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METHOD OF USING TETRACYCLINE COMPOUNDS FOR INHIBITION OF
NITRIC OXIDE PRODUCTION

BACKGROUND OF THE INVENTION

The invention relates to methods of reducing the generation of nitric oxide in
biological systems. More specifically, the invention relates to the inhibition of inducible
nitric oxide synthase in mammals.

Nitric oxide (hereinafter NO) is a recently recognized multifunctional mediator that is
produced by and acts on various cells, and that participates in inflammatory and
autoimmune-mediated tissue destruction. NO production is catalyzed by a family of
ubiquitous enzymes called nitric oxide synthases (also nitric oxide synthetase, hereinafter
NOS). NOS is a naturally expressed enzyme in mammals which catalyzes the mixed
functional oxidation of L-arginine (a common amino acid) to L-citrulline and nitric oxide.
The enzyme removes a guanidino nitrogen of L-arginine to form the nitric oxide. Several
isoforms of the NOS enzyme have been identified, and they are generally divided into two
types: constitutive NOS (hereinafter cNOS) and inducible NOS (hereinafter iNOS).
Additional details concerning types and functions of some NOS enzymes are found, for
example, in U.S. Patent Nos. 5,478,946 and 5,468,630, the entire disclosures of which are
incorporated herein by reference. A cDNA clone capable of expressing a human inducible
NOS has been described in U.S. Patent No. 5,468,630.

The nitric oxide product of the NOS enzymes appears to function as either a signaling
or an effector molecule depending on the isoform of the NOS enzyme which is involved in its
formation. The constitutive form of NOS produces small amounts of NO, which activate
guanylate cyclase resulting in the formation of cyclic guanosine monophosphate (cGMP).
The cGMP, in turn, mediates several specific functions, including endothelium-dependent
vascular relaxation and neural transmission. By contrast, NO is produced in much larger
quantities by the inducible isoforms of the enzyme, designated inducible nitric oxide
synthases (iNOS). NO produced by an iNOS appears to mediate the cytotoxic activity of
macrophages. Other cells which produce iNOS include endothelial cells, neutrophils,
Kupffer cells and hepatocytes, and murine fibroblasts stimulated with cytokines. NO is also a
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chemical messenger in the brain, and appears to be produced there by a separate NOS
isoform.

Several physiological activities have been ascribed to NO. Vasoactive agents such as
histamine and bradykinin stimulate NO production. NO is a potent vasodilator that increases
blood flow and vascular permeability. Interleukin-1 (IL-1) induces the expression of iNOS in
pancreatic islets. NO appears to be a mediator of the inhibitory effects of IL-1 on islet
function. Another inducer of iINOS is bacterial endotoxin, indicating that NO is involved as a
mediator of endotoxic or septic shock. Other inducers of the enzyme include gamma
interferon, tumor necrosis factor and other inflammatory cytokines (Collier et al. 1989). For
example, tumor necrosis factor appears to be involved in the systemic hypotension associated
with septic shock.

NOS is also overexpressed (expressed in increased and often abnormal amounts) in a
variety of inflammatory tissues, leading some to postulate that the modulation of NO
synthesis and action could represent a new approach to the treatment of inflammatory and
autoimmune conditions (Vane et al. 1994, Schmidt et al. 1994). Vane and co-workers have
implicated NO as an important mediator of inflammation in animal models (Vane et al.
1994). Where examined, NO formation is found to be increased in autoimmune diseases
(rheumatoid arthritis, systemic lupus erythematosus, ulcerative colitis, Crohn's disease), and
several classic inflammatory symptoms (erythema, vascular leakiness) are reversed by NOS
inhibitors (Schmidt et al. 1994, Nathan et al. 1994, Marletta 1994). The most compelling
evidence for NO as a mediator of tissue injury has been found in studies of arthritis, including
studies carried out in animal modeis of that disease (McCartmey-Francis et al. 1993,
Stefanovic-Racic et al. 1994), as well as studies of human osteoarthritis (OA) (Amin et al.
1995a) and rheumatoid arthritis (RA) (Sakurai et al. 1995).

It has recently been observed that human OA-affected cartilage can spontaneously
release NO under ex vivo conditions in quantities sufficient to cause cartilage damage (Amin
etal. 1995a). An inducible NOS, designated “osteoarthritis-affected NOS™ (OA-NOS), is
overexpressed in OA-affected cartilage, but is not detectable in normal cartilage. The
inducible OA-NOS has properties similar to neuronal NOS (based on its molecular weight
and antibody cross-reactivity among a-NOS antibodies) and the 133 kD iNOS (sensitive to
NF-xB and cycloheximide, upregulated by IL-1§ + TNFa + LPS). NO is known to
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potentiate matrix degradation, which includes inhibition of proteoglycan and collagen type I
synthesis (Taskiran et al. 1994, Cao et al. 1996) and upregulation of metalioproteinase
activity (Murrell et al. 1995).

Several inhibitors of nitric oxide synthase have been identified. Most of these
inhibitors are derivatives of L-arginine, the natural substrate of the NOS enzymes. For
example, N°-methyl-L-arginine and L-N“-nitroarginine are competitive inhibitors of NO
synthesis. U.S. Patent No. 5,358,969 describes the inhibition of NO formation in acute or
chronic inflammatory diseases. The method includes administering to a mammal an
NO-inhibitory amount of a methyl-, 1,1-dimethyl-, or amino-substituted guanidine
compound. See also U.S. Patent Nos. 5,246,970 and 5,246,971.

