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ABSTRACT

This thesis examined the effects of three nonsteroidal anti-inflammatory drugs
(NSAIDs),

acetylsalicylic

acid

(ASA),

flurbiprofen

(FLU),

and

flurbiprofen-

nitroxybutylester (FLU-NO), on the production of prostaglandins (PGs), nitric oxide
(NO),

and

tumour necrosis factor-a

(TNFa)

from endotoxin-activated J774.A1

macrophages. Although all three NSAIDs inhibited PG production, only FLU was able
to increase cyclooxygenase (COX-2) protein induction. All three compounds inhibited
NO production, but FLU and FLU-NO increased whereas ASA reduced inducible NO
synthase (iNOS) protein expression. In addition, certain NSAIDs either increased COX2transcription, decreased iNOS transcription, or had no effect. The NO donor SIN-i
also increased PG synthesis, and exogenous PGE2 inhibited COX-2 expression and PG
synthesis but upregulated iNOS expression and NO production. Furthermore, ASA and
FLU-NO further increased TNFa synthesis compared to endotoxin-stimulated controls,
while FLU did not.

These studies demonstrate that COX-2 and iNOS expression in

activated macrophages are influenced by NSAIDs, PGs, and NO.
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CHAPTER 1: INTRODUCTION

1.1 Background
There are many mediators involved in the defense of the gastric mucosa.
Among those most strongly implicated are the prostaglandins (PGs), produced by the
enzyme cyclooxygenase (COX; PG G/H synthase; PG endoperoxide synthase), and
nitric oxide (NO), produced by the enzyme NO synthase (NOS) IIMacNaughton et al.
1989; Whittle et al. 1990]. The precise interaction between these two compounds is very
complex, and the mechanisms by which nonsteroidal anti-inflammatory drugs
(NSAIDs) regulate their production appear to be even more intriguing. In addition, not
only do PGs and NO elicit similar vasoactive effects on nearby endothelial and smooth
muscle cells, thereby exerting adirect effect on the gastric microcirculation, they may
also regulate the synthesis and release of other proinflammatory cytokines, such as the
pleiotropic glycoprotein tumor necrosis factor-a (TNFa).

1.2 Macrophages As Alarm Cells
Macrophages play avariety of different roles in the immune system, functioning
as direct effector cells against pathogens, as phagocytes, and as immunoregulatory cells
either through their acquired ability to process and present antigens or to release
different mediators locally or systematically [Marcinkiewicz et al. 1995]. For instance,
these alarm cells are the primary effector cells in septic and endotoxic shock [Geisel et al.
1994]. The aim of these and other immunocytes is to limit the entry of foreign matter
into the systemic circulation.

Microorganisms or other antigens trapped by tissue

2

bound macrophages activate these cells, causing them to acquire additional capacities
and

functions

in

a multi-step

process.

In

particular,

endotoxin

(LPS;

lipopolysaccharide), alipopolysaccharide component of the cell walls of gram-negative
bacteria, induces macrophage protein and eicosanoid synthesis [Fu et cii. 1990].

The

activated cells can produce TNFa, reactive oxygen-derived intermediates (e.g. NO and
the peroxynitrite anion ONOO-), or various soluble immunoregulatory factors (e.g.
complement factors or PGs) [Akarasereenont et cii. 1995; Geisel et cii. 1994; Riese et cii.
1994].

Subsequently, the activation of macrophages in vitro and in vivo can lead to

increased lysis of target tumor cells, normal nucleated cells, and syngeneic red blood
cells [Ralph and Nakoinz 1977]. It should be noted that the significance of macrophages
as asource of PGs is underscored by their unusually high arachidonic acid (AA; 20:4)
content, their ability to synthesize adiverse array of PGs, and their strategic location as
the resident inflammatory cells in most organs [Wilbom et cii. 1995].

1.3 The COX Isozymes
The enzyme COX is amembrane-bound, heme-containing glycoprotein that is
localized primarily in the endoplasmic reticulum and exists as a dimer of 70-72 kDa
subunits [Picot et al. 1994; Roth et al. 1980; Simmons et cii. 1991].

This hemeprotein

interacts with the membrane via amotif of amphipathic helices positioned parallel to
the plane of the membrane [Picot and Garavito 1994]. This unique membrane-binding
motif is fixed in space by an epidermal growth factor-like module on its amino-terminal
end and by the catalytic domain at its carboxy-terminal end [Picot et cii. 1994; Picot and
Garavito 1994]. X-ray crystallography suggests that COX integrates into only one leaflet

3

of the lipid bilayer and is thus amonotopic membrane protein [Picot et al. 1994]. The
four alpha helices of the membrane binding domain form a collar, which is also the
mouth of the cyclooxygenase active site, allowing the hydrophobic substrate AA to
move from the membrane to the enzyme active site without being exposed to bulk
solvent [Allen 1995]. Due to its close association to biological membranes, detergents
are needed to extract this glycoprotein and to maintain it in asolubilized state [DeWitt
et al. 1990; Picot and Garavito 1994; Roth et al. 1980].
As depicted in Figure 1.1, COX utilizes the substrate AA released from
membrane phospholipids by the enzyme lipoxygenase.

COX possesses two heme-

dependent enzymatic activities: (1) afatty acid bis-oxygenase (cyclooxygenase) activity
which catalyzes the oxygenation of AA to the hydroperoxy cyclic endoperoxide PGG2
(15-hydroperoxy-9a,lla-peroxidoprosta-5,13-dienoic acid), and (2) aperoxidase activity
which utilizes two electrons to reduce PGG 2 to the corresponding alcohol PGH2.PGH2
is then further metabolized by other enzymes to PGs, prostacyclin, and thromboxane A2
(Figure 1.1) [DeWitt et al. 1990; Roth et al. 1980]. An interesting feature of COX is that,
following the conversion of PGG2 to PGH2,it is rapidly autoinactivated, leading to
severe curtailment of product formation [Sanduja et al. 1994]. Thus, stimulation of PG
synthesis by agonists is self-limiting because of this rapid inactivation of COX [Lee et al.
1992].
Recent biochemical and pharmacological data suggest the existence of two
isoforms of cyclooxygenase, both of similar molecular weight, which share about 60%
amino acid identity [Kujubu et al. 1991; O'Banion et al. 1992]. The current dogma is that
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Figure I.I. Biosynthetic pathway for cellular prostanoid formation. See text for
explanation. Abbreviations: AA, arachidonic acid; COX, cyclooxygenase; 02, molecular
oxygen; PG, prostaglandin; TX, thromboxane.
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COX-1, the originally described form of the enzyme which was first isolated and cloned
from sheep seminal vesicle [Helmer and Lands 1976; Merlie et at. 1987], is the
constitutive isoform present in most cells and tissues. This enzyme is not regulated by
glucocorticoids and is probably involved in the basal production of PGs necessary for
cell-cell signaling and maintaining regular physiological functions [Kennedy èt at. 1993;
Masferrer et al. 1994; Picot et at. 1994; Riese et at. 1994]. COX-1 is encoded by a2.7 to 2.8
kilobase (kb) mRNA transcript [Simmons et al. 1991; Wu et at. 1991]. The more recently
described

isoform,

COX-2,

is

induced

in

the

context

of

inflammation

proinflammatory cells (e.g. monocytes, macrophages, and fibroblasts).

in

This does not

rule out the possibility that it too may also be constitutively expressed. However, the
synthesis and expression of this enzyme has been demonstrated to be augmented by
agents such as phorbol ester, growth factors, interleukin 13, interleukin 2, and LPS [Fu et
at. 1990; Masferrer et at. 1994; Seibert et at. 1994; Szczepanski et al. 1994]. Unlike COX-1,
expression of this isoform is attenuated by anti-inflammatory steroids or cyclosporin
[Kujubu et at. 1993; Lee et al. 1992; Masferrer et at. 1990; O'Banion et at. 1992]. COX-2,
which is encoded by a4.1 kb mRNA [Kujubu et at. 1991; O'Banion et at. 1992; Simmons
et at. 1991], also exhibits regulatory characteristics typical of immediate early genes
[Ryseck et at. 1992]. Such gene products are thought to be important participants in a
host

of processes

related to cellular physiology, whether it be proliferation,

differentiation, or storage of amemory [Herschman 1991; Wilborn et at. 1995].

6
1.4 The Products of COX
Inflammation is mediated by the release of chemicals from tissues and migrating
cells [Vane and Botting 1987]. In addition to the loss of function, inflammation at a
particular site within the body is characterized by heat, redness, swelling, and pain.
Prostanoids, the AA metabolites formed as aresult of COX activity, are mediators that
in some way or another have been implicated in all of these processes. Acting locally in
a paracrine or autocrine fashion, prostanoids are powerful modulators of many
physiological processes including vasodilation, vasoconstriction, blood clotting (platelet
aggregation), renin release, and inflammation [Bunting et cii. 1976; Gerritsen and Bloor
1993; Picot et cii. 1994; Tateson et cii. 1977]. Synthesis of PGs has also been implicated in
the pathogenesis of cancer, cardiovascular disease, and inflammatory diseases [Gilman
et cii. 1993; Gustafson-Svard et cii. 1996; Sano et cii. 1995].

Thus inhibition of their

production by nonsteroidal anti-inflammatory drugs (NSAIDs) is postulated to be the
basis for the therapeutic as well as the undesirable side effects of these agents [Vane
1971].
PGs fall into several main classes, designated by letters and distinguished by
substitutions on the cyclopentane ring.

For instance, PGs of the E and D series are

hydroxy ketones, while the Fa PGs are 1,3-diols [Gilman et cii. 1993]. PGE2 is the major
product of most microvessel-derived endothelium [Gerritsen and Bloor 1993], and its
effects on inflammation have been well characterized [Wilborn et cii. 1995]. PGE2 has
proinflammatory effects such as vasodilation. PGE2 also has antiinflammatory effects
such as inhibition of proliferation, differentiation, and function of leukocytes, etc., and
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suppression of cytokine synthesis [Gilman 1993; Kunkel et al. 1988; Riese et al. 1994;
Watanabe et al. 1994; Wilborn et al. 1995]. The vascular synthesis of PGI2 (prostacyclin)
and PGF2 is primarily associated with large vessel-derived endothelium [Gerritsen and
Bloor 1993; Lindberg et al. 1994].

COX-1 forms PGI2,which leads to relaxation of

vascular smooth muscle and subsequent arterial relaxation [Bunting et al. 1976;
Lindberg et al. 1994], similar to PGE2. PGI2 has also been demonstrated to be
antithrombogenic if released by the endothelium and cytoprotective if released by the
gastric mucosa [Moncada et al. 1976; Whittle 1977]. In contrast to PGE2 and PGI2,PGF2a
and Thomboxane A2 are potent vasoconstrictors [Lindberg et al. 1994].

Platelet

prostanoid metabolism (due only to the presence of COX-1) favours the production of
thromboxane A2 [Gerritsen and Bloor 1993].

1.5 NSAIDs Nonselectively Inhibit PG Synthesis from Both COX Isozymes
NSAIDs are among the most widely prescribed drugs. Almost all of the agents
available are prescribed because of their effective anti-inflammatory, analgesic, antipyretic, and, at least in the case of aspirin, antithrombotic properties [Wallace 1994].
The use of NSAIDs to reduce pain, suppress fever and block inflammation demonstrate
the importance of PG production in both normal and pathophysiological situations.
However, NSAIDs cause acute and chronic gastropathy, manifested as gastric
bleeding, ulceration, alterations in gut motility, emesis, and diarrhea [Lichtenstein et al.
1995]. The mechanisms by which NSAIDs promote mucosal damage are unclear but
they may relate, in part, to inhibition of the enzyme responsible for the generation of
mucosal protective prostanoids, namely the enzyme COX [Whittle et al. 1980].

It is

8
generally thought that most NSAIDs inhibit the initial cyclooxygenase reaction
catalyzed by COX by binding to the long, hydrophobic channel making up the active
site of the enzyme [Ouellet and Percival 1995; Picot et al. 1994].

This mechanism,

however, does not rule out the existence of other regulatory pathways such as the
effects of these agents at the level of gene expression.

The current belief is that

prostanoids produced by COX-1 are involved in the maintenance of regular cellular
physiology whereas those produced by COX-2 are involved in inflammatory processes
[Ouellet and Percival 1995].

Several available NSAIDs are known to inhibit PG

production from both COX isoforms equipotently:

the inhibition of "housekeeping"

prostanoid synthesis from COX-1 (with the exception of suppression of platelet PG
synthesis) by these agents may explain their undesirable side effects such as gastric and
renal damage [Mitchell et al. 1994]. Recent reports describing COX-1 [Langenbach et al.
1995] and COX-2 [Morham et al. 1995; Dinchuk et al. 1995] deficient mice appear to
suggest otherwise. Langenbach et al. [1995] demonstrated that lack of COX-1 did not
cause spontaneous gastric ulceration, but decreased indomethacin-induced ulceration.
If NSAIDs caused gastric damage through the inhibition of COX-1, these results were
the opposite of what were expected. The lack of COX-2 also did not cause spontaneous
stomach ulceration, and its absence had no effect on inflammatory responses to AA
[Morham et al. 1995; Dinchuk et al. 1995]. However, the investigators of these newer
studies only correlated their findings with the absence of COX-1 or COX-2, and not
other enzymes or factors which could have been upregulated for survival of the COX
deficient animals.

9

Intensive efforts are currently being made to develop selective inhibitors of
COX-2 in order to maintain the anti-inflammatory and analgesic properties of NSAIDs
while eliminating the gastric and renal toxicity. Examples of these compounds include
the aryl methyl sulfonyls DuP 697 and CGP 28238 and the aryl methyl sulfonamides
NS-398 and L-745,337 [Chan et al. 1995; Copeland et al. 1994; Klein et al. 1994]. Despite
the results seen in COX deficient animals, these efforts are still based on the hypothesis
that these agents will inhibit COX-2 when it is induced at sites of inflammation or in the
central nervous system in response to interleukin-1 or LPS, but will not inhibit the PG
synthesis in the stomach, kidney, or other tissues where COX-1 is constitutively
expressed. According to Melarange et al. [1994], an ideal COX inhibitor should thus
have activity at the site of inflammation but have little or no activity at other sites,
especially those at which prostanoids may have beneficial effects.

1.6 NO and Its Relationship to PG Synthesis
There is emerging evidence suggesting a relationship between NO and PG
synthesis [Marotta et al. 1992; Rettori et al. 1992; Salvemini et al. 1993; Swierkosz et al.
1995; Tsai et al. 1994]. NO, produced from the terminal guanidino group of L-arginine
by the enzyme nitric oxide synthase (NOS; see Figure 1.2), is important in many
physiological processes such as neural transmission, regulation of blood pressure and
vascular tone, platelet aggregation, and anti-bacterial defenses [Drappier and Hibbs
1988; Ignarro 1987; Kwon et al. 1991; Tetsuka et al. 1994; Tsai et al. 1994; Sautebin et al.
1995].

In addition, bacterial LPS and/or cytokines induces macrophages (as well as

smooth muscle cells, mesangial cells, endothelial cells, fibroblasts, hepatocytes, etc.) to
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02

L-Arginine

L-Citrulline

Figure 1.2. Biosynthesis of NO and L-citrulline from L-arginine and molecular oxygen
by the enzyme NOS in amammalian cell. All NOS isoforms known to date are heme
proteins, utilize the substrate L-arginine, and require the cofactors reduced
nicotinamide-adenine-dinucleotide phosphate (NADPH), 5,6,7,8-tetrahydrobiopterin
(BH4); flavin-adenine-dinucleotide (FAD); and flavin-mononucleotide (FMN). This
illustration is amodified version of adiagram presented by Forstermann [1994].
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express NOS isozyme II or iNOS (130 kDa), the inducible and calcium-independent
form of the enzyme [Forstermariri 1994; Lorsbach et cii. 1993; Pfeilschifter and Vosbeck
1991; Vane et cii. 1994]. Not only does the resulting increase in NO produced by this
enzyme contribute to the circulatory failure associated with sepsis or hemorrhage [Vane
et cii. 1994], it also has cytostatic effects on parasitic microorganisms and tumour cells by
inhibiting ribonucleotide reductase, iron-sulfur cluster enzymes involved in electron
transport, and cis-aconitase (in the Krebs cycle) [Drapier and Hibbs 1988; Hibbs et al.
1987; Kwon et cii. 1991]. NO thus appears to target hemeproteins.
Since NO and NO donors have been found to modulate PGE2 synthesis in
several cell types including cultured macrophages, fibroblasts, and astroglial cells
[Salvemird et cii. 1993; Tsai et cii. 1994; Molina-Holgado et cii. 1995], it has been
hypothesized that NO has adirect stimulatory effect on COX, itself ahemeprotein. In
support of this, NOS inhibitors decreased AA-induced vasodilation in LPS-injected rat
skin [Warren et cii. 1992] and, more recently, suppressed edema and PG biosynthesis in a
model of AA-induced paw edema in the rat [Sautebin et cii. 1995].

Furthermore,

stimulation of PGE2 synthesis has been observed after addition of the NO donor sodium
nitroprusside to hypothalamic and uterine tissue [Franchi et cii. 1994; Rettori et cii. 1992].
Thus, the catalytic activity of COX potentially could be modulated by direct interaction
with NO [Tsai et cii. 1994]. The reciprocal effect of PGs on NO synthesis, however, has
not been studied in great detail. It is also worth noting that the mechanisms involved in
the increased synthesis of PGs and NO during inflammation are complicated by the
interaction between the products of the two systems and by the cytokines used for
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induction [Akarasereenont et al. 1995].

