adipocyte differentiation.
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Summary

The present study was undertaken to conduct cell science studies regarding role of
cyclooxygenase (COX)-1, the constitutive COX isoform, in adipogenesis and biosynthesis
of prostacyclin called also prostaglandin (PG) I, at the maturation phase of adipocytes
using cultured preadipogenic cells with the ability to differentiate into adipocytes. PGs are
synthesized through the arachidonate COX pathway in which the enzymatic reaction of
PGH synthase alternatively called COX is the rate-limiting step for the generation of PGs
after the release of free arachidonic acid. The COX enzyme is known to occur as two types
of isoforms, including the constitutive COX-1 and the inducible COX-2. Cultured mouse
preadipogenic 3T3-L1 cells have been useful for the studies on the regulation of the
arachidonate COX pathway and the role of the products in the control of adipogenesis and
other functions of adipocytes because of the established culture conditions consisted of the
growth, differentiation, and maturation phases. Therefore, | have been studying the gene
expression of the biosynthetic enzymes of the COX pathway and the roles for endogenous
and exogenous PGs at different life stages.

The arachidonate COX pathway is involved in the generation of several types of
endogenous PGs with opposite effects on adipogenesis at different life stages of adipocytes.
However, specific role of COX isoforms, the rate limiting enzymes for the pathway,
remains elusive in the regulation of the endogenous synthesis of PGs. This study was aimed
at the selective suppression of the constitutive COX-1 in cultured preadipocytes by the
isolation of cloned preadipocytes transfected stably with a mammalian expression vector
harboring cDNA encoding mouse COX-1 in the antisense direction. The gene expression
analysis revealed that the transcript and protein levels of the constitutive COX-1 were
substantially suppressed in the isolated cloned transfectants with antisense COX-1. By
contrast, the expression of the inducible COX-2 was not affected in the stable transfectants
with antisense COX-1. All the cloned stable transfectants with antisense COX-1 exhibited
the significant reduction in the immediate synthesis of PGE, serving as an anti-adipogenic
factor. The sustained expression of COX-1 at the antisense direction induced the
appreciable stimulation of fat storage in adipocytes during the maturation phase, which was
associated with the higher expression levels of adipocyte-specific genes, indicating the
positive regulation of adipogenesis program. Moreover, the up-regulation of adipogenesis

is accompanied by higher production of J, series PGs including 15-deoxy-A'*'*-PGJ, and
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A"?-PGIJ, known as pro-adipogenic factors by the transfectants with antisense COX-1. The
results suggest that the inducible COX-2 can contribute to the endogenous synthesis of
PGJ; derivatives acting as autocrine mediators to simulate adipogenesis during the
maturation phase by way of compensation for the suppressed expression of the constitutive
COX-1.

Prostacyclin alternatively called PGI; is an unstable metabolite synthesized by the
arachidonate COX pathway. Earlier studies have suggested that prostacyclin analogues can
act as a potent effector of adipose differentiation. However, biosynthesis of PGI, has not
been determined comprehensively at different life stages of adipocytes. PGI; is rapidly
hydrolyzed to the stable product, 6-keto-PGF,, in biological fluids. Therefore, the
generation of PGI, can be quantified as the amount of 6-keto-PGF,. In this study, I
attempted to develop a solid-phase ELISA using a mouse antiserum specific for
6-keto-PGF,,. According to the typical calibration curve of the current enzyme-linked
immunosorbent assay (ELISA), 6-keto-PGF), can be quantified from 0.8 pg to 7.7 ng in an
assay. The evaluation of this ELISA revealed the higher specificity of my antiserum
without the cross-reaction with other related prostanoids while it exhibited only the
cross-reaction of 1.5% with PGF,,. The resulting ELISA was applied to the quantification
of 6-keto-PGF,, generated endogenously by cultured 3T3-L1 cells at different stages. The
cultured cells showed the highest capability to generate 6-keto-PGF,, during the maturation
phase of 4-6 days, which was consistent with the coordinated changes in the gene
expression of PGI synthase and the IP receptor for PGI,. Following these events, the
accumulation of fats was continuously promoted up to 14 days. Thus, the present
immunological assay specific for 6-keto-PGF, is useful for monitoring the endogenous
levels of the unstable parent PGI;, at different life stages of adipogenesis and for further
studies on the potential association with the up-regulation of adipogenesis in cultured

adipocytes.
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Summary in Japanese