U.S. Patent No. 5,216,025 describes the use as NO inhibitors for potentiating pressor
agents in certain hypotensive patients. These inhibitors include N°-substituted arginines in
which a hydrogen on the guanidino amino group of arginine is replaced by another atomic or
molecular species.

U.S. Patent No. 5,478,946 discloses unsaturated guanidino compounds which are said
to regulate nitric oxide synthase and to thereby indirectly regulate levels of cGMP. These

compounds can include a variety of substituents, including C,-C,, aryl groups, at various sites

in the unsaturated guanidino backbone.
U.S. Patent No. 5,480,999 discloses compounds of the structure AB, in which A is a

cyclooxygenase inhibitor having an accessible acid function, and B is an arginine analog.
The compounds are said to have mixed cyclooxygenase- and NOS-inhibitory activity in the

same structure.
The production of nitric oxide can also be inhibited in other ways. For example, NO

production can be inhibited by means of a compound which interferes with the activity of a
cofactor of iNOS, such as tetrahydrobiopterin. Alternatively, net production of NO can be
reduced by means of a nitric oxide scavenger. Compounds said to be suitable for use in these
kinds of methods are disclosed, for example, in U.S. Patent No. 5,449,688, the entire
disclosure of which is incorporated herein by reference. Tetrahydrobiopterin synthesis
inhibitors include, for example, 2,4-diamino-6-hydroxy-pyrimidine. NO scavengers incliude,

for example, hemoglobin and diethyldithiocarbamate (DETC).
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Tetracycline and a number of chemical derivatives thereof form a particularly
successful class of antibiotics. Certain of the tetracycline compounds, including tetracycline
itself, as well as sporocycline, etc., are broad spectrum antibiotics, having utility against a

wide variety of bacteria. The parent compound, tetracycline, has the following general

5 structure:

The numbering system of the multiple ring nucleus is as follows:
Sa 4a
2a
Tetracycline, as well as the 5-OH (terramycin) and 7-Cl (aureomycin) derivatives,
10 exist in nature, and are all well known antibiotics, Natural tetracyclines may be modified
without losing their antibiotic properties, although certain elements of the structure must be
retained to do so. The modifications that may and may not be made to the basic tetracycline
structure have been reviewed by Mitscher (1978). According to Mitscher, the modification
at positions 5-9 of the tetracycline ring system can be made without causing the complete loss
15 of antibiotic properties.
However, changes to the basic structure of the ring system, or replacement of
substituents at positions 1-4 or 10-12, generally lead to synthetic tetracyclines with

substantially less, or essentially no, antibacterial activity. For example,

4-dedimethylaminotetracycline is commonly considered to be a non-antibacterial tetracycline.



10

15

20

25

30

PCT/US97/14723

WO 98/08480

During recent years it has been established that tetracyclines, which are rapidly
absorbed and have a prolonged half-life, exert biologicai effects independent of their
antimicrobial activity (Golub et al. 1991, Golub et al. 1992, Uitto et al. 1994). Such effects
include inhibition of matrix metailoproteinases, inciuding collagenase (MMP-1), gelatinase
(MMP-2) and stromelysin (MMP-3), as well as prevention of pathogenic tissue destruction
(Golub et al. 1991). In inflammatory arthritides such as rheumatoid arthritis (RA), these
matrix metalloproteinases have been identified in homogenates and cultures of rheumatoid
synovium, detected in inflammatory synovial fluids and localized immunologically and by in
situ hybridization in proliferative pannus and synovium (Brinckerhoff 1991). These
metalloproteinases are known to be upregulated in OA-affected joints (Greenwald 1994,
Mobhtai et al. 1993). Interestingly, Yu et al. ( 1992) have also shown that prophylactic
administration of doxycycline markedly reduced the severity of OA in dog models. To assess
the safety and efficacy of minocycline (a semisynthetic tetracycline) in the treatment of
arthritis, a double-blind, randomized, multicenter trial indicated that the drug was safe and
effective for patients with mild and moderate arthritis (Tilley et al. 1995). F urthermore,
recent studies have also suggested that tetracyclines and inhibitors of metalloproteinases
inhibit tumor progression (DeClerck et al. 1994), bone resorption (Rifkin et al. 1994) and
angiogenesis (Maragoudakis et al. 1994), and may have anti-inflammatory properties
(Ramamurthy et al. 1994).

However, the use of tetracycline antibiotics, while generally effective for treating
infection, can lead to undesirable side effects. For cxample, the long term administration of
antibiotic tetracyclines can reduce or eliminate healthy flora, such as intestinal flora, and can
lead to the production of antibiotic resistant organisms or the overgrowth of yeast and fungi.
Accordingly, chemically-modified tetracyclines, in which the antimicrobial activity is
attenuated or deleted, can be preferred for use in applications in which anti-collagenolytic
activity is indicated.

In view of the above considerations, it is clear that there is a need to supplement
existing methods of inhibiting nitric oxide production with new methods in which specific
and efficient compounds can be used to effect prompt and selective reductions in the clinical

consequences associated with excessive nitric oxide levels.
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Accordingly, it is one of the purposes of this invention to overcome the above
limitations m the identification and use of inhibitors of nitric oxide production, by providing
a new class of inhibitors of nitric oxide. The new inhibitors appear to inhjbit production of
NO specifically and with relatively high activity. Moreover, the class of inhibitors has the
advantage of already being approved for use in humans for other purposes, implying
significant prospects for their rapid adoption in the clinical setting. Other advantages and

purposes will readily present themselves to the skilled practitioner.

SUMMARY OF THE INVENTION

It has now been discovered that these and other objectives can be achieved by the
present invention, which provides a method for inhibiting nitric oxide production or nitric
oxide synthase expression or activity in a biological system by providing a tetracycline

compound to the system in an amount which is effective to achieve the specified result.