For example, NO and PCI2 prevent platelets

from adhering to the vascular endothelium, possibly through asynergistic action of NO
with PGI2 [Radomski et al. 1987]. The release of both compounds by endothelial cells is
stimulated by thrombin and ADP [Lindberg et al. 1994].

1.7 PGs (and Thus NSAIDs) Regulate TNFa Release
TNFa is acytokine produced mainly by macrophages that:

(a) binds to high

affinity receptors present on adipocytes, thereby suppressing the production of
lipoprotein

lipase

(cachectin

activity)

and

transcription

of glycerol phosphate

dehydrogenase; (b) enhances neutrophil-mediated antibody-dependent cytotoxicity; (c)
augments neutrophil (PMN) phagocytosis and superoxide anion production; (d)
induces osteoclastic bone resorption, (e) stimulates IL-i and PGE2 synthesis by resting
macrophages;

(f) augments collagenase and PGE2 production by fibroblasts; and (g)

modulates the proliferation of numerous human and murine cell lines [Kthtkel et al.
1986; Kunkel et al. 1988; Le and Vilcek 1987]. The varied effects of this macrophagederived hormone suggest a pivotal role for TNFa during bacterial infection and/or
chronic disease states [Kunkel et al. 1988]. It is interesting to note that macrophages
apparently must synthesize TNFa after their activation.

In contrast, mast cells store

large amounts of TNFa [Gordon and Galli 1990].
PGE2 is generally accepted to be anegative feedback effector of TNFa synthesis,
as LPS-induced TNFa production by murine macrophages was augmented by the COX
inhibitor indomethacin [Kunkel et al. 1986; Kunkel et al. 1988]. In fact, administration of
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exogenous PGE2, acting through acAMP-mediated mechanism, decreased TNFa mRNA
expression [Kunkel et al 1988].

NO may also play a direct regulatory role on TNFa

release, in addition to any indirect effects via activation of COX. NO production by
mast cells potentiates TNFa-mediated cytotoxicity [Bissonette et al. 1991], as shown
previously in cultured peritoneal macrophages where ongoing protein synthesis is
necessary to produce NO [Higuchi et al. 1990]. In addition, Marcinkiewicz et al. [1995]
recently demonstrated that NO enhanced the release of both ThlFo and IL-la from
freshly isolated mouse macrophages. Similar results were found in Kupffer cells, the
resident macrophages of the liver [Harbrecht et al. 1995]. Thus, evidence exists which
suggests that, in addition to acting as an effector molecule, NO itself may directly act as
an immunoregulatory mediator.

1.8 Hypothesis
In light of the previous findings, it is hypothesized that macrophages, in
response to bacterial invasion or infection, upregulate COX-2 expression to increase
synthesis of PGs.

The increase in COX-2 activity can in turn be influenced by the

administration of NSAIDs or by increased synthesis of NO by NOS, which is also
upregulated in response to bacterial invasion. Suppression of PG synthesis by either
mechanism then leads to increased TNJPa release.
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CHAPTER TWO: OBJECTIVES AND GENERAL MATERIALS AND METHODS

2.1 Objectives
The overall objective of these studies was to determine the relationship among
PG synthesis, NO production, and TNFa release in activated macrophages. The specific
objectives were as follows:
1.

To determine the effect of various NSAIDs on COX-2 and iNOS protein

expression in LPS-treated macrophages. Can LPS-induced expression of COX-2 and
iNOS in macrophages be prevented by the NSAIDs? If so, do these NSAIDs act at the
level of protein expression or at the level of catalytic activity?
2.

To determine whether various NSAIDs regulate COX-2 and iNOS gene

expression. Which drugs act at the level of transcription?
3.

To correlate any relationship between COX-2 activity and iNOS activity in

stimulated macrophages. Does NO regulate PG synthesis, or vice versa? If NO exerts a
regulatory effect, through what intracellular mechanism is it acting?
4.

To determine the effect of modified COX-2 and iNOS activity on TNFa

production. What effect does inhibition of COX-2 and/or iNOS have on the production
of TNFa?

2.2 General Methods and Materials

2.2.1 Cell Culture
The murine macrophage cell line J774.A1 was used in all studies.

These cells

were originally derived from a female BALB/c/NIH mouse in 1968 during a
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plasmacytoma induction program [Ralph et al. 1975], and were shown to exhibit the
macrophage properties of adherence, morphology, receptors for immunoglobulin and
complement, and antibody dependent lysis of target cells [Ralph et al. 1975; Ralph and
Nakoinz 1975]. Comparison of these cells to normal murine peritoneal macrophages by
Kaplan and Morland [1978] revealed that the morphology and immunoglobulin and
complement receptor functions of 3-day old unstimulated J774 cells resembled LPSstimulated peritoneal macrophages.

It was also found that LPS gave rise to more

efficient phagocytosis by the J774 cells.

Other studies demonstrated that the

collagenase-degrading activity of J774 cells was equivalent in magnitude to that seen in
normal cultured macrophages [Morland and Kaplan 1978].

However, the basal

intracellular levels of two lysosomal enzymes, acid phosphatase and 13-glucuroriidase,
and their extracellular release were higher in J774 cells than in normal macrophages,
indicating that the tumor cells were more "activated" [Morland and Kaplan 1978].
Moreover, these cells were found to be damaged by LPS concentrations above 1jig/ml;
LPS concentrations equal to or less than 1jig/ml inhibited cell proliferation, but were
not toxic [Kaplan and Morland 1978].

Since stimulation of both normal and

transformed macrophages seems to trigger non-stereotypic responses which are
dependent on the stimulus, the overall conclusion from these studies was that the J774
cells were comparable to stimulated non-transformed mouse macrophages [Kaplan and
Morland 1978; Morland and Kaplan 1978].

Immunocytochemistry staining for both

COX isoforms performed by Dr. Keith Sharkey verified that J774 cells were suitable for
studying LPS-induced COX-2 expression (Figure 2.1).
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Quiescent

LPS-Stimulated
Figure 2.1.
COX-2 staining of stimulated and unstimulated J774.A1 macrophage
monolayers fixed on slide coverslips. 24 hr prior to fixation, stimulated cells received
LPS at afinal concentration of 0.1 jig/ml. COX-2 primary antibody was provided by
Merck Frosst (Pointe-Claire Dorval, QC, Canada). Secondary antibody was sheep antirabbit Cy3 (Sigma Chemical Co., St. Louis, MO).
-
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For all of the studies presented in this thesis, J774.A1 cells were maintained in
RPMI

1640

cell

media

(supplemented

with

10%

fetal

calf

serum

and

1%

streptomycin/penicillin) and were grown to confluence at 37°C and 5% CO2 before each
experiment. Cells were either cultured in Falcon 24-well plates and Falcon 100 mm X 20
mm petri dishes under sterile conditions.
As many of the compounds tested may have had cytotoxic effects at the
concentrations used, trypan blue staining for cell viability was also performed on
control and drug-treated cells after each experiment.

Only the effects of those drug

concentrations at which greater than 80% viability was observed were included in this
thesis.

2.2.2 Agents Tested
Cyclohexiniide (CHX), actinomycin D (ACT D), acetylsalicylic acid (ASA),
salicylic

acid

(SA),

flurbiprofen

(FLU),

aminoguanidine,

indomethacin,

and

prostaglandin E2 (PGE2)were all obtained from Sigma Chemical Co. (St. Louis, MO).
Dexamethasone (DXM) was purchased from Sabex (Boucherville, QC, Canada).
Flurbiprofen-nitroxybutylester (FLU-NO) was obtained from NicOx Ltd. (Milan, Italy).
3-morpholinosydoniniine hydrochloride (SIN-1) was obtained from BIOMOL Research
Laboratories, Inc. (Plymouth Meeting, PA). NGnitroLarginine methyl ester (L-NAME)
and its corresponding D-enantiomer D-NAME were obtained from Bachem Bioscience
(Torrance, CA).
Each agent was first dissolved in cell medium or an appropriate organic solvent
such as dimethyl sulfoxide (DMSO; Sigma Chemical Co., St. Louis, MO) or ethanol
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before being aseptically filtered through a 0.2 gm acrodisk filter (Gelman Sciences,
Montreal, QC, Canada). CHX, ACT D, DMSO, SIN-1, L-NAME, and D-NAME stock
solutions were prepared with fresh medium. In contrast, the stock solutions of ASA,
SA, FLU, and FLU-NO were prepared in DMSO, and the stock solution of PGE2 was
prepared in ethanol. Each solution was prepared fresh before each experiment, and the
concentrated stock was serially diluted in cell medium until the final desired
concentration was obtained.

2.2.3 Other Materials
Cell lines J774.Ai and WET-II 164 were purchased from the American Tissue
Type Collection. The LPS used for macrophage activation was phenol extracted from
Salmonella typhosa and purchased from Sigma Chemical Co. (St. Louis, MO; Catalogue
#L-6386).

For Western analysis, the specific primary antibody for murine COX-2

originated from rabbit and was purchased from Cayman Chemical Co. (Ann Arbor, MI).
The primary antibody for murine iNOS originated from mouse and was purchased from
Transduction Laboratories (Lexington, Kentucky). According to the manufacturers, this
antibody was generated from a21 kDa protein fragment corresponding to amino acids
961-1144 of mouse iNOS.

The appropriate alkaline phosphate-conjugated secondary

antibodies were purchased from Sigma Chemical Co. (St. Louis, MO). All the necessary
primers for RT-PCR have been purchased from the University of Calgary Primer
Synthesis Laboratory (Calgary, AB, Canada). During our initial studies, the GAPDH
primers used for RT-PCR were generously supplied by Dr. Howard Wong, care of Dr.
Karl Riabowol from the University of Calgary (Calgary, AB, Canada). Unless otherwise
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specified all cell culture reagents and other materials were obtained from GIBCO
BRL/Life Technologies, Inc. (Gaithersburg, MD).

2.2.4 Analysis
Whenever possible, all results were expressed as mean ± standard error. Data
were analyzed using the Student's t-test or ANOVA where appropriate. For multiple
comparisons, the Student-Newman-Keuls test was the post test used after the ANOVA.
Differences where

p<O.05

were taken as significant.

was used to perform these analyses.

The program Instat (GraphPad)
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CHAPTER THREE: STUDY 1- EFFECTS OF NSAIDS ON COX-2 AND INOS
PROTEIN EXPRESSION

3.1 Introduction
NSAIDs are used by over 13 million Americans aday, with an annual cost in
excess of $1 billion [Gamer 1992]. The current world market for these compounds is
approximately $6 billion. This makes the development of NSAIDs one of the largest
and most competitive areas of pharmaceutical research. However, NSAID-associated
gastropathy accounts for 2600 deaths and over 20,000 hospitalizations each year for
patients suffering rheumatoid arthritis alone [Appleton et al. 1994].
NSAIDs can be ranked by the concentration of drug necessary to achieve 50%
inhibition (IC5o) of COX-2 activity divided by the IC5ofor COX-1 activity, and values
below unity indicate selectivity for COX-2. Many somewhat complicated systems have
been developed to determine this ratio. For instance, Smith et al. [1995] used an oxygen
electrode to measure cyclooxygenase activity from microsomes of COX-transformed
cos-1 cells, thereby demonstrating that murine COX-1 and COX-2 are pharmacologically
distinct. Moreover, preliminary work from their laboratory indicated that the human
isozymes exhibit the same patterns of pharmacological inhibition observed with the
murine isozymes.
An NSAID may have different beneficial and/or pathological effects depending
on which COX isozyme it preferentially inhibits and also which enzyme is the
predominant isoform in the various tissues [Appleton et al. 1994]. For instance, COX-2
may be responsible for increased PGE2 synthesis in colonic cancers, and activation of

21

this isoenzyme may be an early event in colon carcinogenesis [Sano et al. 1995].
Selective inhibition of COX-2 may thus be a promising new avenue of therapy for
reducing colon cancer development. However, COX1may also be involved, at least in
experimental colon carcinogenesis [Gustafson-Svard et al. 1996].

It is therefore

imperative that the relative contribution of COX-1 and COX-2 in all stages of
inflammation be determined.
Prior to the start of the studies described in this thesis, the effects of many
NSAIDs on COX-2 activity had been well documented [Mitchell et al. 1994]. However,
the effects of these compounds on enzyme expression was not yet clear.

Therefore,

using the murine macrophage cell line J774.A1, we set out to determine what effects two
common NSAIDs, namely acetylsalicylic acid (ASA) and flurbiprofen (FLU), had at the
level of COX-2 expression. The effects of the weak COX inhibitor, salicylic acid (SA),
were also studied. In addition, at the start of the present study no evidence existed
showing the effect of NSAIDs on the inducible form of nitric oxide synthase or NOS.
However, recent evidence from our laboratory [Tigley et al. 1996] and others [Amin et al.
1995; Cirino et al. 1996] suggested that NSAIDs may also exert their anti-inflammatory
effects by interacting with this enzyme.

Hence, this investigation also looked at the

effects of the two NSAIDs, along with the weak COX inhibitor, on NOS activity and
protein expression.
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3.2 Methods and Materials

3.2.1 Induction and Isolation of COX-2 and NOS Protein
Similar to the stimulation of murine RAW 264.7 macrophage cells [Ralph and
Nakoinz 1977], confluent J774-Al cells grown in 100 X 20 mm petri dishes were
activated using LPS (from S. typhosa), administered at afinal concentration of 0.1 tg/m1.
At the time of sample collection, cell supernatants were first withdrawn and discarded.
300 tl of an extraction buffer containing 50 mM Tris (pH 7.4), 10 mM EDTA, 1% Triton
X-100, and the protease inhibitors phenylmethylsulfonyl fluoride (1 mM), leupeptin (200
jiM), and pepstatin A (50 jiM), was added to each petri dish. This buffer is similar to the
one used by Mitchell et al. [1994] for protein extraction.

Monolayers were removed

using acell scraper and the cell lysates were immediately collected into clean Eppendorf
tubes and frozen at -20°C until use.

3.2.2 Regulation of COX-2 and NOS Protein Expression
The test compounds were administered at different concentrations to cells grown
in petri dishes 1hr before the addition of LPS. Each NSAID was first dissolved in either
cell medium or an appropriate vehicle, such as DMSO, and then aseptically filtered
through an acrodisk filter with 0.2 [Lm. pores. The agents chosen for this study included
dexamethasone (DXM), ASA, SA, and FLU. Samples were collected as described above
and stored at -20°C.
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3.2.3 Western Blot Analysis
Western blotting refers to the separation of a total protein preparation by
denaturing gel electrophoresis, transfer of the protein onto amembrane, and detection
of the peptide of interest via binding to aspecific antibody [Stryer 1988]. Following the
method described by Sambrook et al. [1989], the cell lysates were mixed with equivalent
volumes of 2X gel loading buffer containing 125 mM Tris (pH 6.8), 20% glycerol, 4%
sodium dodecyl sulphate (SDS), 0.4% bromophenol blue, and 4.0% 13-mercaptoethanol.
After boiling the samples for 10 min and a brief centrifugation at 14,000 X g, the
supernatants (25 p1) were loaded into various wells of a discontinuous SDSpolyacrylamide gel (with a final concentration of 12.5% for the separating gel) and
electrophoresed for 900 mVhr. The separated proteins were then transblotted for 1hr at
280 niAmp onto nitrocellulose (purchased from BioRad Laboratories Inc., Mississauga,
ON, Canada), and the remaining non-specific binding sites on the membrane were
blocked for 1to 3hr using a3-5% dry milk blocker solution in 0.5% Tween-Tris buffered
saline (pH 7.4; consisting of 0.5% Tween-20, 20 mM Tris, and 500 mM sodium chloride).
The membrane was then treated with primary antibody (1:1,000 dilution) overnight,
washed three times with 0.5% Tween-Tris buffered saline (10 to 15 min each wash), and
treated with the appropriate alkaline phosphatase-conjugated secondary antibody
(1:10,000 dilution) for 1hr.

After washing away unbound secondary antibody with

0.5% Tween-Tris buffered saline (3 washes, 10 to 15 min each), the substrates 5-bromo-4chloro-3-indolyl phosphate (BCIP; 33 p1) and nitro blue tetrazolium (NBT; 66 p1) in 10 ml
of alkaline phosphatase buffer (pH 9.5; containing 100 mM Tris, 100 mM sodium
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chloride, and 5mM magnesium chloride) were added. The reaction was then carried
out in the dark and at room temperature until the desired band intensity was achieved.
Upon quenching the enzymatic reaction with two washes of 50 mM EDTA in 0.5%
Tween-Tris buffered saline (5 to 10 min each wash), the blots were immediately
photographed.

Densitometry using a Pharmacia LKB—ImageMaster DTS ScannerTM

and ImageMaster 1DTM software (Pharmacia Biotech Inc., Mississauga, ON, Canada)
was also performed on the black and white photographs to estimate changes in protein
expression.

Measurements were expressed as percent change relative to LPS-

stimulation alone.

For all studies presented in this thesis, results were calculated as

mean ± standard error from independent Western blots of samples taken from at least
four different experiments.