A Bl OWFFEIE, BRI~/ b3 2 81 & ReoniBEIE NG M IERE 2 Fhv < BENG
BRI T D v 7 adF 47— (COX) -1, T72bpbH, fkiy7i COX 7 A
VT A — LAOER E VORI B TS TR b 750y (PG) L & B
Ins7m 247 ) o OAGRICET MR R AT 5 2 & AT, PGs
X, B4 COX & &IEHTI D PGH A kIR OREFR BSOS S BRI D i % O PG
HOEROHAEEETH DT 7% Uik COX K E I LTAEARSND, O
COX BRI HAEMED COX-1 LFHEMD COX-2 DL H 7R 2 OO DT A VY 7 +
—LELTIET D Z ENHMLNTWD, BEEMEO~ 7 AFIERENHRTH 25
3T3-L1 Mfaid, AEFW. 0 baha ], sl o 722 DS SR RO T2,
7 7 Fx N COX #RIE DR & Ie MR B ft oo R MR OB O Hil N2 351 F
HAGHED OEN T DDA Th -2, Tl z, FAX, COX #REEDAE
BRREERE OB TRBLCRIR D T4 7 25— TOWNRME K OSMANE PG 3E O E|
AR L CTE =,

7T ¥ KU COX &KX, IRHIIaD R 5 T A 7 27— TR AR I
B2 DR R TR ONNRME PG EHOARICEE T 5, Lo, NIAME PG
DAEGHHTICBIT S, ZORBEOHEBFE DML TH D COX T A Y 7 4 —LD
Fi )72 EE A O E ETH D, RO RL W, 7o F o A MR L
7o A COX-1 ZH5 51T % cDNA Z AR A TIHILEMW DI BT ¥ — TLE
FEHL LU T2 7w — ALRTERIEN G 2 R 2 2 & T s aliBRIE M < oo WA M
D COX-1 ZBRHNTINHIT 5 = L Tholo, FOBMGFIBOMMTIC LY . HAE
P COX-1 DEFPEW) & & RV BOIRBL L~ VL, T »F 1R COX-1 TIHERR
P CHBES e 7 v — ARl TH EICHH S ve, TBRMIZ, 3588 COX-2
DIEBLUL, T o F A COX-1 TLERPEBMIL TR L2 T oo, 7
VIR COX-1 TEREIFEIM S L3~ CToMiaix, IRV ko il
K+ & UTIEHT % PGE, DRI R ARG D LWE T &R Lie, 7o Fty
AFFIANT COX-1 Z 2 EITIEHT D & A TRV CONRNIERO AR
RENTHE v, EiuX, IBVMERE RO Z2E8E O L 0 BORE L ~LIZBfR L
T, FOZ 2%, BIRIRIERER 7 2 75 AOEOME Z R L TW5E, S5,
NENSAIE R O ORMEIL. 7 v F B 2D COX-1 1T L A IBBEIEHMC X 5
MR OIE N+ & LT b b 15-5 4 F -APPGI, *° A-PGI, D L 9
LYY =D PGHD I mWEREMH > T\, TRHORELD, FHEMED
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COX-2 A3, WAEMED COX-1 OFEBUMG 232 2 Lok v . Ao EIRE
Rk E et 25 B O WED A 7 ¢ =—% — & UTER$ 2 NIKM: PG, #55(kD
ERRICERTE A Z EZREL TN,

B4, PGl ERFENA T a XA Z Y4 7 Uik, 7 7% R COX RRIEICE VA&
B INDNEERRHMED TH D, URIOMRIZED, TaxFZH 142710 DA
AR PENAMIL O3 b DTS e R - & LTIEH TE D2 Z ENRIBE SN TN S
L L., PGL DAL, BRI O R 2 5 A 7 27— TREML *ﬁﬁ#éiﬂ’(b\
720, PGL X, EROEIERT TLREFEW D 6-/7 1 -PGF 1, \ @B KIE S D,
Zivp x, PGL AKX, 6-7 M-PGF D& L L TERT HZ ENTE S, A5
TliX, FAE. 6-4 D-PGF o (X3 2 R M 722~ o AHUMIE % o CEFE b s il E
1% (ELISA) ZB¥d 5 Z & Zilkdr/z, 4Hd ELISA O MR HEdh# T, 6-
7 N-PGF ZHIEH =D 08pg /5 7.7ng £ TERTE S, Z O ELISA OFHIIZ
L0, BOMER L-fuiiFix, o7 m 2% 7 A REEWE L1F & A ERZERIGE
ZR & F PGFy {2 LT 15% DR ERIMEZ TR T DHTHD Z ENHLINIR -
7=, FOREE. A\ ELISA X, B/ 2EEpEe 3T3-L1 B2z L v AR sns
WNIKME: 6-4 - -PGF o OERICHEH L7, ARFEMIIZE Y MO 4-6 H DR T
6-7 b-PGF 1, ZERRT DRESI DN IR b a2 2R ENT, ZORPIL, PGl ARkl
FR PGL KT 2 1P LB AROBISFIRELDO i) R AN —F LT\, Zib
DG DO%, RVEREZ. 14 B Tl f@g =nz, -7, 6-7 F-PGFq

(23T 2 R B 7 A Bl OSe RE A RNE T, IBIFMIER DR D T4 T AT —
TOREERTLD PGL, DKM AL L~ 232, B M8 M o B H R
R COIEDOFE & O 2BHIZONWT I LR 52T 208 TH D,
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