Preferably, the method employs a tetracycline compound which has substantially no
anti-microbial activity at the level being provided to the system. It is further preferred that
the tetracycline compound has metalloproteinase inhibitory activity. Highly preferred
tetracycline compounds include 6—demethyl-6-deoxy-4-dedimethylaminotetracyclinc
(CMT-3), 6-a-deoxy-5-hydroxy-4—dedimethylaminotetracycline (CMT-8),
4-dedimethylaminotetracycline (CMT-1), doxycycline, or minocycline.

In one embodiment, the method includes providing to the biological system an
amount of a tetracycline compound sufficient to cause a decrease in the amount of nitric
oxide produced therein.

Preferably, the biological system is a mammal having a condition characterized by
increased nitric oxide production in a tissue. The method is particularly suitable for use in a
biological system which is a mammal having a condition characterized by an abnormally high
level of activity of inducible nitric oxide synthase in a tissue. Such conditions capable of
treatment by means of the method of the invention include, for example, inflammatory
diseases such as nitric oxide-dependent glomerular inflammation and osteoarthritis,

The method can further include providing to the biological system an

anti-inflammatory amount of a steroidal or non-steroidal anti-inflammatory drug.

6
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The method can also be employed in cases wherein the biological system is an in vitro
cellular system or an ex vivo tissue or organ system, and wherein a measured amount of nitric
oxide production is indicative of expression or activity of inducible nitric oxide synthase.

In another embodiment, the invention is a method for treating a mammal having an
inflammatory condition, comprising administering to the mammal an amount of a tetracycline
compound sufficient to inhibit nitric oxide production in the mammal. The inflammatory
condition can be an acute inflammatory condition or a chronic inflammatory condition.

In another embodiment, the invention is a method of inhibiting expression or activity
of inducible nitric oxide synthase in a biological system, including administering to the
biological system an amount of a tetracycline compound sufficient to inhibit inducible nitric
oxide synthase expression or activity therein.

Accordingly, the invention provides new methods of inhibiting nitric oxide production
In in vivo, in vitro, and ex vivo biological systems. New clinical treatment protocols are
possible using this new method, to reduce or eliminate nitric oxide production (and
consequent pathology), especially by interfering with expression of inducible nitric oxide
synthases. A variety of diseases and conditions characterized by increased NO production or
overexpression of iNOS can be treated by administering a tetracycline compound as
described herein. New assay methods capable of revealing the amount of NO production or
the amount of iNOS expression or activity are also provided.

These and other advantages of the present invention will be appreciated from the
detailed description and examples which are set forth herein. The detailed description and
examples enhance the understanding of the invention, but are not intended to Limit the scope

of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS
Preferred embodiments of the invention have been chosen for purposes of illustration
and description, but are not intended in any way to restrict the scope of the invention. The
preferred embodiments of certain aspects of the invention are shown in the accompanying
drawing, wherein:
Figures 1A-1C are a time series of graphs illustrating dose-dependent inhibition of

nitric oxide production in articular cartilage organ culture by doxycycline and minocycline;

7
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Figures 2A-2B are a time series of graphs illustrating dose-dependent inhibition of
nitric oxide production in murine macrophages (RAW 264.7 cells) in cell culture by
doxycycline and minocycline;

Figure 3 is a scanned 1mage of a thin layer chromatography (TLC) plate showing
dose-dependent reduction in L-[H]-arginine to L-[’H}-citrulline conversion by murine
macrophage cell stimulated (by LPS) to produce INOS;

Figure 4 isa histogram chart showing that doxycycline and minocycline have minimal
effect on the specific activity of iNOS in LPS-stimulated murine macrophages in vitro;

Figure 5 is a densitometric scan of a Western blot showing a dose-dependent
inhibition by doxycycline and minocycline on iNOS expression by LPS stimulated murine
macrophages in vitro;

Figures 6A and 6B are images of electrophoretic separations of mRNA produced by
RT-PCR, showing specific and dose-dependent inhibition of iN OS mRNA synthesis in
LPS-stimulated macrophages by doxycycline (Figure 6A) and minocycline (Figure 6B); and

Figures 6C and 6D Phosphoimager scans of Northern blots showing specific and
dose-dependent inhibition of iN OS mRNA synthesis in LPS-stimulated macrophages by
doxycycline (F igure 6C) and minocycline (Figure 6D).

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
The present invention is directed to a method for inhibiting nitric oxide (NO)

production in in vitro, in vivo, and ex vivo biological systems. The method can be adapted for
usc in assay systems, e.g., assaying NO production or iNOS eXpression or activity in cells.
Preferably, the method is employed to inhibit NO production in living animals, such as
mammals. In particular, the method provides a means for protecting mammals against
pathology and other consequences associated with or mediated by increased or excessjve NO
production in inflammatory diseases and other conditions. The method includes the use of
tetracycline compounds as inhibitors of nitric oxide production and/or inducible nitric oxide
synthase expression or activity.

The invention has been developed based on the unexpected observation by Applicants
that tetracycline compounds inhibit the production of nitric oxide mediated by inducible nitric

oxide synthase. It is known that tetracycline compounds inhibit matrix metalloproteinases

8
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such as collagenase. However, inducible nitric oxide synthase is not a metalloproteinase, and
the relationship between iNOS activity and collagenase activity, if any, remains to be
identified. Applicants are also unaware of any physiological or biochemical basis for
expecting that tetracyclines would inhibit the production of nitric oxide in systems capable of
expressing iNOS. It is, therefore, surprising that tetracycline compounds having
anti-metalloproteinase activity would also be found to have significant NO-production
inhibitory activity. What is still more surprising is that the relative potencies of the
tetracycline compounds as inhibitors of collagenases appears to be mirrored by a similar
hierarchy in their relative potencies as inhibitors of NO production. Applicants are not
presently aware of any theoretical basis which might explain this unexpected correspondence,
but believe that the observation itself may carry significant therapeutic implications for a
variety of diseases believed to be associated with or characterized by elevated nitric oxide
production, and may help to predict courses of treatment.