3.2.4 Measurement of 6keto-PGFia
Since the COX product PGI2 is not very stable in solution [Swierkosz et al. 1995],
the release of its stable hydrolysis product 6ketoPGFi a from intact cells was measured
in cell supernatants using an enzyme immunoassay (EIA) kit.

This assay was

performed as described by the manufacturer's instructions (Cayman Chemical Co., Ann
Arbor, MI). For each test group, at least five different samples were analyzed and the
means and standard errors calculated.

3.2.5 The Griess Reaction
NO is moderately soluble in water (-3 mM at saturation), and reacts with 02 to
form nitrogen dioxide (NO2), ultimately breaking down into the stable end products
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nitrite and nitrate. In biological systems the half-life is about 6sec, making NO difficult
to measure directly. Therefore, following amodified procedure described by Green et
al. [1982], nitrite levels in collected cell supernatants were analyzed using the Griess
reaction.

Griess reagent, consisting of equivalent volumes of Griess A solution (1%

sulfinilamide

in

2.5%

phosphoric

acid)

and

Griess

B solution

(0.1%

a-

naphthylenediamine dihydrochioride), was freshly prepared within 30 nun prior to use.
The Griess A and Griess B solutions were stored in dark bottles for no more than four
weeks at atime.
On the day of collection, freshly obtained samples (100 jtl) were incubated with
an equivalent volume of Griess reagent for 10 min at room temperature and in the dark.
The absorbance of each sample was measured at 540 run and concentrations were
derived from astandard curve generated from known concentrations of sodium nitrite.
For each test group, at least six different samples were analyzed and the means and
standard errors calculated.

3.2.6 Other Materials
Tris, SDS, bromophenol blue, J3-mercaptoethanol, acrylamide, bisacrylanuide,
ammonium persulfate, Tween-20, and dry milk blocker were purchased from BioRad
Laboratories Inc. (Mississauga, ON, Canada).

Triton X-100, phenylmethylsulfonyl

fluoride, leupeptin, pepstatin A, BCIP, NBT, sulfinilamide, a-naphthylenediammne
dihydrochioride, and sodium nitrite were purchased from Sigma Chemical Co. (St.
Louis, MO). Glycerol, sodium chloride, and phosphoric acid were purchased from BDH
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(Edmonton, AB, Canada).

The 6-keto-PGFi EIA kit was purchased from Cayman

Chemical Co. (Ann Arbor, MI).

3.3 Results

3.3.1 Kinetics of COX-2 and iNOS Protein Expression
To determine the appropriate time point to collect cell lysates, initial time course
studies were performed using 0.1 J.Lg/ml LPS, where the time of LPS addition was
designated as t=0 hr.

Samples taken at various time points were then analyzed for

COX-2 and iNOS expression by Western blot analysis (Figure 3.1). As expected, COX-2
protein was found to migrate at 72 kDa, whereas iNOS protein was found to migrate at
130 kDa (data not shown). The time at which the protein of interest had the greatest
band intensity dictated the time point at which drug-treated samples were collected.
This time point turned out to be 24 hr after cell activation.

3.3.2 Effects of Glucocorticoids on COX-2 and iNOS Protein Expression
The synthetic glucocorticoid DXM has been shown by numerous investigators to
inhibit COX-2 an1 iNOS protein expression and catalytic activity [Knowles et cii. 1990;
Kujubu et cii. 1993; Lee et cii. 1992; Masferrer et cii. 1990; Newman et at. 1994; O'Banion et
cii. 1992; Radomski et cii. 1990].

Since pretreatment with 0.5 ig/ml (1.3 jtM) DXM

completely inhibited induction of COX-2 and iNOS protein 24 hr after stimulation with
0.1 pg/m1 LPS (Figure 3.2), this endotoxin concentration was used for all studies
presented herein.
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Figure 3.1. Western Blot analysis of COX-2 and NOS expression in confluent J774.A1
cells 24 hr after stimulation with 0.1 pg/m1 LPS. The top photograph is arepresentative
Western blot demonstrating COX-2 protein expression after macrophage activation,
whereas the bottom photograph is a representative Western blot illustrating NOS
protein expression after macrophage activation.
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COX-2
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1.ojig/mi
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DXM + 0.1
jig/ml LPS

NOS
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Figure 3.2.

0.1 jig/ml
LPS

0.5 jig/ml
DXM+0.1
jig/ml LPS

Representative Western blots showing the effects of 0.5 .tg/ml D)(M

pretreatment 1hr before LPS (0.1 jig/mi) on COX-2 and NOS protein expression in
confluent J774.A1 cells. Cell lysates were collected 24 hr after stimulation with LPS.
Each experiment was repeated five different times.
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3.3.3. Effects of NSAIDs on COX-2 and NOS Protein Expression
Figure 3.3 and Figure 3.4 show representative Western blots from cell lysates
harvested 24 hr after stimulation with 0.1

tg/m1 LPS.

In each case, J774.A1

macrophages were pretreated with ASA, SA, and FLU 1hr before activation.
ASA and SA increased COX-2 protein induction (Figure 3.3).

The mean

±

standard error of four different blots as evaluated by densitometry of the black and
white photographs indicated increases of 7 ± 17%, 3 ± 19%, and 43 ± 33% for ASA
concentrations of 1, 10, and 100 J.Lg/ml (5.5, 55, and 550 tM), respectively. Similarly,
increases of 34 ± 32%, 53 ± 19%, and 106 ± 57% were observed for equimolar SA
concentrations of 0.9, 9, and 90 j.tg/ml, respectively.

In contrast, both ASA and SA

concentration-dependently decreased LPS-induced NOS expression (Figure 3.4).
Pretreatment with ASA at concentrations of 1, 10, and 100 ji.g/ml decreased NOS
protein intensity by 34 ±18%, 50 ±11%, and 80 ± 12%, respectively. However, ASA at
0.1

tg/ml (0.55 .t.M) increased NOS expression by 13 ± 27% with respect to LPS

treatment alone.

Pretreatment with SA at concentrations of 0.9, 9, and 90 jig/mi

decreased NOS protein intensity by 19 ± 12%, 37 ± 12%, and 67 ± 21%, respectively.
Similar to its parent derivative ASA, SA at 0.09 jig/ml (0.55 jiM) increased LPS-induced
NOS protein expression by 24± 37%.
Based on the results of four experiments, pretreatment with 100 jig/mi (410 jiM)
FLU potentiated induction of COX-2 (a 106 ±65% increase; Figure 3.3). However, at the
two lower FLU concentrations tested COX-2 intensity was reduced to levels below LPS
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Figure 3.3. Effects of ASA, SA, and FLU on COX-2 protein expression in J774.A1
macrophages. Agents were given 1hr prior to addition of LPS. A final concentration of
0.1 jig/ml LPS was then added at t=0 hr and samples collected at t=24 hr. These
photographs are representative Western blots from the same experiment repeated five
different times.
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Figure 3.4. Effects of ASA, SA, and FLU on iNOS protein expression in J774.A1
macrophages.
Agents were given 1 hr prior to the addition of LPS.
A final
concentration of 0.1 tg/ml LPS was then added at t=0 hr and samples collected at t=24
hr. These photographs are representative Western blots from the same experiment
repeated five different times.
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treatment alone.

Densitometry revealed 75 ± 2% and 62 ± 15% decrease§ for FLU

concentrations of 25 and 50 pg/rri1 (103 and 205 PM), respectively. FLU did not have the
same effects on LPS-induced NOS induction (Figure 3.4). Densitometry readings from
four different experiments gave increases of 21 ± 30%, 69 ± 34%, and 48 ± 47% for FLU
concentrations of 25,50, and 100 pjg/n-il, respectively.

3.3.4 Effects of All Compounds at the Level of COX Catalytic Activity
As the changes in protein may not necessarily reflect COX catalytic activity, EJAs
for 6-keto-PGFi a were performed on cell supernatants taken 24 hr after the addition of
LPS. As seen in Figure 3.5, addition of 0.1 pg/m1 LPS induced asignificant increase in
6keto-PGFi a accumulation compared to unstimulated cells. In addition, pretreatment
with 0.5 jig/ml DXM significantly decreased this induction, and reduced 6keto-PGFi a
levels to unstimulated control levels. DXM in the absence of LPS failed to increase or
decrease PG production from resting or unstimulated cells.
Figure 3.6 illustrates the effects of ASA and SA on PG accumulation by activated
macrophages.

LPS-induced

6-keto-PGFi

production was inhibited by the higher

concentration of ASA tested (5 to 100 pg/inl).

Equimolar concentrations of SA,

however, did not inhibit PG synthesis. In fact, at almost all concentrations of SA tested
and at the lowest concentration of ASA tested (0.1 ig/ml),

6ketoPGFia

release induced

by LPS was further potentiated over levels produced by LPS alone.

FLU, at all

concentrations tested (25 to 100 ig/m1) significantly inhibited LPS-induced COX
activity (Figure 3.6).
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Figure 3.5. DXM inhibits PG formation compared to LPS alone. DXM at a final
concentration of 0.5 i.g/rril was added 1hr before LPS. Cell supernatants were then
taken 24 hr after the addition of 0.1 ji.g/rril LPS and analyzed by EIA for 6-keto-PGFi a.
Values are expressed in pg per ml cell supernatant.
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Figure 3.6. Effects of ASA, SA, and FLU on LPS-induced PG formation. Each agent was

given 1hr before LPS.

The top graph represents the effects of ASA and equimolar

concentrations of SA on 6keto-PGFia production, expressed as pg/nil. The bottom
graph shows the effects of FLU on 6ketoPGFia release. In all studies, cell supernatants
were taken 24 hr after the addition of 0.1 jig/ml LPS and analyzed by EIA. The dashed
line in each graph represents basal PG production measured from unstimulated cells. *
p<O.05 from LPS treatment alone; p<O.Ol from LPS treatment alone;
p<zO.001 from
LPS treatment alone.
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3.3.5

Characterizing the Effects of All Compounds at the Level of NOS Catalytic

Activity
Figure 3.7 shows that stimulation of resting macrophages with 0.1 jig/mi LPS
induces nitrite production.

Based on the time course chosen, this increase was first

noticeable 12 hr after stimulation. Since nitrite levels continued to be elevated at 24 hr,
cell supernatants from both control and drug-treated samples were taken at this time
point for all studies presented in this thesis.
The use of L-arginine-free medium for cell culture experiments is considered
beneficial because it reduces the amount of "background" NOS activity that may occur
during cell activation [Albina and Reichner 1995].

Hence, comparisons were made

using DXM in normal and L-argiine-free RPMI cell medium (Figure 3.8). Much less
nitrite accumulated in L-argirdne-free medium compared to normal medium 24 hr after
LPS.

DXM at concentrations of 0.5 and 1.0 jig/ml suppressed LPS-induced nitrite

production in both types of media, and no differences were observed when the results
using both media were converted to percent control.

As a result, due to this initial

study, normal medium was chosen to be used for all studies concerning nitrite
production presented in this thesis.
As seen in Figure 3.9, ASA at all concentrations tested (0.1 to 100 jig/ml)
produced small but significant reductions in LPS-induced nitrite production.

In

contrast, only SA concentrations of 4.5 and 90 jig/ml produced small but significant
reductions in LPS-induced nitrite release.

FLU concentration-dependently inhibited

:
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Figure 3.7. Nitrite production in J774.A1 cell monolayers as an indirect measure of NO
formation after the addition of 0.1 i.g/rrd LPS. Cells were first grown to confluence on
24-well plates. Nitrite levels in cell supernatants were assessed using the Griess
reaction.
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nitrite production from stimulated J774.A1 cells, with the highest concentration tested
(100 jtg/ml) showing comparable inhibitory effects to that of 0.5 pg/rri1 D)(M (Figure
3.8).

3.4 Discussion
Based on preliminary experiments using different concentrations of LPS, it was
found that aconcentration of 0.1 pg/ml LPS was sufficient to induce both COX-2 and
iNOS protein expression. In addition, pretreatment with 0.5 p..g/rrd (1.3 pM) DXM was
sufficient to suppress induction of both proteins in J774.A1 cells after 24 hr.
DXM was initially postulated to inhibit PG synthesis by inducing synthesis of a
protein called lipocortin-1, which exerted effects on AA metabolism by inhibiting
phospholipase A2,the enzyme responsible for the release of AA from the sn-2 position
of membrane phospholipids [Hong and Levine 1976; Waliner et al. 1986].

This

mechanism, however, does not explain the inhibitory effects of glucocorticoids on iNOS
expression and hence NO synthesis [Knowles et al. 1990; Radomski et al. 1990]. A recent
study by Newman et al. [1994] demonstrated that aspecific, neutralizing monoclonal
antibody against lipocortin-1 was unable to reverse the inhibitory effects of DXM on
interleukin-1f3-induced COX-2 transcription and hence protein synthesis. Although the
same antibody reversed the inhibitory effects of DXM on interleukin-1-induced PGE2
synthesis, this study supported the idea that glucocorticoids directly regulate COX-2
expression at the transcriptional level, aphenomenon not mediated by lipocortin-1. In
fact, both the iNOS and COX-2 genes appear to have regulatory elements in their 5'-
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untranslated regions which glucocorticoids could directly or indirectly act upon to
inhibit transcription [Wu 1995].
Regardless of the underlying mechanism, the inhibition of LPS-induced protein
expression by DXM, along with the fact that the proteins of interest were migrating at
the expected molecular weights (COX-2 at 72 kDa and NOS at 130 kDa), verified the
enzyme identities of both bands seen by Western analysis.
In this study two common NSAIDs, ASA and flurbiprofen, along with the weak
COX inhibitor, SA, were tested at various concentrations to see what regulatory effects
they had on COX-2 and NOS protein expression in activated macrophages.

The

concentrations of ASA and SA tested were in the range of 0.55 to 550 pM, whereas the
concentrations of FLU tested were between 103 to 410 IiM. To ensure that these agents
were not exerting their effects by affecting cell viability, trypan blue staining was
performed immediately after each study and only those results obtained with greater
than 80% viability were included in this investigation.

Western blot analysis and

subsequent densitometry suggested that pretreatment with ASA (1 to 100 jtg/ml; 5.5 to
550 pM) or equimolar concentrations of SA (0.9 to 90 pg/mi) concentration-dependently
increased COX-2 protein expression.

This result is inconsistent with the findings of

O'Sullivan et al. [1993], who demonstrated that inhibition of COX-2 expression
represents a mechanism by which DXM, but not aspirin, may inhibit prostanoid
formation by alveolar macrophages. Our observations indicate that salicylates have the
potential to upregulate COX-2 expression in murine macrophages.
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Both ASA (0.1 p.g/ml; 0.55 j.tM) and SA (0.09 j.tg/ml; 0.55 PM) also elevated iNOS
protein expression compared to LPS treatment alone. However, ASA at concentrations
between 1to 100 j.tg/rril inhibited iNOS protein synthesis in activated J774.A1 cells, an
effect that was more evident at the higher concentrations.

Similar results were also

observed with equimolar concentrations of SA (0.9 to 90 p.g/ml). Using unstimulated
intact bovine aortic endothelial cells, Mitchell et al. [1993] found the ASA and SA IC5o
values for COX1 activity to be 0.3 and 35 p.g/rnl (1.7 and 220 PM), respectively. In
addition, using intact J774 cells that had been incubated with 1p.g/rril LPS for 12 hr,
these investigators calculated the ASA and SA IC5o values for COX-2 activity to be 50
and 100 p.g/ml (280 and 620 jt.M), respectively. Since the concentrations of ASA used in
our studies were well within this range, our Western blot data appear to suggest that the
observed effects of ASA on iNOS protein induction might be due to the inhibitory
actions of the NSAID on COX catalytic activity. However, the inhibitory effects of SA
on iNOS protein expression were observed at concentrations below the IC50 values for
COX activity reported by Mitchell et al. [1993], thus indicating that SA may mediate its
effects independent of PG synthesis. As will be discussed below, this possibility was
further verified by our observations that SA at all concentrations tested (0.9 to 90 pg/m1)
failed to inhibit PG synthesis from activated macrophages.

Nonetheless, our results

demonstrate that both ASA and SA modulate LPS-induced iNOS and COX-2 protein
expression in murine J774.A1 macrophages. Moreover, since both ASA and SA exerted
similar regulatory effects on COX-2 and iNOS protein induction, the effects of these two
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compounds appear to be independent of irreversible acetylation of the COX active site
by ASA [Roth et al. 1975; DeWitt et al. 1990].
Pretreatment with FLU gave opposite results. FLU at the highest concentration
tested (100 j.i.g/ml; 410

tM) doubled COX-2 protein formation compared to LPS

stimulation alone, but did not have the same effects on the intensity of the LPS-induced
INOS protein band.

FLU at this concentration only slightly increased NOS protein

expression. This finding was published at the start of this investigation [Wallace and
Tigley 1995] and was recently verified by other investigators [Cirino et al. 1996].
However, FLU at lower the concentrations tested (25 and 50 ig/m1; 103 and 205

M),

suppressed COX-2 translation from activated macrophages. These same concentrations
elevated NOS protein levels.

Why COX-2 expression dramatically increases after

pretreatment with 100 .tg/rril FLU and yet decreases at the lower concentrations is
currently not known. Even more puzzling is the potentiating effects of this compound
on NOS protein synthesis. These effects may in part be due to the actions of FLU on
other aspects of macrophage function which have yet to be characterized.