The present invention can be performed using an in vitro, ex vivo, or in vivo biological
system. The term “biological system” is used herein to refer to the types of systems,
including in vitro, in vivo, and ex vivo systems, in which the method can be practiced. For
example, the method can be used in living mammals (in vivo), as well as in cultured cellular
systems (in vitro) and cultured organ systems (ex vivo). In vivo practice of the invention
permits application in the relief or palliation of medical and veterinary diseases, conditions,
and syndromes. Other uses include assay systems which can be used in the laboratory for
experimental or clinical application.

The medical or veterinary conditions treatable by means of the present invention
occur in mammals. Mammals include, for example, humans, as well as pet animals such as
dogs and cats, laboratory animals such as rats and mice, and farm animals, such as horses and
cows.

The present invention is directed to the prevention or treatment of a broad spectrum of
diseases which may be linked to the production of nitric oxide by inducible nitric oxide
synthase by cells such as leukocytes (e.g., neutrophils and macrophages) and other cells. In
particular, the method of the invention is useful in reducing or inhibiting conditions in which

NO production is increased substantially over usual levels in a system, including both normal

and abnormal increases.
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The invention is particularly illustrated herein in reference to treatment of -
inflammatory diseases, specifically in reference to glomerulonephritis and osteoarthritis. In
these illustrative treatments, standard state-of-the-art in vitro and ex vivo models have been
used. For example, Applicants have used a model in which NO production is induced by
treating rat mesangial cells with gamma interferon (YIFN). Applicants have also used other
models in which NO production is increased, such as in OA-affected cartilage or
lipopolysaccharide-stimulated murine macrophages. These methods can be used to identify
agents which can be expected to be efficacious in in vivo treatment regimens. However, it
will be understood that the method of the invention is not limited to the treatment of nephritis
and osteoarthritis, but to a variety of other diseases in which NO production or iNOS
expression or activity plays a role.

For example, NO appears to be involved in various medical conditions, including, for
example, malaria, senescence, diabetes, as well as vascular stroke and neurodegnerative
disorders such as Alzheimer’s disease and Huntington’s disease. NO also appears to be
involved in cardiac disease, including re-perfusion-associated injury following infarction
wherein neutrophils have been found to attack the heart muscle. Furthermore, induction of
NO synthesis in pancreatic islets contributes to the onset of juvenile diabetes. Since many of
these conditions are characterized by aiterations in cytokine expression, it may well be that
abnormally high expression or activity of inducible NOS is a key factor in the associated
pathology. The invention can be used to treat any of these diseases.

A major class of diseases which can be treated by means of the invention are diseases
characterized by inflammation. Inflammation is generally recognized as being roughly
divisible into two broad categories of conditions: acute inflammation and chronic
inflammation. Acute inflammation is generally of relatively short duration, lasting for from
about a few minutes to about one to two days. Its main characteristics are increased blood
flow, exudation of fluid and plasma proteins (edema) and emigration of leukocytes,
predominantly neutrophils. Chronic inflammation is of longer duration, e.g., days to weeks
or even longer, and is associated histologically with the presence of lymphocytes and

macrophages and with proliferation of blood vessels and connective tissue. See, e.g., Cotran

et al. (1989), Chandrasoma & Taylor (1991).

10
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Inflammation is manifested by heat, redness, swelling, pain. and loss of function. ‘The ’
causes of inflammation are numerous and include such factors as microbjal infections (e.g.,
bacterial and fungal infections), physical agents (e.g., burns, radiation, and trauma), chemical
agents (e.g., toxins and caustic substances), tissue necrosis and various types of immunologic
reactions. NO is believed to be one of a number of reactive products produced in the immune
and inflammatory responses to such insults. In particular, elevated levels of NO production
common to chronic inflammation are a likely contributor to the non-specific tissue
destruction often seen in such conditions.

Inflammatory conditions treatable by means of the present invention include, for
example, osteoarthritis, rheumatoid arthritis, acute and chronic infections (bacterial and
fungal, including diphtheria and pertussis); acute and chronic bronchitis, sinusitis, and upper
respiratory infections, including the common cold; acute and chronic gastroenteritis and
colitis; acute and chronic cystitis and urethritis; acute and chronic dermatitis; acute and
chronic conjunctivitis; acute and chronic serositis (pericarditis, peritonitis, synovitis, pleuritis
and tendinitis); uremic pericarditis; acute and chronic cholecystis; acute and chronic vaginitis;
acute and chronic uveitis; drug reactions; insect bites; burns (thermal, chemical, and
electrical); and sunburn.

~ Accordingly, the method of the invention can be used to prevent, inhibit, or alleviate
such NO-related conditions. The method of the invention can be used to prevent, inhibit, or
alleviate any condition in which overexpression of inducible NOS is involved.

The method involves the providing or administering a tetracycline compound in an
amount which is effective for reducing nitric oxide production in a biological system. The
inhibition may result from a down-regulation of the expression or activity of inducible nitric
oxide synthase. For example, Applicants have found that doxycycline (and other tetracycline
compounds) appears to inhibit transcription of iNOS in cell culture. Such reduced expression
of the enzyme will typically result in reduced NO production in the tissue.

The amount of the tetracycline compound used according to the invention is an
amount that is effectively inhibitory of INOS expression or activity. An amount of a
tetracycline compound is effectively inhibitory of iNOS if it significantly reduces iNOS

expression or activity, or if it reduces NO production.

11
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Preferably, the tetracycline compound is provided in an amount which has little or no
antimicrobial activity. A tetracycline compound is not effectively antimicrobial if it does not
significantly prevent the growth of microbes. Accordingly, the method can beneficially
employ a tetracycline compound which has been modified chemically to reduce or eliminate
its antimicrobial properties. The use of such chemically-modified tetracyclines is preferred in
the present invention since they can be used at higher levels than antimicrobial tetracyclines,
while avoiding certain disadvantages, such as the indiscriminate killing of beneficia]
microbes, and the emergence of resistant microbes, which often accompanies the use of
antimicrobial or antibacterial amounts of such compounds.

The invention can also use tetracycline compounds which possess antibacterial
activity. However, such compounds are preferably employed in an amount which has
substantially no anti-bacterial effect but which is effective for inhibiting iNOS activity in the
involved tissue. Preferred compounds of this type include tetracycline, doxycycline,
demeclocycline, and minocycline.

The tetracycline compounds usefu] according to the method of the invention appear to
exhibit their beneficial effect in a dose-dependent manner, Thus, within broad limits,
administration of larger quantities of a tetracycline compound has been observed to inhibit
INOS activity to a greater degree than does administration of a smaller amount. Moreover,
efficacy has been observed at dosages below the level at which toxicity is seen.

The maximal dosage for a subject is the highest dosage which does not cause
undesirable or intolerable side effects. For example, the tetracycline compound can be
administered in an amount of from about 0. ] mg/kg/day to about 30 mg/kg/day, and
preferably from about | xﬁg/kg/day to about 18 mg/kg/day. For the purpose of the present
inv_ention, side effects may include clinically significant antimicrobia] or antibacterial
activity, as well as toxic effects. For example, a dose in excess of about 50 mg/kg/day would
likely produce side effects in most mammals, including humans. In any event, the
Practitioner is guided by skill and knowledge in the field, and the present invention includes
without limitation dosages which are effective to achieve the described phenomena,

Preferred chemically-modified tetracyclines are those which lack the dimethylamino
group at position 4 of the ring structure. Such chemically-modified tetracyclines include, for
example, 4—dedimethylaminotetracycline (CMT-1), 4-dedimethylamino-5-oxytetracycline,
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4-dedimethylamino-7-chlorotetracycline (CMTH4), 4-hydroxy—4-dedimethylaminotetracycline
(CMT-6), 5a,6-anhydro—4-hydroxy-4—dedimethylaminoteu'acycline, 6-demethyl-6-deoxy-
4-dedimethylaminotetracycline (CMT-3), 4-dedimethylamino-12a-deoxytetracycline
(CMT-7), and 6-a-deoxy-5-hydroxy-4-dedjmethylaminotetracycline (CMT-8). Also,
tetracyclines modified at the 2 carbon position to produce a nitrile, e.g., tetracyclinonitrile, are
useful as non-antibacterial, anti-INOS agents.

Further examples of tetracyclines modified for reduced antimicrobia] activity include
6-at-benzylthiomethylenetetracycline, the mono-N-alkylated amide of tetracycline, 6-fluoro-
6-demethyltetracycline, or 1 lee-chlorotetracycline.

Particularly preferred tetracycline compounds suitable for use according to the
invention include 6-demethyl-6-deoxy 4-dedimethylaminotetracycline (CMT. -3), 6-a-deoxy-
5-hydroxy-4-dedimethylaminotetracycline (CMT -8), 4-dedimethylaminotetracycline
(CMT-1), doxycycline, and minocycline.

In certain cases, tetracycline compounds having only limited biodistribution may be
preferred for localized activity. CMT-2, CMT-6, and other CMTs exhibiting such
substantially local distribution are preferred for their localized efficacy in inhibiting iNOS
activity at a site of injury, without exhibiting broader systemic inhibition. For example, the
topical application of these non-absorbable CMTs would be desirable in oral lesions, since
the CMTs would not be absorbed to any significant degree even if swallowed.

Topical application of tetracycline compounds in amounts of up to about 25% (w/w)
in a vehicle are therefore appropriate depending upon indication. More preferably,
application of tetracycline compounds in amounts of from about 0.1% to about 10% is
believed to effectively inhibit INOS according to the invention. It is believed that these
quantities do not induce significant toxicity in the subject being treated.

Combined or coordinated topical and systemic administration of tetracycline
compounds is contemplated under the invention. For example, a non-absorbable tetracycline
compound, such as CMT-2 or CMT-6, can be administered topically, while a tetracycline
compound capable of substantial absorption and effective systemic distribution in the subject,
such as CMT-1, CMT-3, CMT-7, or CMT-8, is administered systemically.

The tetracycline compound can also be administered with an adjunct agent capable of

inhibiting inflammation in tissue. Preferred anti-inflammatory agents capable of
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co-administration include steroidal, and preferably non-steroidal anti-inﬂammatory drugs
(NSAIDs). Suitable NSAIDs can be selected from the various classes of such compounds.
Such classes include, for example, salicylates such as acetylsalicylic acid and diflunisal;
acetic acids such as indomethacin, sulindac, tolmetin, diclofenac, and etodolac; propionic
acids such as flurbiprofen, haproxen, and ketoprofen; and fenamates such as meclofenamate;
and oxicams such as piroxicam. Generally, the amount of the NSAID is an amount sufficient
to inhibit inflammation in the affected tissue. The anti-inflammatory amount wilj depend on
the NSAID being employed and other understood factors, and can be readily determined by
the skilled practitioner.