An

interesting future experiment would be to determine what effects this compound has on
tyrosine phosphorylation events in J774.A1 cells after LPS stimulation.
In an attempt to verify the actions of these agents at the level of translation, their
downstream effects on PG and NO accumulation were also measured.

Release of 6-

keto-PGFi a served as an indicator of COX catalytic activity. It should be noted that the
immunoassay used could not differentiate
COX-2.

6-keto-PGFia

produced from COX-1 versus

Formation of nitrite in cell supernatants as measured by the Griess reaction
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served as an indicator of NOS catalytic activity. As expected, ASA (1 to 100 pg/m1) and
FLU (25 to 100 j.tg/ml) inhibited

6-ketoPGFia

release compared to LPS treatment alone.

In fact, accumulation of immunoreactive 6-keto-PGF1 after pretreatment with ASA
concentrations between 5to 100 .tg/rri1 or FLU at all concentrations tested was reduced
to levels detected in unstimulated cells, which are expected to express only COX1.
Some NSAIDs, such as indomethacin and FLU, are time-dependent, irreversible
inhibitors of COX activity. According to DeWitt et at. [1993], although these compounds
may exhibit selectivity in vitro, they will probably demonstrate complete inhibition of
both isozymes in vivo and thus have no practical selectivity.

Regardless of which

isoform was preferentially targeted in these experiments, our results illustrate that
NSAIDs do inhibit PG synthesis, perhaps both at the level of protein expression and
catalytic activity.
It is also very important to note that the EIA employed only measured levels of
immunoreactive

6ketoPGFia

in cell supernatants. The "non-selectivity" of the primary

antibody, that is, its potential to cross-react with or recognize similar antigens, may also
account for afraction of the total

6-keto-PGFi

being detected from the J774.A1 cells. If

this is indeed the case, this would be another limitation of using this assay.
The inconsistencies observed between FLU and ASA at the level of protein
synthesis and catalytic activity also demonstrate that not all NSAIDs inhibit PG
synthesis by exactly the same mechanism. In addition to their effects on PG synthesis
via inhibition of COX catalytic activity, each NSAID and its active metabolites may exert
other effects in different biochemical pathways, ranging from the signal transduction
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events immediately after LPS binds to its specific cell surface CD14 receptor [Wright et
al. 1990] to the glycosylation events shortly after protein synthesis.
SA at almost all concentrations tested (0.09 to 9 i.g/n-il), in contrast to ASA, did
not inhibit PG synthesis, but rather increased it further.

This effect was quite

unexpected and was also observed with the lowest concentration of ASA used (0.1
pg/ml). ASA and SA are chemically distinct due to the presence of an acetylester group
on ASA, which is metabolized to SA once inside the body. This difference may affect
the way each compound is taken up by macrophages and perhaps other phagocytic cells
or may influence how each compound is distributed to the various intracellular
organelles. In addition, SA may also be exerting uncharacterized effects on either of the
COX isoforms [Wu et al. 1991], on the release or transport of the substrate AA from lipid
stores, or perhaps on acombination of the two.
All three compounds inhibited nitrite formation in cell supernatants, with FLU
showing the greatest effects. The inhibition observed with 100 j.tg/rril FLU was almost
comparable to that exerted by 0.5 tg/rnl DXM.

These results suggest that certain

NSAIDs may exert anti-inflammatory effects by inhibiting the function of enzymes
other than COX.
The inhibitory effects of ASA on NOS expression and catalytic activity observed
in this study are supported by Amin et al. [1995], who recently reported that exposure of
LPS-stimulated murine RAW 264.7 macrophages to therapeutic concentrations of ASA
(3 mM) and hydrocortisone (5 jIM) inhibited the expression of NOS and the production
of nitrite. In contrast, pharmacological concentrations of SA (3 mM), indomethacin (5-20
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M), and acetaminophen (an agent closely related to salicylates in terms of its analgesic
and antipyretic activity; 60-120 jiM) had no significant effect on the production of
nitrite. The concentrations used by these investigators were comparable to those found
in plasma [Gilman et al. 1993]. Although our findings suggest that both ASA and SA at
much lower concentrations than those used by Amin et al. [1995] do inhibit LPS-induced
nitrite production, it is therefore plausible that inhibition of INOS expression and
function represents another mechanism of action for salicylates (perhaps by directly
interacting with the active site of the enzyme and/or with an essential cofactor), if not
for all NSAIDs.
Understanding the interactions of NSAIDs with COX and other key enzymes
involved in inflammation can provide insight into the development of NSAIDs with
enhanced therapeutic potential and a decreased capacity for toxicity [Mancini et al.
1995].

As mentioned in chapter 1, most NSAIDs nonselectively inhibit both COX

isoforms in vivo.

One hypothesis is that due to inhibition of "house-keeping"

prostanoid synthesis via their actions on COX-1, NSAID use is associated with
undesirable gastric and renal effects. Recent studies utilizing COX-deficient animals do
not support this.
Work by Langenbach et al. [1995] describing Cox-1
lack

of

COX-1

did

not

cause

spontaneous

gastric

-/- mice demonstrated that
ulceration

and

decreased

indomethacin-induced ulceration, that it decreased inflammatory responses to AA, that
it decreased platelet aggregation, and that it had no other overt systemic effects except
those associated with parturition. In contrast, the lack of COX-2, which also did not

46

cause spontaneous stomach ulceration and had no effect on inflammatory responses to
AA, caused severe kidney disease and led to spontaneous peritonitis in some animals
[Morham et cii. 1995]. Dinchuk et al. [1995] further showed that in Cox2 -/- mice the
absence of COX-2 failed to alter inflammatory responses in several standard models, but
a striking mitigation of endotoxin-induced hepatocellular cytotoxicity was observed.
COX-2 thus appears to not be essential for certain inflammatory responses, although
COX-2 may be needed either for the prevention or the amelioration of infection.
However, since these investigators only correlated their observations with the presence
or absence of the COX isozymes, it is possible that in their systems other enzymes may
have been upregulated during growth and development in order for the animals to
survive. If so, these other uncharacterized enzymes would be carrying out functions
and synthesizing more product not normally expected of them under physiological
conditions. For instance, one such possibility is the mediator NO, which shares similar
vasoactive effects with the PGs. Upregulation of any of the enzymes responsible for its
synthesis, for example iNOS, could possibly explain the observations made by
Langenbach et cii. [1995], Morham et cii. [1995], and Dinchuk et cii. [1995], and hence
questions how pertinent their models are to true physiological systems.
Although an intriguing area of research, finding more selective inhibitors of
COX-2 catalytic activity may therefore not be the only solution to aberration of the
undesirable effects associated with using NSAIDs. As will be discussed in the following
chapters, the solution may lie in other aspects of inflammation, such as the actions of
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these compounds at the level of gene expression, or the actions of these compounds on
other proteins expressed during inflammation.
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CHAPTER FOUR: STUDY 2- MEASURING RELATIVE CHANGES IN COX-2 AND
iNOS mRNA RELATIVE TO AN INTERNAL CONTROL GAPDH

4.1 Introduction
Vascular endothelial cells and platelets constitutively express COX-1 [Simmons
et at. 1991; Funk et at. 1991]. COX-1 mRNA appears to be maintained at constant levels,
although two- to four-fold changes as measured by Northern analysis can occur
following stimulation with growth factors [Smith et at. 1995; Wu et al. 1991]. COX-2,
however, is undetectable in most tissues, but its expression can be dramatically
increased during inflammation or in cultured fibroblasts, endothelial cells, and
macrophages following exposure to mitogenic stimuli [Simmons et at. 1991]. COX-2 is
induced rapidly in response to growth factors and COX-2 gene expression is even more
increased or "superinduced" in the presence of cycloheximide (an inhibitor of protein
synthesis via its actions on the enzyme peptidyl transferase) [Duniec et at. 1990;
Hamasaki et at. 1993; Szczepanski et al. 1994]. This gene qualifies as amember of the
"immediate early" gene family [Herschman 1991]. It also seems likely that COX-2 can
be expressed in almost any cell or tissue during different stages of the cell cycle [Smith
et al. 1995]. Since evidence exists for COX-2 induction in conditions ranging from labor
onset [Hirst et al. 1995; Slater et at. 1994; Zuo et at. 1994] to colorectal cancer [GustafsonSvard et al. 1996; Sano et al. 1995], mechanisms by which NSAIDs affect COX-2 mRNA
expression may prove useful for the complete understanding of the wide spectrum of
inflammatory and anti-inflammatory effects associated with administration of these
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agents. Cultured macrophages provide arelatively simple system in which to test the
effects of NSAIDs on COX-2 transcription.
Three NOS isoforms have been identified:

an inducible but calcium-

independent isoform (iNOS) and two calcium-dependent, constitutive isoforms,
neuronal or brain NOS (bNOS; NOS isoform I) and endothelial NOS (eNOS; NOS
isoform Q. Although alignment of the three isoforms of NOS reveals only about 50%
sequence identity, the NOS cofactor and calcium/calmodulin binding sites are
conserved [Wu 1995].

iNOS is widely distributed in mammalian tissues and cells.

However, in contrast to murine macrophages, the synthesis of its product NO from
human monocytes and macrophages has not been documented, although the induction
of iNOS mRNA has been observed [Reiling et al. 1994]. In addition, the induction of
iNOS protein by LPS has been demonstrated in rodent macrophages, but not in human
macrophages [Figler et al. 1995]. In rodent macrophages, LPS not only increases iNOS
transcriptional rate but also increases mRNA stability [Wu 1995].
Once expressed, no regulatory mechanisms are known for the activity of iNOS.
In murine 3T3 fibroblasts and vascular smooth muscle cells, iNOS is expressed in
response to cAMP-elevating agents, protein kinase C stimulating agents (such as
phorbol ester), and growth factors [Forstermann et al. 1995; Wu 1995].

There are

numerous inflammatory cytokines which inhibit iNOS induction in macrophages and
neutrophils (PMNs) (as reviewed by Forstermann et al.

[1995]).

Glucocorticoids are also

effective inhibitors of iNOS induction in endothelial cells, macrophages, fibroblasts, and
smooth muscle cells [Forstermann et al. 1995; Knowles et al. 1990; Radomski et al. 1990].
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It was also recently found that PGE2 and iloprost, a stable prostacyclin analog, at
micromolar concentrations suppressed NOS induction in J774 cells, whereas PGF2a and
lipoxygenase metabolites had no effect [Marotta et al. 1992]. Hence, NSAIDs, via their
actions on COX activity also have the potential to regulate NOS expression.
This study set out to determine whether or not any effects observed at the
protein level in the previous set of experiments on J774.A1 cells were adirect result of
the NSAIDs acting at the level of transcription.

As expected, administration of the

NSAID alone or 1hr prior to LPS had no effect on COX-1 mRNA expression. However,
LPS-induced COX-2 and NOS mRNA levels varied depending on the agent given
before macrophage activation.

4.2 Materials and Methods

4.2.1 Induction of COX-2 and NOS mRNA
As in chapter 3, confluent J774.A1 cells grown in 100 mm X 20 mm petri dishes
were activated using LPS (from S. typhosa).

At the time of sample collection,

supernatants were withdrawn from both control and test groups and discarded, and 2
ml of TRIzolTM reagent was added to each dish.

The cell lysates were immediately

collected into clean 15 ml polypropylene tubes and frozen at -20°C until use.

4.2.2 Regulation of COX-2 and NOS Transcription
Various compounds at different concentrations were administered to cells grown
in petri dishes 1hr before the addition of LPS. Each compound was first dissolved in
either cell medium or an appropriate vehicle, such as DMSO, and then aseptically
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filtered through a 0.2 gm acrodisk filter. As in chapter 3, the agents chosen for this
study included dexamethasone (DXM), acetylsalicylic acid (ASA), salicylic acid (SA),
and flurbiprofen (FLU). Two other agents, cycloheximide (CHX) and actinomycin D
(ACT D), were also included in this investigation. Samples were collected as described
above and stored at -20°C.

4.2.3 RNA Extraction
Following a similar procedure described by Chomczynski and Sacchi [1987],
RNA was purified from J774.A1 cell lysates.

Briefly, on the day of purification, the

frozen samples were thawed and allowed to sit for 5min at room temperature, then 200
j.tl of chloroform/mi of TREzolTM reagent was added to each tube. The samples were
again allowed to incubate at room temperature before being centrifuged at 3,000 rpm for
20 min at 4°C.

The upper aqueous phase was then transferred to clean 14 ml

polypropylene round-bottom tubes and equal volumes of ice-cold isopropanol were
added.

The samples were then allowed to sit for 1hr to overnight at -20°C.

After

centrifugation at 12,000 rpm for 40 mm, the resulting pellet was dissolved in ice-cold
75% ethanol and stored at -20°C until use.

Prior to quantification on a GeneQuant

AnalyzerTM (Pharmacia Biotech Inc., Mississauga, ON, Canada), the RNA samples were
centrifuged at 14,000 X gfor 10 min and the RNA pellet was redissolved in autoclaved
0.1% diethyl pyrocarbonate-treated water.
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4.2.4 Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) and The PrimerDropping Method
RT-PCR is atechnique which has many applications [Dailman et al. 1991; Foley et
al. 1993; Markham 1993; Saiki et al. 1985].

RT refers to the enzyme which converts

mRNA in atotal RNA preparation into single-stranded complementary DNA (cDNA).
PCR, which was first described in 1985 as atool for the diagnosis of sickle cell anemia
[Saiki et al. 1985], refers to the subsequent series of steps which logarithmically amplifies
the resulting cDNA.

DNA amplification is generally carried out with Taq DNA

polymerase under the following conditions: denaturation at 94°C for 1mm, annealing
at 55°C for 30 sec, and extension at 72°C for 1mm.

The overall product consists of

multiple copies of a single DNA fragment, which in the presence of an intercalating
agent, ethidium bromide, can be visualized under UV light. The nucleotide length of
this fragment or "amplicon" is dictated by the primers selected to amplify the cDNA.
Although quantification of transcripts is one of the most powerful applications
of RT-PCR, there are afew problems associated with using existing semi-quantitative
methodologies that rely upon the coamplification of target templates together with
internal reference standards. The first problem is competition between DNA templates
for reaction components within the mixture [Wong et al. 1994]:

availability of the

internal control RNA must be similar to that of the target RNA, so that each amplicon
will have similar amplification kinetics and the exponential phases of amplification will
overlap [Foley et al. 1993]. In other words, if there are more copies of one template than
the other at the start of the PCR, the template with the greater number of copies will

53

ultimately use more of the reaction mix than the other template being studied;
ultimately, the expected PCR product of the other template becomes competed out.
Second, existing methodologies for RNA quantification rely on extrapolation from a
standard curve generated by separate amplification of known quantities of an RNA or
DNA target [Daliman et al. 1991; Robinson and Simon 1991].

However, due to

uncontrollable differences between reactions (as described by Wong et al. [1994]), often
this may not be reliable.
To

address

the

problems

associated

with

substrate

competition

while

simultaneously monitoring multiple mRNAs within the same sample, we used aRTPCR method recently described by Wong et al. [1994], termed the "primer-dropping"
method.

The procedure described herein utilized the housekeeping gene for

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an internal control. Briefly,
-1 tg of RNA from each sample was added to 18 p1 of RT mixture (containing 2p1 lox
PCR buffer, 2p1 10 mM dNTP stock, and 2p1 N6 random hexamer stock). This mixture
was incubated at 20°C for 10 min prior to the start of the reaction. Reverse transcription
was carried out at 42°C for 50 min using 0.2 Units of Superscript RNase H Reverse
TranscriptaseTM. At the end of the reaction, the enzyme was deactivated by heating the
tubes at 95°C for 10 mm.
For DNA amplification, 2p1 of cDNA was mixed with the primers for the gene
of interest (each primer giving afinal concentration of 10 pM), 2p1 2mM dNTP stock, 5
p1 lox PCR buffer, and 35 p1 of double-distilled water.

Two Units of Taq DNA

polymerase was added to this PCR mixture during the hot start of cycle 1(i.e. while the
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temperature of the reaction initially rises to 94°C), and each cycle consisted of the
following steps: 94°C for 1mm, 55°C for 30 sec, and 72°C for 1mm.
Based on preliminary trials with non-stimulated J774.A1 cells, it was found that
coamplification of COX-1 with GAPDH is optimal if the COX-1 gene product is
amplified for 29 cycles and the GAPDH gene product is amplified for 21 cycles.
Similarly, using LPS-stimulated cells, it was found that optimal coamplification of COX2with GAPDH was achieved if the COX-2 gene product is amplified for 30 cycles and
the GAPDH gene product is amplified for 22 cycles.

Hence, for all experiments

described herein, the GAPDH primers were added to the COX-1 and COX-2 PCR
mixtures during the hot start of cycle 9.

Prelimary trials utilizing primers for the

inducible form of NOS indicated that the optimal ratio of amplification for iNOS with
respect to GAPDH was 26/20. After separation of the PCR products on a2% agarose
gel containing 10 i.g ethidium bromide, aPolaroid picture was taken of the gel under
UV light. Using aHewlett Packard ScanJet TIc flatbed scanner and National Institute of
Health Image software, quantities of each product (expressed as arbitrary densitometer
units or DU) were normalized according to control levels of GAPDH as outlined in
further detail below. Mean ± standard error were calculated from at least four different
experiments for all RT-PCR studies presented in this thesis.

4.2.5 Normalization of Gene Expression With Respect to GAPDH
For all lanes in each photograph taken, densitometric measurements were
obtained for the PCR products of both the gene of interest (Gene DU) and the internal
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control GAPDH (Control DU). For each experiment, the measurement for the gene of
interest was divided by the measurement for GAPDH, and this value for each lane was
multiplied by an arbitrary densitometric value (ADU) to yield the normalized signal
intensities shown in the various figures presented in the results section (for example, see
Figure 4.2, where ADU=500). The equation used for all calculations was as follows:
Normalized Signal Intensity

=

(Gene DU/Control DU)

*

ADU

4.2.6 PCR Primers
The COX-1 RT-PCR product was made using primers described by Takahashi et
al. [1994]. Since preliminary trials using the COX-2 primers described by these same
investigators failed to workk. COX-2 primers were made based on the published murine
[OtBanion et al. 1992; Simmons et al. 1991] and rat [Kennedy et al. 1993] COX-2
sequences. The iNOS primer sequences were designed and synthesized based on the
published murine [Lowenstein et al. 1992; Lyons et al. 1992] and rat [Nunokawa et al.
1993] sequences. Since the gene for the murine constitutive endothelial NOS (eNOS)
has not yet been submitted to GenBank, primers for this NOS isoform were synthesized
based on the published human [Janssens et al. 1992] and unpublished rat [GenBank
Accession #U02534] sequences. The human sequence was recently used as atemplate to
construct arat cDNA probe for detection of eNOS niRNA in the rat lung [Kawai et al.
1995]. GAPDH primers were designed by Wong et al. [1994] and were based on the
published human sequence [Tso et al. 1985]. All primers used in this thesis and their
expected amplicon lengths in the mouse are outlined in Table 4.1.
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Table 4.1. Primers Used for RT-PCR

Gene of
Interest

Primers

Amplicon
Length (bp)

COX-1

upstream, 5'-CGG GAT CCA TGA GTC GAA GGA GTC
TCT C-3'
downstream, 5'-GCT CTA GAC TCA ATG ACA ATT
TTG ATG G-3'
upstream, 5'-AGA CAG ATC ATA AGC CAG GAC C-3'
downstream, 5'-CAC TTG CAT TGA TGG TGG CTG T3'

1061

COX-2

Reference(s)
Takahashi et
al. 1994

1158

O'Banion et
al.
1992;
Simmons
al.

et

1991;

Kennedy

et

al. 1993
eNOS

upstream, 5'-GGA GAA GAT GCC AAG GCT GCT G-3'
downstream, 5'-CTT CCA GTG TCC AGA CGC ACC A-

224

Janssens
et
al.
1992;
GenBarik
Accession
#U02534

INOS

upstream, 5'-ACA ACA GGA ACC TAC CAG CTC A-3'
downstream, 5'-GAT GTT GTA GCG CTG TGT GTC A-3'

651

Lowenstein
et

al.

1992;

Lyons et al.
1992;
Nunokawa
et al. 1993
GAPDH

upstream, 5'-CGG AGT CAAC GGA TTT GGT CGT AT3';
downstream, 5'-AGC CTT CTC CAT GGT GGT GAA
GAC-3'

306

Wong et al.
1994; Tso et
al. 1985
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Successful exploitation of RT-PCR is dependent on the selection of effective PCR
primers. In multiplex RT-PCR where multiple primer pairs are used to detect several
different targets in a single reaction, it is important that the primers have similar
annealing characteristics, have no significant homology with one another, and do not
interfere with coamplification [Foley et al. l993]. Both sets of COX primers described
above fulfilled these qualifications, as did the NOS primers.

The COX-2 and NOS

primer sets also had the additional advantage of recognizing the homologous sequence
from the rat COX-2 and NOS genes, respectively.

4.2.7 Other Materials
Chloroform and isopropanol were purchased from Sigma Chemical Co. (St.
Louis, MO).
Canada).

Diethyl pyrocarbonate was purchased from BDH (Edmonton, AB,

lOX PCR buffer, dNTPs, N6 random hexamers, and Taq DNA polymerase

were purchased from Pharmacia Biotech Inc. (Mississauga, ON, Canada).

TRTzolTM,

Superscript RNase H Reverse TranscriptaseTM, agarose, and ethidium bromide were
purchased from GIBCO BRL/Life Technologies, Inc. (Gaithersburg, MD).

4.3 Results

4.3.1 Kinetics of COX-1, COX-2, and iNOS mRNA Expression
An initial time course study of COX-1 and COX-2 gene expression after LPS
stimulation revealed similar effects. To emphasize differences in levels of induction,
results were expressed as fold increase in gene expression with respect to unstimulated
cells. As seen in Figure 4.1, COX-1 mRNA levels in J774.Al cells doubled within 2hr of
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Figure 4.1. COX-1 and COX-2 mRNA expression in J774 macrophages stimulated with
0.1 pg/ml LPS. Shown are representative gels of COX-1 and COX-2 RT-PCR products
and the kinetics of expression for these genes (expressed as fold increase with respect to
nonstimulated cells) after being normalized against the internal control GAPDH.
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stimulation, and then returned to levels seen in unstimulated cells.

This supports

findings by Wu et al. [1991] using cultured endothelial cells, who found that COX-1
transcription may also be inducible. Similarly, COX-2 mRNA levels also rapidly and
transiently increased within 2hr of LPS exposure, but the fold increase was drastically
higher than that seen for COX-1.

Therefore, to determine what effects the various

treatments were having on COX-1 and COX-2 mRNA expression, all RNA samples for
RT-PCR analysis of these genes were subsequently taken at t=2 hr. NOS induction in
activated J774 cells, however, was not as rapid nor transient as COX-2 (Figure 4.2), and
eNOS specific primers failed to detect any eNOS mRNA (data not shown). Similar to
COX-2, NOS mRNA synthesis increased shortly after LPS administration, but levels of
NOS mRNA remained elevated for up to 24 hr. Hence all RNA samples for RT-PCR
analysis of NOS mRNA expression were subsequently taken at t=4 hr.

4.3.2 Effects of aGlucocorticoid on COX-1, COX-2, and iNOS mRNA Expression
Based on the results of four different experiments, DXM administration (0.5
jtg/ml; 1.3 tM) 1 hr before LPS decreased COX-2 and NOS mRNA expression in
J774.A1 macrophages (Figure 4.3). Interestingly, in the same samples analyzed for COX2, 0.5 pg/ml DXM in the presence of LPS induced aslight increase in COX-1 mRNA
expression.
4.3.3 Effects of CHX and ACT D on COX-1, COX-2, and NOS Transcription
To assess the transcript inducibility of COX-1, COX-2, and NOS, two agents
commonly used to regulate transcription and protein synthesis, CHX and ACT D,
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Figure 4.2. NOS mENA expression in J774 macrophages stimulated with 0.1 pg/rnl
LPS. Shown is arepresentative gel of NOS RT-PCR products taken from various times
and the kinetics of expression for these genes (expressed in arbitrary densitometry units
or DU) normalized against the internal control GAPDH (indicated by the dashed line).
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Figure 4.3. DXM (0.5 p.g/nil) pretreatment 1hr before LPS (0.1 i.g/m1) inhibits mRNA
expression of COX-2 and NOS, but not COX-1. The top graph shows that pretreatment
with DXM gave aslight but significant increase in COX-1 signal intensity (expressed in
DU) as measured by RT-PCR. The middle and bottom graphs depict the effects of the
same pretreatment conditions on COX-2 and NOS mRNA expression, respectively. All
densitometry readings were normalized against GAPDH densitometry readings within
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LPS treatment alone;
p<O.0Ol from LPS treatment alone.
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from LPS treatment alone.
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respectively, were tested on LPS-stimulated J774.A1 macrophages (Figure 4.4).
graphs represent the results of four different experiments.
concentration of 10 tg/rnl (36

The

Both Cl-TX at a final

M) and ACT D at afinal concentration of 5 jig/ml (4

pM) had no effect on COX-1 transcription in stimulated and unstimulated cells. Similar
results were obtained for COX-2 mRNA expression when the effects of these agents
were compared in activated macrophages. In contrast, pretreatment with either agent
inhibited

LPS-induced

NOS

mRNA

expression.

These

compounds

at

the

concentrations tested also completely reduced LPS-induced nitrite synthesis to control
or unstimulated levels

(p<zO.001 ;data not shown).

4.3.4 Effects of NSAIDs on COX-1, COX-2, and INOS mRNA Expression
Figure 4.5 demonstrates the effects of various concentrations of ASA (0.1 to 100
pjg/mi; 0.55 to 550 tM) and equimolar concentrations of SA (0.09 to 90 jtg/mi) on COX1, COX-2, and NOS transcription in activated macrophages. Each graph represents the
results of four different experiments, with the dashed lines indicating levels of
expression of the gene of interest in unstimulated cells.

Pretreatment with both

compounds at all concentrations tested 1hr before LPS had no significant effects on
COX-1 mRNA levels. For the analyses of COX-2 and NOS mRNA levels, no significant
changes in gene expression were observed for any drug-treated groups when compared
to LPS-treatment alone.
Figure 4.6 demonstrates the effects of FLU at various concentrations (25 to 100
pjg/mi; 103 to 410 p.M) on COX-1, COX-2, and NOS mRNA expression. Again each
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Figure 4.5. Effects of ASA and SA on COX-1, COX-2, and NOS mRNA expression in
J774.A1 macrophages. Agents were given 1 hr prior to the addition of LPS. A final
concentration of 0.1 p.g/rnl LPS was added at t=0 hr. All densitometry readings were
normalized against GAPDH densitometry readings within agiven sample. Dashed lines
indicate levels of expression of the gene of interest in unstimulated cells.
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graph represents the results of four different studies, with the dashed lines indicating
transcript levels in unstimulated cells. At all concentrations tested, COX-1 mRNA levels
remained unchanged with respect to LPS treatment alone. The lower concentrations of
FLU, however, further increased LPS-induced COX-2 transcription with respect to the
LPS-treated control. In contrast, FLU at the lower and higher concentrations used (25
and 100 p.g/ml, respectively) decreased NOS mRNA expression.

4.4 Discussion
Outside of their protective environment (i.e. the cell), mRNA molecules are
extremely labile. A typical RNA preparation from atissue sample or cell culture will
contain around 2% of mRNA or less, with 98% ribosomal RNA and transfer RNA
[Markham 1993].

Thus, the selection of a sensitive yet reliable method for detecting

changes in transcription of a particular gene of interest is imperative for accurate
analysis.
To assess the effects of the various agents used in study 1on gene expression, the
RT-PCR primer dropping method was used to analyze RNA samples taken from
confluent cells pretreated with each agent 1hr before LPS. Changes in COX-1, COX-2,
and NOS gene expression with respect to GAPDH were determined using primers
designed against the mRNA transcripts of these genes. It should be noted that initial
trials using specific primers designed against eNOS were unsuccessful and therefore
any NSAID-associated regulatory effects of eNOS mRNA were not assessed.
Before proceeding, it was important to first validate the use of RT-PCR for semiquantitative mRNA analysis.

There were many reasons for not choosing the
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traditionally accepted method of Northern analysis to assess changes in gene
expression.

First of all, the primary and perhaps only advantage of using Northern

blotting is to gain insight on size and integrity of intact RNAs [Daliman et al. 1991].
Since the sizes of all the transcripts being studied were known, this was not necessary
for the proposed set of experiments. Second, for Northern analysis much more RNA
(-10 jig) is initially required to begin the electrophoretic separation, thus requiring large
quantities of tissue or cells. In addition, not only is the procedure quite tedious, the
detection system usually involves the use of radioactivity, since the non-radioactive
probes currently available on the market are quite costly. Furthermore, changes in gene
expression observed on Northern blots may only be quantified if the appropriate
standards are analyzed concurrently. However, the method of analysis, which typically
utilizes probes for housekeeping genes such as actin and GAPDH [Dailman et al. 1991],
is indirect and requires multiple membrane hybridizations. It is worth noting that the
actin and GAPDH genes are not completely invariant in their levels of expression;
hence, for any method of RNA quantification the ideal internal control depends upon
the application [Foley et al. 1993].
PCR is also not infallible [Markham 1993].

The reaction is dependent on the

initial DNA concentration, and, depending on the number of cycles, the components of
the reaction mixture and the activity of the DNA polymerase eventually decline. This is
usually not aconcern, however, because most of the reagents are added in excess. In
addition, almost anyone can learn how to do RT-PCR. Due to its exquisite sensitivity,
ease, and speed, RT-PCR methods are now finding applications where more traditional
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techniques such as Northern and RNA slot blotting and ribonuclease protection assays
are less effective for low abundance mRNAs [Foley et al. 1993; Wong et al. 1994].
In all sets of experiments presented in this investigation, appropriate control
samples from vehicle-treated cells were analyzed with respect to the internal control
GAPDH. As in study 1, apreliminary time course study to determine when levels of
COX-2 or NOS gene expression peaked after LPS challenge was also performed. Drugtreated samples were then collected at the appropriate times. For COX-1 and COX-2,
this turned out to be at t=2 hr, while for NOS this turned out to be t=4 hr. One possible
explanation for the prolonged elevation of NOS mBNA levels is that the resulting
increase in PGs formed by COX-2 (since it is expressed first) may in some way stabilize
the NOS transcript. In fact, using cardiac myocytes Oddis et al. [1995] demonstrated
that cAMP, by activating a"cAMP response element binding protein" which interacts
with the NOS gene 3'-noncoding region containing the mRNA destabilizing "AUUUA"
motif, indirectly has the potential to stabilize NOS mRNA once it has been formed.
PGE2,one of the AA metabolic end-products regulated by COX activity, has been
previously shown to mediate its effects via cAMP [Kunkel et a! 1988; Watanabe et al.
1994].
In our studies, CHX and ACT D, in addition to DXM, served to evaluate at
which level the changes in mRNA expression were occurring.

Clix is a known

inhibitor of translation, which possibly acts by disrupting the intermediate filament
protein vimentin [Duniec et al. 1990]. Consequently, CHX disrupts the organization of
the cell cytoskeleton, including the endoplasmic reticulum and the Golgi apparatus,
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leading to inhibition of protein synthesis. The intercalator ACT D is aknown inhibitor
of transcription, which binds tightly to the DNA template and selectively inhibits
ribosomal RNA chain elongation [Blackburn and Gait 1990].

DXM is a synthetic

corticosteroid, which has previously been shown to inhibit COX-2 and iNOS mRNA
expression [Knowles et al. 1990; Kujubu et al. 1993; Lee et al. 1992; Masferrer et al. 1990;
Newman et al. 1994; O'Banion et al. 1992; Radomski et al. 1990], but not affect COX-1
levels [DeWitt and Meade 1993]. This was indeed observed in activated J774.A1 cells
using afinal concentration of 0.5 .tg/rrd (1.3 jtM) DXM.
In Swiss 3T3 fibroblasts, both DXM and CHX inhibited phorbol ester-induced
COX-2 protein expression [Kujubu et al. 1993]. Using rat tracheal epithelial cell cultures,
Hamasaki et al. [1993] found that treatment with phorbol ester or epidermal growth
factor increased the expression of both COX-1 and COX-2 transcripts and this effect was
further enhanced by CMX.

In the system used by these investigators DXM partially

inhibited the induction of both COX transcripts by phorbol ester. In human rheumatoid
synovium microvessel endothelium, IL-1-induced COX activity was concentration- and
time-dependent and was blocked by CHX, ACT D, and DXM [Szczepanski et al. 1994].
IL-i induced COX at both the protein and mRNA levels, and of the three compounds
tested only DXM exerted inhibitory effects at both levels [Szczepanski et al. 1994]. In the
rat tracheal epithelial cell line EGV-6aigT, both CHX and ACT D blocked the phorbol
ester-induced increase in COX activity and mRNA (thus indicating that the increase in
COX activity required de novo RNA and protein synthesis) [Duniec et al. 1990]. In the
present study, contrary to previous findings, pretreatment with CHX (10 [t.g/ml; 36 M)
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or ACT D (5 pg/m1; 4pM.) had no effect on COX-2 mRNA expression. This result could
be attributed to differences in the analysis method used (such as the use of Northern
analysis instead of RT-PCR), differences in the treatment protocols (such as not
administering CHX after stimulation with LPS), or distinct features only expressed by
the murine J774.A1 cell line.
In several cell types, NOS mRNA production is prevented by CHX, suggesting
the need for de novo synthesis of transcription factors [Forstermann et al. 1995]. This is
supported by the observations of this study, which demonstrated that CHX
pretreatment decreased NOS mRNA expression.