The preferred pharmaceutical composition for use in the method of the invention
includes a combination of the tetracycline compound in a sujtable pharmaceutical carrier
(vehicle) or excipient as understood by practitioners in the art. Parenteral administration
(e.g., intravenous injection) is a preferred route of delivery of the tetracycline, and
compositions including the tetracycline compound with appropriate diluents, carriers, and the
like are readily formulated. Enteral use is also contemplated, and formulations such as tablets
can be employed to provide the compound. Alternatively, delivery of the tetracycline
compound can include topical application. Accordingly, the carrier is preferably suited for
topical use. Compositions deemed to be suited for such topical use include as gels, salves,
lotions, ointments and the like. The non-antimicrobial amount of the tetracycline compound
may be incorporated with a support base or matrix or the like to provide a pre-packaged
surgical or burn dressing or bandage which can be directly applied to skin.

The following examples are provided to assist in a further understanding of the
invention. The particular materials and conditions employed are intended to be further

illustrative of the invention and are not limiting upon the reasonable scope thereof.

EXAMPLE 1
Renal mesangial cells were cultured in media containing 50 U/mL gamma interferon
(IFN-y) and 10 xg/mL bacterial lipopolysaccharide (LPS). Test media contained either (a)
no further additives; (b) CMT-5, a tetracycline derivative having no appreciable
anti-collagenase activity; (¢) CMT-1, a tetracycline derivative having modest anti-collagenase

activity; or (d) CMT-3 and CMT-38, derivatives having a high level of anti-collagenase
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activity. The CMT additives were included at concentrations of 1, 2.5, 5, and 10 ug/mL. NO

production was assayed by the Greiss reaction, and iNOS content was measured by Western
analysis.

Exposure of the renal mesangial cells to CMT-3 and CMT-8 resulted in a
time-dependent inhibition of NO production from 24-72 hr. At 48 br, the effect was maximal
(>80%) at a drug concentration of 5 xg/mL (P<0.01). Incubation of the cells with CMT-1
caused less pronounced inhibition of NO production after 48 hr, (~ 60% of control) despite
higher drug concentration (10 ug/mL). Changes in NO production were paralleled by
alterations in cellular iNOS content, measured by Western analysis, after exposure to the
tetracycline compounds, at 5 ug/mL for 48 hr. CMT-5, however, had no discernable effect
on NO production or iNOS expression.

The use of IFN-y to induce renal injury is a model of glomerulonephritis known in the
art. Glomerulonephritis is characterized by increased production of NO. The skilled artisan,
therefore, will appreciate the capacity of this model for demonstrating methods for the
inhibition of NO production. The results presented above clearly show that certain
chemically modified tetracycline compounds, namely those having anti-collagenolytic
activity, are capable of inhibiting NO production in renal mesangial cells. More specifically,
these compounds are effective to inhibit iNOS protein synthesis in these cells. Ata
minimum, therefore, these agents will be useful in the treatment of NO-dependent glomerular
inflammation. More generally, however, the utility of these compounds in the
glomerulonephritis model implies NO-production inhibitory activity for these compounds in
other biological systems and other pathological conditions characterized by abnormal NO

production.

EXAMPLES 2-6
We evaluated the action of tetracycline compounds on the Spontaneous release of
nitric oxide from osteoarthritis-affected human cartilage in ex vivo conditions and on iNOS
activity in lipopolysaccharide-stimulated murine macrophages. Both of these enzyme
isoforms have shown distinct susceptibility to pharmacological intervention by
hydrocortisone and TGF -B in vitro (Amin et al. 1995a). As described in Examples 2.6 below,
we have now found that (a) doxycycline and minocycline both inhibit the activity of iNOS
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(minocycline > doxycycline) and inducible OA-NOS (doxycycline > minocycline); (b)
doxycycline and minocycline inhibit iNOS expression at the leve] of iNOS mRNA and
protein expression, thereby downregulating its specific activity; and (c) unlike acetylating
agents or competitive inhibitors of iNOS (i.e., analogs of L-arginine), doxycycline and
minocycline do not directly inhibit the catalytic activity of iNOS in vitro in an

L-arginine-to-L-citrulline conversion assay.

EXAMPLE 2
Effect of Tetracyelines on Inducible OA-NOS Expression in Human QA-affected Cartilage

We examined whether tetracyclines, e.g., doxycycline or minocycline, could block
human OA-NOS activity under ex vivo conditions. Generally accepted pharmacologically
relevant concentrations were selected for this study based on previous reports (Greenwald
1994, Yu et al. 1991, Cole et al. 1994, Mallya et al. 1994). OA-affected cartilage was
obtained from patients with advanced OA undergoing knee replacement surgery and free of
steroidal/nonsteroidal antiinflammatory drugs for at least 2 wk before surgery. OA-affected
cartilage slices (Figures 1A-1C) were incubated in 0.1% BSA/endotoxin-free medium with
5-80 ug/mL of doxycycline or minocycline (Sigma Chemical Co., St. Louis, MO) for 24, 48
and 72 h in ex vivo conditions.