In 3T3 fibroblasts, however, NOS

induction by avariety of agents was resistant to CHX [Forstermarin et al. 1995]. ACT D,
as expected, inhibited NOS mRNA expression in J774.A1 cells. Thus it apjears that
each cell line gives distinct results, perhaps due to the original isolation protocols or the
conditions used to maintain the cells (for example using RPMI 1640 instead of
Dulbecco's Modified Eagle Medium), and it is up to the investigator to characterize the
effects of any commonly-used agents on the system chosen for study.
Under the treatment conditions employed in this investigation, none of the
NSAIDs tested, ASA (0.1 to 100 tg/ml; 0.55 to 550 tM), SA (0.09 to 90 Rg/ml; 0.55 to 550
[LM), or FLU (25 to 100 jig/ml; 103 to 410 jiM), had any effect on COX-1 mRNA
expression in murine J774.A1 macrophages. ASA and SA also had no effect on COX-2
mRNA expression. This result is in contrast to those presented in the previous chapter
using Western blot analysis, which indicated that both ASA and SA increased COX-2
protein induction. These compounds thus have the potential to exert regulatory effects
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on COX-2 at the level of translation, an effect evidently not due to the presence of an
acetylester moiety on ASA. It is also likely that the inhibition of PG synthesis observed
using higher concentrations of ASA occurred directly at the level of enzyme activity as
expected [Roth et al. 1975; DeWitt et al. 1990], since both ASA and SA exerted similar
effects on protein and mRNA expression.

FLU, on the other hand, increased LPS-

induced COX-2 transcription at the two lower concentrations used (25 and 50 gg/ml).
Since these same concentrations inhibited PG synthesis and decreased LPS-induced
COX-2 protein expression (as demonstrated in chapter 3), the inhibitory effects of this
NSAID may be primarily post-transcriptional.

It is possible that the upregulation of

COX-2 mRNA 2 hr after activation may be an initial attempt by the macrophage to
counteract this inhibition.
Similar to the results obtained for COX-2 mRNA synthesis, ASA and SA had no
effect on LPS-induced NOS mRNA expression.

However, as demonstrated in the

previous chapter, ASA at increasing concentrations (1 to 100 pg/ml), along with SA at
the highest concentrations tested (0.9 to 90 ji.g/ml), inhibited NOS protein expression.
Both agents may therefore exert effects at the level of NOS protein synthesis, which is
also reflected at the level of enzyme activity (see chapter 3). In contrast, FLU decreased
induction of NOS mRNA at the lower and higher concentrations tested (25 pg/m1 and
100 gg/ml, respectively).

Since FLU at these concentrations increased NOS protein

levels but decreased nitrite accumulation, this inhibition of NOS mRNA expression
may or may not have any physiological relevance.
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However, using Northern blot analysis Aeberhard et al. [1995] demonstrated that
SA (2 to 20 mM), ASA (5 to 10 mM), ibuprofen (1 to 2mM), and indomethacin (0.25 to 1
mM) markedly inhibited the appearance of iNOS mRNA in rat alveolar macrophages
activated with LPS and IFN-c This inhibition was attributed to pretranslational control
of enzyme expression and not to direct inhibition of enzymatic activity. It was thus
suggested that the chronic anti-inflammatory action of NSAIDs may be due not only to
inhibition of PG synthesis but also to inhibition of iNOS gene expression and NO
synthesis.

Mariotto et al. [1995] demonstrated that both FLU and its NO-releasing

derivative flurbiprofen-nitroxybutylester (FLU-NO) significantly decreased the amount
iNOS mRNA (as measured by Northern analysis) induced by LPS in the stomach. In
their study LPS also reduced the gastric mucosal damage elicited by FLU. Although the
method of mRNA quantification was different and the range of concentrations used in
our study were not as high as those reported by Aeberhard et al. [1995] or Mariotto et al.
[1995], it appears that NSAIDs do have the capacity to affect iNOS mRNA expression
both in vivo and in vitro.
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CHAPTER FIVE: STUDY 3- CORRELATING THE RELATIONSHIP BETWEEN PG
AND NO SYNTHESIS

5.1 Introduction
NO, which in biological systems is derived from molecular oxygen and the
guanidino nitrogen of L-arginine, is acolourless gas that contains an odd number of
electrons. It is afree radical since its unpaired electron is delocalized over the nitrogen
and oxygen atoms [Miller and Grisham 1995]. NO exists in three different oxidation
states: (1) NO. or nitric oxide is the "neutral state" and by adding an electron (2) NO-, or
the nitroxyl anion, is formed, whereas removing an electron yields (3) NO+, the
nitrosoriium anion (as reviewed by [Triggle

1994]).

NO has the capacity to down-

regulate inflammatory responses in the gastrointestinal tract [Whittle et al. 1990], to
scavenge various free radical species (since NO is an anti-oxidant) [Rubanyi et al. 1991],
and to protect the mucosa from injury (by modulating mucus secretion) induced by
topical irritants [Hutcheson et al. 1990; Kubes and Wallace 1995]. NO mediates some of
its effects by binding to iron in the heme component attached to guanylate cyclase. This
binding activates the enzyme and results in formation of cGMP. cGMP then mediates
some of the actions of NO [Ignarro et al. 1987; Rettori et al. 1992].
The ability of NO to reduce the severity of damage induced by NSAIDs has
recently been exploited in an attempt to produce NSAIDs which are not ulcerogenic
[Wallace et al. 1994a; Wallace et al. 1994b]. The addition of aNO-releasing moiety to a
number of common NSAIDs has been shown to markedly reduce their toxicity in the
gastrointestinal tract without interfering with their ability to inhibit PG synthesis
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[Wallace et al. 1994a; Wallace et al. 1994b]. One example is the NO-releasing derivative
of flurbiprofen (FLU), known as flurbiprofen-nitroxybutylester (FLU-NO), the structure
of which is shown in Figure 5.1. These compounds appear to release NO very slowly in
small amounts, and consequently do not affect systemic arterial blood pressure, but
maintain gastric mucosal blood flow and prevent leukocyte adherence to post-capillary
venules [Wallace et al. 1994a]. Decreased mucosal blood flow and increased leukocyte
adherence are observed with standard NSAIDs and are believed to contribute to the
pathogenesis of NSAID-induced gastropathy [Arndt et al. 1995; Yamada et al. 1993].
In rodent systems, NO plays arole in mediating macrophage cytoxicity towards
different targets, including tumour cells and intracellular pathogens, an effect that is
dependent on macrophage activation [Drapier and Hibbs 1988]. Overproduction of NO
has been suggested to cause tissue damage, and has been implicated in avariety of
diseases including septic shock. However, its role in macrophage immunoregulation is
less well defined [Albina and Reichner 1995; Marcinkiewicz et al. 1995].
This study set out to define the relationship between NO production and PG
synthesis in cultured murine macrophages.

The effects of the NOS inhibitor

aminoguanidine, the NO donor SIN-i, and the NO-releasing NSAD FLU-NO on iNOS
and COX-2 were determined in activated J774.A1 cells. Specifically, the effects of these
compounds were tested at the levels of enzyme activity, protein expression (for only

FLU-NO), and mRNA synthesis. One key objective of these in vitro experiments was to
further our understanding of the mechanisms by which NO-releasing NSAIDs act on
macrophages in vivo.
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Figure 5.1. Chemical structures of FLU and FLU-NO.
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5.2 Methods and Materials
As outlined in chapters 2, 3, and 4.

5.3 Results

5.3.1 Effects of FLU-NO on PG and NO Accumulation
As seen in Figure 5.2, FLU (25 to 100 Vg/ml; 103 to 410 PM) and equimolar
concentrations of FLU-NO (37.5 to 150 jig/mi) inhibited LPS-induced PG synthesis from
J774.A1 cells. Similarly, both compounds inhibited LPS-induced nitrite formation, with
the levels of nitrite obtained with 100 jig/ml FLU pretreatment differing significantly
from levels obtained using an equimolar concentration of its NO-releasing derivative.
5.3.2 Effects of FLU-NO on LPS-induced COX-2 and iNOS Protein Expression
In contrast to its parent derivative, which decreased COX-2 protein induction at
lower concentrations (25 and 50 jig/ml; 103 and 205 jiM) but elevated COX-2 protein
expression at 100 jig/ml (410 jiM), FLU-NO at all concentrations (37.5 to 150 jig/ml; 103
to 410 jiM) tested decreased the intensity of the LPS-induced COX-2 band (Figure 5.3).
Chapter 3 showed that pretreatment with 100 jig/mi FLU potentiated induction of
COX-2 protein (a 106 ± 65% increase).

However, the two lower FLU concentrations

tested reduced COX-2 intensity to levels below that seen with LPS treatment alone.
Densitometry revealed decreases of 75 ±2% and 62 ± 15% for FLU concentrations of 25
and 50 jig/ml, respectively.

In this set of studies, pretreatment with FLU-NO

77

800-

T

o

a)

0

*

600-

D
0

***

***

***

Li.
(r

)400—
0..

0

6
200—

(15
0

I
/

Vehicle

25

50

100

Flu (jig/mi)

+

U6
37.5

75

150

Flu-NO (jig/ml)

0.1 jig/ml LPS

NO 2 Produced (% Control)

120-r

I
I
I. I
k
***

80-

***

***

***

8

FE/?",

***

40-

0

Vehicle

25

50

100

Flu (jig/ml)

37.5

75

150

Flu-NO (jig/ml)

+ 0.1 jig/ml LPS

Figure 5.2. Effects of FLU-NO and equimolar concentrations of FLU on 6-keto-PGF1
and nitrite production. The top graph illustrates the effects of FLU and FLU-NO on 6keto-PGFi a formation (expressed in pg/nil) as measured by EIA. The bottom graph
shows the effects of both compounds on nitrite formation (expressed as percentage
control) as measured using the Griess reaction. In both graphs the dashed line
represents basal production of product from unstimulated cells. * p<O.05 from LPStreated control;
p<O.001 from LPS-treated control; 6 p<O.001 from equimolar
concentrations of FLU-NO.

78

COX-2
0.1% 0.1% 12.5
25
50
100
DMSO DMSO
FLU (jig/ml)

18.75 37.5
75
150
FLU-NO (jig/ml)

100 150
jig/ml jig/ml

LPS
+ 0.1 jig/ml

FLU FLU-NO

iNOS
0.1%

0.1%

DMSO DMSO

25

50

FLU (jig/ml)
+

Figure 5.3.

100

37.5

75

150

FLU-NO (jig/ml)

0.1 jig/ml LPS

Western analysis of LPS-induced COX-2 and iNOS protein expression in

J774.A1 cells after pretreatment FLU-NO at various concentrations. Also included for
comparison are the effects of its parent compound FLU on COX-2 and iNOS protein
expression. Each agent was administered 1hr before LPS (0.1 jig/ml), and cell lysates
were collected 24 hr after stimulation. These photographs are representative Western
blots from the same experiment repeated five different times.
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concentrations of 37.5, 75, and 150 j.ig/ml decreased LPS-induced COX-2 intensity by 79
±1%, 73 ±8%, and 40 ±17%, respectively.
FLU and FLU-NO had similar effects on LPS-induced iNOS protein expression
(Figure 5.3).

As seen in chapter 3, the means ± standard errors calculated from

densitometry readings of the iNOS band intensities indicated increases of 21 ±30%, 69 ±
34%, and 48 ± 47% for FLU concentrations of 25, 50, and 100 j.ig/ml, respectively.
Similarly, densitometry readings for FLU-NO concentrations of 37.5, 75, and 150 tg/rril
revealed increases of 57 ±15%,23 ±41%, and 83 ±75%, respectively.

5.3.3. Effects of FLU-NO on COX-1, COX-2, and iNOS Transcription
The dashed lines in each of the graphs presented in Figure 5.4 represent levels of
expression for the gene of interest in unstimulated cells. As seen in the top graph, COX1 mRNA synthesis was not affected by pretreatment with either FLU or FLU-NO.
However, COX-2 mRNA synthesis was increased at the two lower concentrations of
FLU tested (25 and 50 j.tg/ml) and at the middle concentration of FLU-NO (75 jig/ml)
(middle graph of Figure 5.4).

As seen in the bottom graph, FLU-NO at all

concentrations tested (37.5 to 150 jig/ml) significantly attenuated LPS-induced iNOS
mRNA expression. In comparison, only the lowest and highest concentrations of FLU
(25 and 100 jig/ml, respectively) were able to reproduce this effect.

5.3.4 Effects of NO on PG synthesis and NO Accumulation
Figure 5.5 shows the effects of the NO donor SIN-1 (1 to 1000 PM) on PG
production in activated J774.A1 cells. Also indicated by the dashed lines are the effects
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of SIN1 on 6-keto-PGFi a synthesis in the absence of LPS.

Comparison of the mean

differences between values obtained in the presence and absence of LPS stimulation
revealed that SIN-1 concentration-dependently increased COX catalytic activity (data
not shown).

Increasing concentrations of SIN-1 also increased nitrite levels in

supernatants from activated cells as measured by the Griess reaction. However, mean
differences between values obtained for each SIN-i concentration in the presence and
absence of LPS indicated no concentration-dependent effects on nitrite production (data
not shown).
Aminoguanidine (1 to 1000

M) had no significant effect on 6-keto-PGFi

synthesis (Figure 5.6). However, at concentrations greater than 10 j.tM, aminoguanidine
concentration-dependently inhibited nitrite formation by activated macrophages.

At

the highest concentration tested (1000 j.tM), aininoguanidine suppressed LPS-induced
nitrite production back to basal or unstimulated levels.

5.3.5 Effects of NO on COX-1, COX-2, and INOS mRNA Expression
Figures 5.7 and 5.8 illustrate the effects of SIN-1 (1 to 1000 jtM) and
aminoguanidine (1 to 1000 jtM) on COX-1, COX-2, and iNOS mRNA synthesis, with the
dashed lines in each graph representing background noise or levels seen in
unstimulated cells. Pretreatment with SIN-1 at all concentrations tested had no effect on
COX-1, COX-2, or iNOS mRNA synthesis with respect LPS treatment alone (Figure 5.7).
In contrast, 1000 jiM aininoguandine in the absence of LPS increased COX-i mRNA
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intensity compared to LPS treatment alone (Figure 5.8). Although induction of COX-2
mRNA occurred after stimulation with LPS, aminoguandine at all concentrations tested
had no effect on LPS-induced COX-2 mRNA expression. Similar results were obtained
for iNOS mRNA transcription.

5.3.6 Effects of Exogenous PGE2on PG and NO Accumulation
Figure 5.9 shows that pretreatment with exogenous PGE2 had no effect on LPSinduced 6-keto-PGFi synthesis when compared to the same pretreatment conditions in
uristimulated macrophages.

For certain treatment conditions, values obtained in the

absence of LPS are also indicated by dashed lines. Although increasing concentrations
of PGE2 (10-9 to 1O M) resulted in increased detection of immunoreactive 6-keto-PGFi a
from the supernatants of J774A.1 macrophages, exogenous PGE2 in the absence of cells
also gave similar values (data not shown). The same PGE2 concentrations, however,
increased LPS-induced nitrite production.

5.3.7 Effects of Exogenous PGE2on COX-2 and iNOS Protein Expression
Exogenous PGE2 had reciprocal effects on COX-2 and iNOS protein expression
(Figure 5.10).

Pretreatment with increasing concentrations of PGE2 (10 -8 to 10-6 M)

decreased LPS-induced COX-2 protein expression. Densitometry of Western blots taken
from four different experiments revealed decreases of 11 ±20%, 18 ± 8%, and 31 ± 11%
for PGE2 concentrations of 10 8,10 7,and 10 -6 M, respectively.

In contrast, the same

pretreatment conditions increased LPS-induced iNOS protein expression. iNOS protein

87

12000-

***

9000-

0
U.•

***

E

0

6000-

6
3000-

0

***

-4

Veh

10 -9

10 -8
10
10 -6
Prostaglandin E2 (M)

NO2 Produced (% Control)

+

10
-5

0.1 jig/ml LPS

150***
***

100-

50—

— —

Veh

10
-9

-

10 .8

10 -7

10 -6

1 0-5

Prostaglandin E2 (M)
+

0.1 jig/mI LPS

Figure 5.9. Pretreatment with exogenous PGE2 increased nitrite formation, but had no
effect on 6-keto-PGFi production 24 hr after LPS. The upper graph illustrates the
concentration effects of PGE2 on 6-keto-PGFi release (expressed in pg/mi) as
determined by EIA. Dashed lines represent 6-keto-PGFi levels in supernatants of
unstimulated cells. The bottom graph illustrates the effects of exogenous PGE2 over the
same range of concentrations on nitrite production (expressed as percentage control).
The dashed line in this graph represents the level of nitrite produced by non-stimulated
cells. ** p<O.Ol from LPS-treated control;
p<O.001 from LPS-treated control.

88

COX-2

NOS
Veh

0.1g/m1 1ft6M
LPS
PGE 2

1ft8M
PGE 2

1ft7M
PGE 2

+ 0.1mg/mi
Figure 5.10.

1ft 6M
PGE 2
LPS

Effects of exogenous PGE 2 pretreatment on COX-2 and NOS protein

expression 24 hr after LPS (0.1 jtg/m1) as measured by Western blot analysis. These
photographs are representative Western blots from the same experiment repeated four
different times.

89

band intensities increased 71 ± 26%, 123 ± 53%, and 122 ± 33% for PGE2 concentrations
of 10 8, 10 -7,and

10 6

M, respectively.

5.3.8 Effects of Exogenous PGE2 on COX-1, COX-2, and iNOS Transcription
As determined by RT-PCR, PGE2 at all concentrations tested (10-9 to 10 -sM) had
no effect on COX-1 mRNA synthesis in J774.A1 cells (Figure 5.11).

However,

pretreatment with 10 -vto 10 -sM PGE2 attenuated LPS-induced COX-2 transcription. In
contrast, pretreatment with exogenous PGE2 (10-8 and 10-s M) significantly increased
iNOS niRNA expression compared to LPS treatment alone.