The assay of OA-INOS in organ culture was basically carried out as described
previously (Amin et al. 1995a). Briefly, the OA-affected cartilage was cultured in the
presence or absence (Control) of doxycycline and minocycline at 5-80 ug/mL, for 24-72 h in
an incubator (37°C). Activity of NOS was monitored at different time intervals by estimating
the émount of the stable end-product, nitrite, in the medium by a modified Griess reaction
(Gilliam et al. 1993) using an ELISA reader. The amount of NO spontaneously released (as
measured by nitrite accumulation) at 0,24,48 and 72 h was 0, 4.8 + 0.38,16.4 £ 0.7, and
17.8 £ 0.9 uM, respectively. Data are expressed as M nitrite released + (SD), n=3-4. The
statistics were derived using unpaired Student's t test. Figures 1A-1C show a time series of
graphs (1A =24 h; 1B=48h;and IC=72 h) summarizing data representing one of three
identical experiments with samples from different patients.

The results shown in Figures 1A-1C indicate that doxycycline and minocycline each

significantly inhibited NO production in OA-affected cartilage in a dose-dependent manner.
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'I;hese data also indicate that doxycycline was more potent in its ability to inhibit OA-NOS
activity. For example, at 72 h, the ICy, for doxycycline was 32 u#g/mL compared to

54 pug/mL for minocycline. These experiments further indicate that doxycycline and
minocycline not only blocked the ongoing production of NO by OA-NOS ex vivo, but also
caused a decline in nitrite accumulation in cartilage organ culture for at least 72 h under
conditions in which nitrite continues to accumulate in control cultures. The concentrations of
doxycycline that inhibited NO production in our studies are comparable to those required for
the inhibition of matrix metalloproteinases (Greenwald 1994, Yu et al. 1991, Cole et al. 1994,
Mallya et al. 1994). Matrix metalloproteinase inhibitors have a profound effect on cartilage
degradation (Cole et al. 1994, Mitchell et al. 1994). The effect of 20-50 u#g/mL doxycycline,
which interferes with cartilage degradation by inhibiting the activity of proteolytic enzymes
such as collagenase and gelatinase, also in turn blocks proteoglycan loss and reduces the cell

death associated with proteoglycan loss (Cole et al. 1994).

EXAMPLE 3
ec acycli i i

Our recent studies have indicated that human inducible OA-NOS is distinct from
murine and human iNOS, based upon its size, immunoreactivity and susceptibility to TGF-p
and hydrocortisone (Amin et al. 1995a). Therefore, we also evaluated the effect of
tetracyclines on the production of NO by iNOS in stimulated murine macrophages.

RAW 264.7 murine macrophage cells (American Type Culture Collection, Rockville,
MD) were incubated with and without doxycycline or minocycline (5-80 ug/mL) for 1-2 h
followed by activation through addition of 100 ng/mL of LPS (Sigma Chemical Co., St.
Louis, MO) to induce iNOS (Stuehr et al. 1991). After 14-20 h of incubation, the medium
was used to estimate nitrite accumulation by the modified Griess reaction (Gilliam et al.
1993). Data are shown in Figures 2A-2B. The values are represented as uM of nitrite
accumulated at a given time interval; n = 3. The statistics were derived using unpaired
Student's t test. The data represent one of three similar experiments.

Figures 2A-2B show a concentration-dependent inhibition of nitrite accumulation in
cells stimulated with LPS in the presence of 5-80 ug/mL of doxycycline at 14 h (F igure 2A)

and 20 h (Figure 2B) of incubation. The IC,, of doxycycline in this experiment was
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72 ug/mL at 14 hand 22 ug/mL at 20 h of incubation in these cells. In the same set of
experiments minocycline was also administered at concentrations ranging from 5-80 Hg/mL.
The ICy, for minocycline was 17 pg/mL at 14 hand 12 ug/mL at 20 h of incubation in RAW
264.7 cells stimulated with LPS. Although no significant difference in the potency of
doxycycline and minocycline was seen at 20 h of incubation (based on IC,s), significantly
higher concentrations of doxycycline, as compared to minocycline, were required to inhibit
INOS-mediated production of NO by >50% at both time intervals.

Examples 2 and 3, above, indicate that both doxycycline and minocycline inhibit NO
production both in OA-affected articular cartilage and in murine macrophages stimulated with
LPS. Furthermore, these experiments show that the iNOS and inducible OA-NOS have
distinct susceptibility to doxycycline, minocycline, in addition to the known susceptibility of
these enzymes to TGF-P and hydrocortisone (Amin et al. 1995a). In view of this observation
is interesting to note that two different forms of collagenase, MMP-8 (ICs 7-15 4g/mL) and
MMP-1 (ICy, 140 ug/mL), in two different ceil types (i.e., neutrophils and fibroblasts) show
distinct susceptibility to tetracyclines (Suomalainen et al. 1992). Furthermore, it should be
noted that the same enzyme expressed in two closely related cell lines can have differential
susceptibility to tetracyclines. For example, in two osteoblastic cell lines, UMR 106-01 (IC,,
> 200 ug/mL) and ROS 17/2.8 (ICs = 20-30 ng/mL), showed differential susceptibility to
doxycycline when evaluated for gelatinase activity (Vernillo et al. 1993). Another factor that
may contribute to the differential ICsps of tetracyclines on NOS activity in cartilage slices and
macrophage cells may be due to the property of these drugs to penetrate the cartilage and act

on chondrocytes (Gilman et al. 1993).

EXAMPLES 4-6
Based on the above Examples 2 and 3, we sought to further elucidate the mechanism
of action of tetracyclines on NOS expression in the murine macrophage model. This model
was used since: (a) the biochemistry, enzymology and molecular biology of iNOS is well
characterized in these cells (Nathan et al. 1994, Stuehr et al. 1991, Salvemini et al. 1993, Xie
etal. 1994); (b) the differential susceptibility of iNOS to doxycycline and minocycline could
shed light on the action of two closely related compounds; and (c) our inability, after several

attempts, to precisely and reproducibly quantitate the expression of OA-NOS directly from
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the OA-affected cartilage without disturbing the architecture of the cartilage, which plays a

significant role in chondrocyte function.