5.4 Discussion
Due to the emerging evidence suggesting a close interaction between PG
synthesis and NO production, the effects of an NO-releasing NSAID were tested on
LPS-treated J774.A1 macrophages. The rationale behind the design of this class of drugs
was that NO released by these compounds in vivo, by maintaining gastric mucsa1 blood
flow and preventing leukocyte adherence within the gastric ndcrocirculation, may
counteract the detrimental effects of COX suppression such that mucosal injury does not
occur [Wallace and Cirino 1994]. Equimolar concentrations of the NO-derivative were
thus compared to the parent NSAID.

The NO-releasing NSAID studied in this

investigation was FLU-NO.
To determine if FLU-NO was exerting its effects through an NO-mediated
pathway, the effects of the NO donor SIN-1 were also studied in activated J774.A1
macrophages.

The effects of the NOS inhibitor aminoguanidine were also tested on
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LPS-treated cells. The nucleophilic hydrazine compound aminoguanidine is thought to
be aspecific iNOS inhibitor [Misko et al. 1993; Way and Reid 1994], although effects on
constitutive NOS have also been reported both in vivo and in vitro [Laszlo et al. 1995;
Lopez-Belmonte and Whittle 1995]. An alternative NOS inhibitor L-NAME, along with
its corresponding D-enantiomer, was not used in this study because it has been found
previously to interfere with the Griess reaction [Bissonnette et al. 1991].
With respect to LPS treatment alone, FLU-NO exerted inhibitory effects on both
COX and NOS catalytic activity at all concentrations used (37.5 to 150 jig/ml; 103 to 410
jiM), exerted opposite effects on COX-2 and iNOS protein expression at all
concentrations used, increased COX-2 mRNA expression at aconcentration of 75 jig/rid
(205 jiM), and attenuated iNOS mRNA expression at all concentrations tested. The first
set of observations are consistent with the 6-keto-PGF1 ETA and Griess reaction results
obtained using the parent FLU. Both NSAIDs therefore inhibit PG synthesis. However,
the statistically significant difference in nitrite production by pretreatment with 150
jig/rid FLU-NO compared to the equimolar equivalent of FLU may be accounted for by
the nitroxybutylester group on FLU-NO, which may be cleaved off to give free NO.
As seen in chapter 3, the parent NSAID FLU (100 jig/ml) increased COX-2
protein expression.

However, an equimolar concentration of FLU-NO (150 jig/ml)

suppressed COX-2 protein synthesis from activated cells. The observation that protein
expression is reduced by pretreatment with this compound (instead of enhancing it)
further verifies that, at least in the case of COX-2, through some uncharacterized
mechanism the NO-releasing group of FLU-NO reverses the effects of the NSAID
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portion of the molecule. Since COX-2 mRNA levels remained unchanged at the highest
concentrations of both FLU and FLU-NO used, this suggests that the NO group was
exerting its effects post-transcriptionally.
The fact that both compounds inhibited LPS-induced iNOS mRNA synthesis,
and yet

did not inhibit iNOS protein expression is

somewhat confounding.

Densitometry revealed that FLU and FLU-NO potentiated iNOS immunoreactivity as
measured by Western blot analysis.

This suggests that FLU and FLU-NO exert

differential regulatory effects on iNOS expression both at the level of transcription and
at the level of translation. Alternatively, since induction of iNOS mRNA expression is
not atransient phenomenon and the effects of these agents on iNOS mRNA expression
were not assessed at later time points, our RT-PCR results neither support nor contradict
our Western blot results on samples taken 24 hr after LPS administration. One reason
for this may be that due to recognition of foreign material, the macrophage initially
diverts its cellular synthetic machinery towards getting rid of the threat, possibly
downregulating transcription of certain genes. If the foreign material still cannot be
cleared, then the macrophage may revert to utilizing the cytotoxic effects of NO
generated by iNOS [Drappier and Hibbs 1988; Hibbs et al. 1987; Ignarro et al. 1987;
Kwon et al. 1991] to deal with the threat, an effect not tested in this investigation.
Nonetheless, as mentioned in the previous chapter, this last observation that both
compounds inhibit iNOS mRNA expression was also verified in vivo by Mariotto et al.
[1995], who measured iNOS mRNA levels in stomach samples using Northern analysis.
These results demonstrate that studying the effects of these agents at only one level of
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enzyme expression is not sufficient. The effects of these agents at all levels, namely,
catalytic activity, protein expression, and mRNA synthesis, must be assessed in order to
draw more thorough conclusions.
SIN-1 concentration-dependently increased both PG synthesis and nitrite
formation. These results demonstrate (1) NO is being released by this compound and
(2) during pathophysiological conditions NO potentiates PG synthesis as independently
demonstrated by Salvemini et al. [1993], Tsai et al. [1994], and Molina-Holgado et al.
[1995]. This is not supported by our observations with aminoguandine pretreatment.
Aminoguariidine had no significant effects on PG synthesis, but concentrationdependently

inhibited

nitrite

formation.

Not

only

does

this

indicate

that

aminoguanidine at higher concentrations is no longer selective for iNOS, these results at
first glance contradict those obtained with SIN-1 by demonstrating that the NO
produced as a result of murine macrophage activation is not necessary to ensure
maximal PG synthesis by COX.

The reason for this apparent contradiction may be

explained by the fact that the NO released by SIN-1 acts in concert with the NO
produced as a consequence of macrophage activation.

The larger amounts of NO

observed with SIN-i pretreatment 1 hr before LPS (which theoretically could be
observed in vivo during pathological states such as endotoxemia, where blood LPS
levels are high [Sautebin et al. 1994]), may be a necessary requirement for the
potentiation of PG synthesis by COX.

The macrophages stimulated with the low

concentration of LPS used in our studies do not even come close to producing these
high levels of NO seen in the presence of SIN-1. As aresult, any inhibitory effects of
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aminoguanidine on PG production via inhibition of NO synthesis may not have been
noticeable under the conditions used.
COX-2 and iNOS mRNA levels were unaffected by pretreatment with either
SIN-1 or aminoguanidine, thereby suggesting that any effects of these agents on product
formation by these two enzymes were post-transcriptional. This is in contrast to RTPCR studies on human ramified microglial cells [Colasanti et al. 1995], in which both the
NO donor sodium nitroprusside and authentic NO solution were able to inhibit
LPS/TNFo-induced iNOS gene expression.

This effect was reversed by reduced

hemoglobin, a trapping agent for NO [Colasanti et al. 1995].

The early presence of

sodium nitroprusside during induction was essential for inhibition of iNOS mRNA
expression and NO was postulated to exert its effects by inhibiting activation of the
ubiquitous transcription factor NF-0. It should be noted that one of the metabolites of
sodium nitroprusside is cyanide, and this by itself may disrupt normal metabolic
pathways or even cause cell death. Therefore, due to differences in cell type and NO
administration, our results neither support nor contradict those previously reported.
To determine whether or not inhibition of PG production was directly
responsible for the observed catalytic, translational, and transcriptional effects after LPS
stimulation, exogenous PGE2 was added to J774.A1 cell monolayers 1 hr before
activation. As seen in Figure 5.9, PGE2 had no measurable effects on PG production at
the highest and lowest concentrations tested, but increased the concentrations of
immurioreactive

6ketoPGFia

even in the absence of LPS. This was probably due to

limitations of the EIA used. The underlying principle of this assay is that the specific
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binding sites of the primary antibody (which is fixed or held in place by an appropriate
secondary antibody) are competed for by soluble antigen.

Reversibly bound and

labeled antigen is competed off the primary antibody by any unlabeled antigen present
in agiven sample, aprocess dependent on the starting amounts of unlabeled antigen in
the sample. As mentioned in chapter 3, the primary antibody used in this assay may
not have been absolutely selective for only 6-keto-PGFi, and thus may have crossreacted with some, if not all, of the non-metabolized PGE2 left in the cell supernatants.
Exogenous PGE2 also increased nitrite formation at all concentrations tested, decreased
both COX-2 translation and transcription at concentrations between

10-7

and 10-5 M, and

increased iNOS translation and transcription at 1O M. These results demonstrate that
COX products not only feedback to inhibit COX transcription and hence protein
expression, but also regulate NO synthesis. Moreover, this effect on NO production
appears to be exerted at the level of transcription.
Collectively, the results presented in this and previous chapters demonstrate that
there is acomplex interaction between the COX and NOS systems. Furthermore, this
interaction

is

inflammation,

influenced

by

agents

namely NSAIDs.

administered

Most notably,

to

counteract

modification

symptoms

of FLU with

of
a

nitroxybutylester moiety had similar inhibitory effects on LPS-induced PG and NO
accumulation when compared to the parent compound.

However, this modification

also reversed the effects of FLU at the highest concentration tested on the induction of
COX-2 protein. An attempt to answer the final question of how do these interactions
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relate to other mediators produced in the inflammatory cascade is presented in the next
chapter.
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CHAPTER SIX: STUDY 4- EFFECTS OF COX-2 AND INOS INHIBITION ON TNFa
PRODUCTION

6.1 Introduction
TNFa (also known as

caFhectin)

is a glycosylated 17 kDa protein known to

mediate awide range of effects, ranging from the hemorrhagic necrosis of tumours to
the activation of PMNs (as reviewed by Le and Vilcek [1987]). Moreover, it is a key
mediator in sepsis and septic shock [Harbrecht et al. 1995].

Santucci et al. [1994]

previously reported that TNFa is released from the gastric mucosa following NSAID
administration. We recently verified these findings and also demonstrated that the mast
cell is not asignificant cellular source of this cytokine in these circumstances [Appleyard
et al. 1995; Appleyard et al. 1996].

Although speculative, an alternative source of

NSAID-induced gastric TNFa release is the macrophage.
Kunkel et al. [1988] demonstrated TNFa release by murine macrophages was
reduced by 50% in the presence of 10 nM PGE2,while higher concentrations of PGE2
suppressed TNFa release by more than 80%. This effect was produced at the level of
transcription, as exogenous PGE2 dramatically reduced TNFa mRNA accumulation
{Kunkel et al. 1988]. PGE 2 is thought to stimulate receptor-coupled adenylate cyclase to
elevate intracellular cAMP, thereby suppressing TNFa production mainly at the
transcriptional level [Kunkel et al. 1988; Watanabe et al. 1994].

In support of this,

inflammatory cells were demonstrated to be susceptible to PGE2 challenge with an
augmentation in intracellular cAMP accumulation, which was further enhanced by the
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addition of phosphodiesterase inhibitors [Kunkel et cii. 1988]. In these studies, only the
effects of a single NSAID, indomethacin, on TNFa release were characterized.
However, as we will next demonstrate, not all NSAIDs affect TNFa production equally.
One of the ways that NO is thought to mediate some of its effects on target cells
is through the synthesis of cGMP via activation of guanylate cyclase [Rettori et al. 1992].
In contrast to cAMP, which downregulates TNFa synthesis, there is recent evidence that
cGMP upregulates TNFa synthesis in rat peritoneal macrophages [Inoue et cii. 1995]. In
fact, using rabbit vascular smooth muscle cells, Inoue et cii. [1995] found that cGMP may
upregulate NOS gene expression through the stimulation of TNFa production. Thus,
there may be a positive feedback mechanism between NO and the cGMP system in
vascular smooth muscle cells. Since they are easy to manipulate, murine macrophages
form asuitable model to simultaneously investigate NO and TNFa synthesis [Eigler et
cii. 1995]. Findings in these cells may also shed light on the regulation of TNFa synthesis
in other tissues in which both TNFcc and NO are formed locally, such as the vessel wall.
The objective of this study was therefore to determine the effects of NSAIDs on
TNFa release by cultured macrophages. In addition, any potential regulatory effects
that NO may have on TNFa release, either through the direct actions of NO on PG
synthesis via COX or through the actions of NO independent of PG synthesis via cGMP,
were assessed.

Our findings demonstrate that not all NSAIDs enhance LPS-induced

TNFa release. Furthermore, increased NO synthesis due to macrophage activation may
also have no effect on TNFa production.
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6.2 Materials and Methods

6.2.1 Induction of TNFcc Synthesis
Confluent J774.A1 cells grown in 24-well plates were activated using LPS (from
S. typhosa). At the time of sample collection, cell supernatants were withdrawn from
both control and test groups into clean Eppendorf tubes and frozen at -20°C until use.

6.2.2 TNFoc Cytotoxic Bioassay
Using the TNPo-sensitive murine fibroblast cell line WEHI 164, TNFoc bioactivity
in the culture supernatants of drug-treated cells was measured in the presence of
actinomycin D (ACT D), as first described by Mossman [1983]. Briefly, on the day of the
experiment, 25,000 cells were added to each well of aFalcon 96-well plate, followed by
25 .tl of ACT D (6 j.Lg/rrd final concentration).

Thawed samples (in the form of cell

supernatants) were serially diluted in fresh medium and 50 p1 was added to each well.
The plates were allowed to incubate at 37°C and 5% CO2 for 20 to 24 hr. Cell viability
was assessed by the mitochondrial dependent reduction of the tetrazolium salt 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to formazan [Mossman
1983]; after the addition of MTT (1 jig/ml final concentration) to all wells, the plates
were incubated at 37°C and 5% CO2for no more than 2hr, after which time the medium
was removed and cells solubilized in 100 p1 of lysis buffer

This lysis buffer was made

up of 20% SDS in a50% NN-diethyl formamide solution (pH 4.7). The desired pH of
this buffer was obtained using a 1:1 (v/v) solution of hydrochloric acid:80% glacial
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acetic acid. After another 20 to 24 hr incubation at 37°C and 5% CO2, absorbances were
then read at 620 nm using aspectrophotometer, and unknown units of activity were
determined from a standard curve obtained using recombinant human TNFa.

One

international unit (IIJ) of TNFa activity was defined as the concentration that would kill
50% of the cells.
For each test group in the separate experiments, at least six different cell
supernatants were analyzed and the means and standard errors calculated.

6.2.3 Other Materials
ACT D, MTT, and NN-diethyl formaniide were purchased from Sigma
Chemical Co. (St. Louis, MO). Hydrochloric acid and glacial acetic acid were purchased
from BDH (Edmonton, AB, Canada). Recombinant human TNFa was obtained from
R&D Systems (Minneapolis, MN).

6.3 Results

6.3.1 LPS Induction of TNFa production
The addition of 0.1 ig/rril LPS induced TNFa release from J774.A1 marophages
(Figure 6.1). TNFa bioactivity was highest 6hr after the stimulus, and then began to
decline. Hence, to measure any regulatory effects that the compounds being tested may
have had on TNFa release, all samples were taken 6hr after the addition of LPS.
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Figure 6.1. TNFa production from J774.A1 cell supernatants after stimulation with 0.1
tg/ml LPS. Cells were first grown to confluence in 24-well plates. After the addition of
LPS, cell supernatants were taken from six different wells at various times. Asterisks
denote significant difference from quiescent or unstimulated cells compared to LPStreatment at various time points, with
p<O.001, ** p<O.05, and * p<O.Ol.
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6.3.2 Effects of Dexamethasone (DXM), PGE2,and Indomethacin on TNFa, Formation
Figure 6.2 shows that 1hr pretreatment with DXM (0.5 tg/m1; 1.3 [IM) and
exogenous PGE2 over arange of concentrations (10-7 to 10-5 M) significantly attenuated
TNFa bioactivity in cell supernatants.

In fact, the LPS-induced increases in TNFa

bioactivity were effectively suppressed back to levels observed from unstimulated cells
(as indicated by the dashed line in each graph). Similar to earlier observations made by
Kunkel et cii. [1986; 1988], pretreatment with indomethacin (25 gg/ml; 70 jiM)
significantly increased TNFa release compared to LPS treatment alone.

6.3.3

Effects of Acetylsalicylic Acid (ASA) and Salicylic Acid (SA) on TNFcc

Production
At concentrations ranging between 1to 100 jig/ml (5.5 and 550 PM), ASA and
equimolar concentrations of SA (0.9 to 90 jig/mi) increased levels of LPS-induced TNFa
bioactivity measured in cell supernatants (Figure 6.3). The dashed line represents basal
TNFa production from unstimulated cells, which was below the detection limits of this
assay. This value did not differ from TNFa levels measured in supernatants from cells
treated with each compound alone (data not shown).

6.3.4 Effects of Flurbiprofen (FLU) and Flurbiprofen-nitroxybutylester (FLU-NO) on
TNFa Production
FLU at all concentrations tested (25 to 100 jig/ml; 103 to 410 jiM) did not elevate
LPS-induced TNFa release. In contrast to FLU, FLU-NO at higher concentrations (75
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Figure 6.2. Positive controls for LPS-induced TNFa production 6h after stimulation.
Results are expressed as percentage control, with the amount of TNFa produced by LPS
treatment alone set at 100% in each study. The top graph shows the effects of 1hr
pretreatment with 0.5 p.g/rril DXM. The middle graph shows the effects of 1 hr
pretreatment with 25 p.g/ml indomethacin. The bottom graph shows the effects of
exogenous PGE2 pretreatment over arange of concentrations. The dashed line in each
graph represents basal TNFa production from unstimulated cells, as measured for each
study. Asterisks denote significant difference compared to stimulated cells (p<O.001).
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Figure 6.3. Effects of ASA and SA on TNFa release 6hr after stimulation. Results are
expressed as percentage control, with the amount of TNPa produced by LPS treatment
alone set at 100%. No significant differences were observed between acetylsalicylic acid
and salicylic acid at equimolar concentrations. The dashed line represents basal TNFcc
production from uristimulated cells. * p<O.Ol compared to LPS-treated cells; ** p<zO.05
compared to LPS-treated cells.
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and 150 pg/m1; 205 and 410 riM) significantly increased levels of TNFa bioactivity in
supernatants of activated macrophages (Figure 6.4). Similar to effects observed using
ASA and SA alone, basal TNFa production from unstimulated cells (as indicated by the
dashed line) did not differ from TNFa levels measured in supernatants from cells
treated with flurbiprofen or flurbiprofen-nitroxybutylester alone (data not shown).

6.3.5 Influence of NO on LPS-induced TNFa Release
As seen in Figure 6.5, the NO-donor SIN-1 at all concentrations tested (1 to 1000
j.tM) had no effect on LPS-induced TNFa synthesis.

In contrast, pretreatment with

aminoguandine at the highest concentration tested (1 mM) increased TNFa bioactivity
compared to the LPS-treated control. As demonstrated in chapter 5, this concentration
was also very effective in completely inhibiting nitrite release from J774.A1 cells 24 hr
after stimulation with LPS. Although significantly different from LPS treatment alone,
basal TNFa production from unstimulated cells did not differ from TNFa levels
measured in cell supernatants resulting from treatment with aminoguandine or SIN-1 in
the absence of LPS (data not shown).

6.4 Discussion
To verify the effects of PGs on ThIFcL release in vivo [Appleyard et al. 1995;
Appleyard et al. 1996] and in vitro [Kunkel et al. 1986; Kunkel et al. 1988; Remick et al.
1990; Watanabe et al. 1994], we utilized aTNFa cytotoxicity bioassay. This method was
chosen over immunoglobulin-based assays to ensure that only bioactive levels of TNFa
were detected, and not secreted levels of TNFa epitope. Similar to previous •studies, a
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Figure 6.5. Influence of NO on LPS-induced TNFa release 6 hr after stimulation.
Results are expressed as percentage control (n=6 for each group), with the amount of
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time course study was first performed to determine the appropriate time at which TNFa
levels peak in response to 0.1 jig/rril LPS administration. Once determined, changes in
TNFcL bioactivity from supernatants collected from cells treated with the various agents
described in chapters 2to 5in the presence of LPS were assessed with respect to LPStreated controls. As seen in Figure 6.1, TNFa bioactivity was greatest 6hr after the
addition of LPS and hence all samples were subsequently collected at this time point.
To ensure that any results derived from the use of this assay were valid,
administration of DXM (0.5 jig/ml; 1.3 jiM), exogenous PGE2 (10-7 to 10-s M), and the
NSAID indomethacin (25 jig/nil; 70 jiM) served as positive controls for TNFa release in
this study. The first two compounds were previously demonstrated to suppress TNFa
production by activated macrophages, whereas the last compound was shown to
increase TNFa release [Han et al. 1990, Kunkel et al. 1985; Kunkel et al. 1988; Remick et
al. 1990]. In our hands, similar effects were observed.
Since

indomethacin

increased

TNFa

production

and

exogenous

PGE2

suppressed it, we set out to determine what effects other NSAIDs had on TNFa
production. ASA (1 to 100 jig/ml; 5.5 to 550 jiM) and equimolar concentrations of SA
(0.9 to 90 jig/nil) increased LPS-induced TNFa synthesis.

Since, as demonstrated in

chapter 3, SA further increased LPS-induced PG synthesis, this result suggests the
possibility that these two compounds exert their effects on TNFu independent of PG
production and hence acAMP-mediated mechanism. Other possibilities may include
interactions with aanother enzyme or cofactor involved in TNFa protein synthesis or
release, interactions with aprotein which may increase TNFa degradation before it is
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released, or diversion of cell synthesis machinery from TNFa production towards other
more essential proteins necessary for cell survival.
demonstrated

that

salicylates

inhibit

Interestingly, it was previously

mitochondrial

oxidative

phosphorylation

[Domschke and Domschke 1984] and hence decrease intracellular ATP levels within
cells.

If ATP levels are indeed being inhibited by SA, then it stands to reason that

downstream production of cAMP may also be affected, regardless of whether PG
synthesis is affected.

Decreased cAMP levels due to decreased substrate availability

would then account for the increase in TNFa bioactivity observed in cell supernatants of
activated J774.A1 cells pretreated with SA.
Since both indomethacin and ASA potentiated LPS-induced TNFa synthesis
from cultured macrophages, we next tested the effects of two other NSAIDs, FLU and
FLU-NO, on TNFa release from these same cells.

Not only were both compounds

known COX inhibitors (as seen in chapters 3 and 5), the latter compound had an
additional esterified NO-releasing group, which theoretically could be cleaved and
provide an additional source of NO. Our results show that FLU pretreatment (25 to 100
g/ml; 103 to 410 j.tM) had no effect on TNFa synthesis from activated cells. However,
pretreatment with FLU-NO at higher concentrations (75 and 150 j.ig/ml; 205 and 410
M) increased LPS-induced TNFa release.

Similar to its effects on COX-2 protein

expression (as seen in Chapter 5), this demonstrates that the addition of a"NO-releasing
moiety" to astandard NSAID may reverse the effects of the parent compound.
The apparent differences between ASA and FLU could be attributed to
differences in the way each compound interacts with the COX catalytic site. The S(-)
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stereoisomer of FLU interacts, through its carboxylate group, with Arg 120, thereby
placing the second phenyl ring within van der Waals contact of Tyr 385 and excluding
arachidonate from the upper portion of the channel leading to the COX active site
[Mancini et al. 1995]. ASA is known to covalently modify aserine residue to exert its
inhibitory effects as first demonstrated in COX-1 [Roth et al. 1975] and more recently in
COX-2 [DeWitt et al. 1990].

One could thus argue that the observed differences are

perhaps due to unique molecular interactions with different portions of the COX
enzyme.
However, as demonstrated in chapter 3, both compounds can inhibitCOX and
NOS catalytic activity in activated J774.A1 cells.

In these studies, however, FLU

suppressed NO production more than ASA. As mentioned in Chapter 1, NO alone may
have a positive effect on TNFa secretion by macrophages [Harbrecht et al. 1995;
Marcinkiewcz et al. 1995]. In our study, FLU may thus be exerting its effects on TNFa
release by adual inhibition of NOS and COX.
This explanation is also supported by the results obtained using FLU-NO, which,
at the higher concentrations tested, increased TNFa release.

As demonstrated in

chapter 5, FLU-NO at the highest concentration tested was less effective than equimolar
concentrations of its parent derivative at inhibiting LPS-induced nitrite production.
Since higher amounts of NO were detected in cell supernatants after pretreatment with
FLU-NO compared to FLU, it is possible that TNFa synthesis in activated macrophages
is increased by NO-releasing NSAIDs via mechanisms independent of the inhibition of
PG synthesis.
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As mentioned in chapter 1, Harbrecht et al. [1995] demonstrated that guanylate
cyclase and cGMP mediate LI'S-induced Kupffer cell TNFa synthesis. It was also found
that agents which alter cyclic nucleotide metabolism in Kupffer cells may affect the
response of these cells to inflammation and inflammatory stimuli. Marcinkiewicz et al.
[1995] also observed a stimulatory effect of NO on TNFa secretion by mouse
macrophages at concentrations greater than 100 j.tM.

These investigators concluded

that, in addition to acting as a powerful effector molecule in mediating cytotoxic
activities of mouse macrophages, NO can play arole in enhancing the production of a
variety of other inflammatory mediators, and thus can contribute both directly and
indirectly to the immunopathology of macrophage-regulated inflammatory states. This
was not observed in our studies using the NO donor SIN-1 (1 to 1000 PM) and the NOS
inhibitor aminoguanidine (1 to 1000 pM).

In fact, the opposite effect was almost

observed.
Aminoguanidine at the highest concentration used (1000 PM), a concentration
which completely inhibited nitrite production from J774.Ai macrophages 24 hr after
LPS (see chapter 5), increased TNFa release compared to levels obtained from LI'S
treatment alone.

This effect may be due to the decreased NOS specificity of this

compound at this concentration. The presence of aconstitutive NOS isoform has never
been documented in murine macrophages, but it is possible that such an enzyme may
still exist. In fact, using RT-PCR Reiling et al. [1994] demonstrated the presence of both
eNOS and iNOS mENA in freshly isolated human macrophages, even though NO
production by these cells could not be confirmed. If eNOS is indeed present or even
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induced

in

murine

macrophages

treated

with

LPS,

in

our

aminoguanidine would be expected to exert inhibitory effects.

study

1000[LM

This inhibition could

contribute to the observed increase in TNFa synthesis because both NO and TNFcc are
cytotoxic molecules released by activated macrophages [Drappier and Hibbs 1988;
Ignarro et al. 1987; Kunkel et al. 1986; Kunkel et al. 1988; Kwon et al. 1991]. A decrease in
the production or synthesis of one component, namely NO, could possibly result in the
upregulation the other, namely TNFcx. Alternatively, similar to the PGs produced as a
result of COX-1

catalytic activity, NO produced by eNOS may serve

some

uncharacterized "house-keeping" regulatory role in macrophages.
It has also been demonstrated that millimolar concentrations of aminoguanidine
have an irreversible and inhibitory action on other intracellular enzymes such as
catalase, the enzyme responsible for hydrogen peroxide degradation [Ou and Wolff
1993]. Aminoguanidine was also shown to generate hydrogen peroxide at alow rate in
vitro directly, or indirectly via its hydrolysis products semicarbazide and hydrazine [Ou
and Wolff 1993]. Although not measured, this increased hydrogen peroxide could be
responsible for the increased TNFa synthesis observed in our studies.
SIN-1 at all concentrations tested, in contrast to aminoguanidine, had no effect
on TNFcc release from activated J774.A1 macrophages. As demonstrated in chapter 5,
using the same pretreatment conditions, SIN-1 concentration-dependently potentiated
LPS-induced PG accumulation.

If the hypothesis that PGs feedback inhibit TNFa

production and release were true, TNFa synthesis from activated macrophages would
be inhibited in the presence of SIN-1, an effect that should have been more evident at
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the higher concentrations of the NO donor.

Our findings suggest that exogenously

added NO administered in the form of SIN1 has no effect on TNFa synthesis in our
system.

Possible reasons for this lack of effect may be due to differences in culture

conditions used to maintain our macrophage cell line compared to other investigators
[Harbrecht et al. 1995; Marcinkiewicz et al. 1995], differences in NO administration (such
as the form of exogenous NO used), or differences in the sampling time chosen for
measurement of TNFa production (since the effects of SIN-i on PG synthesis may not
have yet been significant at t=6 hr after LPS stimulation). It therefore appears that one's
findings are not only dependent on the test system used, but also on the agents used to
inhibit or mimic NO production.
Based on the results presented in this study, TNFa synthesis and release appear
to be atightly controlled segment of the macrophage immune response and are subject
to regulation by anumber of different mediators, namely PGs and perhaps NO. These
mediators may not only exert their effects directly on TNFa release, but may also
interact to potentiate their effects.
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CHAPTER SEVEN: SUMMARY

7.1 General Conclusions and Future Prospects

The overall objective of the proposed series of studies was to determine the
relationship between PG synthesis, NO production, and TNFa release in activated
macrophages. Using the murine macrophage cell line J774.A1, PG and NO synthesis
were analyzed at three levels:

mRNA expression, protein expression, and catalytic

activity. TNFcx release by these cells was also assessed in terms of bioactivity.
Chapter 3 showed that some NSAIDs at certain concentrations, in addition to
inhibiting the synthesis of PGs from the enzyme COX, also had the ability to increase
(FLU at 410 pM) or decrease (ASA at 5.5 to 550 pM and FLU at 103 to 205 pM) COX-2
protein expression. Through either aPG-dependent or -independent mechanism, it was
also found that both NSAIDs had the ability to modulate the induction of another key
enzyme involved in inflammation, namely the inducible form of NOS. Interestingly, the
weak COX inhibitor SA at concentrations as low as 5.5 p.M also inhibited iNOS protein
expression, an effect observed below this compound's reported IC50 values for COX
catalytic activity.

This last observation supports the notion that salicylates possibly

exert their effects on iNOS protein induction independent of their effects on PG
synthesis.
Chapter 4further characterized the effects of these agents on COX-2 and iNOS,
but at the level of mRNA expression.

The studies presented in this chapter

demonstrated that the regulation of enzyme expression by NSAIDs is more complex
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than as previously thought.

Depending upon the NSAID and the concentration

administered, pretreatment with these compounds either increased COX-2 mRNA
expression (FLU at 103 to 205 jIM), decreased iNOS mRNA expression (FLU at 103 and
410 jiM), or had no effect (ASA at 0.55 to 550

M). Speculations were also made in an

attempt to explain these phenomena.
In Chapter 5amodified version of the NSAID FLU was utilized, namely the NOreleasing derivative FLU-NO.

These experiments compared the effects of this

compound to those of its parent. Differential effects at the level of NO production and
at the level of COX-2 protein expression were observed, especially at the highest
concentration tested (410 jiM); these results may be attributed to the presence of the NOreleasing group on FLU-NO. Using exogenous PGE2 and the NO-donor SIN-1 it was
also observed that the products of the COX and NOS systems closely interact. Not only
did NO increase PG synthesis (as previously demonstrated in the literature), PGs also
feedback inhibited protein and mRNA expression of COX-2, one of the rate-limiting
isoenzymes responsible for their production, and upregulated NO production.
Altogether, the results from the studies presented in this chapter further demonstrated
that studying the effects of these agents at only one level of enzyme expression is not
sufficient.

The effects of these agents at all levels, namely, catalytic activity, protein

expression, and mRNA synthesis, must be assessed in order to draw more valid
conclusions.
The studies presented in Chapter 6assessed the effects of the various agents on
TNFa synthesis from activated macrophages. As expected, DXM and exogenous PGE2
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inhibited LPS-induced TNFa production.

Although both indomethacin and ASA

further increased TNFa synthesis with respect to LPS treatment alone, FLU did not.
This observation was further complicated by the fact that FLU-NO pretreatment also
further enhanced TNFa synthesis, aresult not observed using the NO-donor SIN-1 or
the iNOS inhibitor aminoguanidine. The difference between FLU and FLU-NO may
again be explained by the presence of the nitroxybutylester group and the possibility
that NO was being released by FLU-NO once taken up by the macrophage.

The

paradoxical results obtained using SIN-i and aminoguanidine were explained by the
possibility that these agents may have also exerted effects independent of NO synthesis
by iNOS.
Based on our findings, a model depicting the possible interactions between
COX-2, iNOS, and TNFcL in activated murine macrophages is presented in Figure 7.1. In
the presence of serum, LPS binds to its specific CD14 receptor on the macrophage cell
surface and induces synthesis of COX-2, iNOS, and TNFa mRNA.

This induction

results in three events: (1) increased AA metabolism to the prostanoid precursor PGH2
by the enzyme COX-2; (2) increased L-arginine catalysis to the mediator NO by the
enzyme iNOS; and (3) increased synthesis and release of the pleiotropic cytokine TNFa.
PGE2,formed from PGH2,activates the enzyme adenylate cyclase in the same cell or in
nearby cells to increase synthesis of cAMP from ATP. In this model, increased cAMP
has two effects:

(1) cAMP upregulates iNOS mRNA synthesis and hence NO

production, and (2) cAMP downregulates TNFa synthesis and release. In addition, the
increased NO formed by iNOS potentiates COX catalytic activity, as also demonstrated
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Figure 7.1. Possible model for the interactions between COX-2, NOS, and TNPa in an
activated murine macrophage. See text for explanation. Abbreviations: AA, arachidonic
acid; AC, adenylate cyclase; ATP, adenosine 5'-triphosphate; cAMP, cyclic adenosine
3':5'-monophosphate; COX-2, inducible cyclooxygenase; NOS, inducible NO synthase;
L-Arg, L-arginine; LPS, endotoxin; mRNA, messenger ribonucleic acid; NO, nitric oxide;
PG, prostaglandin; TNPa, tumour necrosis factor-a.
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by other investigators. The results presented in this thesis suggest that NSAIDs may
exert regulatory effects at various points within this model, many of which have yet to
be characterized.
Overall, the above experiments demonstrate that LPS-induced COX-2 and NOS
expression in macrophages is influenced by NSAIDs, by PG synthesis, or by increased
NO production. Although modulation of COX-2 product formation may be indirectly
related to mucosal damage, understanding the true mechanisms by which various
NSAIDs suppress COX-2 activity will prove beneficial in other areas of inflammation.
For instance, these studies have set the foundations for answering the question of how
changes in PG synthesis affect TNFa production and release.
The techniques used in the experiments described above can next be applied to
normal cells (with finite lifespans) isolated directly from the peritoneal cavities or even
the gastric mucosa of normal or disease-afflicted animals.

In addition, the RT-PCR

primer dropping method is currently proving useful in our laboratory for evaluating
changes in COX-1, COX-2, eNOS, and NOS mRNA expression in rat models of colitis or
inflammatory bowel disease.

Furthermore, the ease and accessibility of this new

method has already been used to determine whether there is increased TNFa mRNA
expression in other animal models of disease.
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