Using RAW 264.7 induced cells, we examined the following hypotheses.
Tetracyclines may (i) decrease only the catalytic activity of INOS without influencing the
expression of INOS protein; (ii) decrease both the catalytic activity of iNOS and the

. expression of iNOS protein, which in turn cumulatively leads to decrease in the accumulation

of nitrite in the medium; or (iii) decrease the expression of iNOS protein, and therefore
decrease the specific activity of the enzyme and subsequently the production of nitrite.

To test these alternative hypotheses, we examined the action of doxycycline and
minocycline on (i) the catalytic activity of iNOS in cell-free extracts, (ii) the specific activity
of the enzyrﬁe, (iii) the synthesis of INOS at the protein level, and (iv) the accumulation of
iNOS mRNA. These experiments are described in Examples 4-6, below.

EXAMPLE 4A
c etracycli e Catalyti tivity of i

Murine macrophage cells (RAW 264.7) were incubated with 20-80 “g/mlL
doxycycline or minocycline, 10 #M hydrocortisone (Sigma Chemical Co., St. Louis, MO), or
75 uM L-NMMA for 1-2 h, followed by addition of LPS at 100 ng/mL and incubation for
16-18 h. Cell-free extracts were prepared at the end of each time period. Specific activity of
INOS was determined in the cell-free extracts by monitoring the conversion of
L-[H]-arginine to L-[*H]-citrulline as described by Amin et al. (1995b) and Vyas et al.
(1996).

Cell-free extracts were prepared as follows: Following induction by incubation with
LPS, the cells were pelleted at 4°C and resuspended in Tris buffer (10 mM, pH 7.4)
containing 10 ug/mL each chymostatin, antipain, leupeptin and pepstatin, 1 mM DTTand 1
mM PMSF. Celis were lysed in a Polytron PT 1200 homogenizer (Kinematica AG,
Switzerland) after 3 cycles of rapid freeze-thawing. The lysate was centrifuged at 16,000 Ipm
for 60 min at 4°C, and the Supernatants were used as cell-free extracts.

The protein in the extracts was measured by BCA assay reagent using BSA as
standard (Smith et al. 1985). The reaction mixture for iNOS assay consists of Tris 50 mM
(pH 7.8); BSA | mg/mL; DTT 1 mM; CaCl,, 2 mM; FAD 10 uM; BH, 10 uM; L-arginine
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30 uM; NADPH | mM. The reaction mixture was spiked with 1 4L (250 nM) of
L-[’H]-arginine (Dupont NEN, Boston, MA) (1 mCi/mL = 37.0 MBq/mL). After 20 min the
assays were terminated by heating the reaction mixture at 90°C for 5 min. Ten microliters
(=100,000 cpm) of the supernatant was spotted on activated A VICEL TLC plates (Analtech,
Newark, DE). The TLC plates were developed in a solvent system consisting of
ethanol:water:ammonia (80:16:4). Quantitation of the spot for L-[*H]-citrulline was
performed by a Bioscan System 200 Imaging Scanner.

Figure 3 shows the specific activity of the iNOS enzyme under the various
experimental conditions, represented as pmol citrulline/min/mg protein. The % inhibition
represents comparison against the LPS-stimulated cells in the absence of any modulator. The
data represent one of three similar experiments. As shown in Figure 3, exposure of murine
macrophages to either doxycycline or minocycline inhibits the catalytic activity of iNOS in
cell lysates in a dose-dependent manner when compared to the control LPS-stimulated
activity. Doxycycline at 20, 40 and 80 ug/mL significantly blocks iNOS activity, by 57%,
72% and 85%, respectively; minocycline at the same concentrations also blocks iNOS
activity, by 45%, 69% and 69%, respectively. As expected, the positive controls, 10 uM
hydrocortisone, and 75 uM L-NMMA, block iNOS activity by 60% and 64%, respectively.
The ICy, for doxycycline and minocycline to inhibit iNOS activity in cell lysates was

~20-30 pg/mL.

EXAMPLE 4B

Recent studies have indicated that doxycycline inhibits collagenase activity via direct
effects on the enzyme (Yu et al. 1991, Smith et al. 1994). One of the mechanisms proposed is
that procollagenase is reduced to inactive fragments upon activation in the presence of
doxycycline. We have recently shown that acetylating agents, such as aspirin and N-acetyl
imidazole (Amin et al. 1995b), as well as competitive inhibitors of L-arginine (Schmidt et al.
1994, Nathan et al. 1994, Marletta 1994) inhibit iNOS catalytic activity in vitro. To evaluate
the direct effect of doxycycline and minocycline on iNOS activity, we induced RAW 264.7
cells with LPS for 16 h in the absence of these agents and prepared cell-free extracts as a

source of iNOS enzyme in the L-arginine-to-L-citrulline conversion assay.
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Separate aliquots of the enzyme-containing cell-free extracts were preincubated for 15
min with 20-80 ug/mL doxycycline, 20-80 ug/mL minocycline, | mM N-acetylimidazole and
200 uM L-NMMA, respectively, before the enzyme reaction was initiated by adding the
co-factors. Various modulators including methanol (MeOH), the carrier for NAI
(N-acetylimidazole), were added 15 min prior to the addition of the co-factors to initiate the
iNOS reaction, as described. The specific activity was calculated and percent inhibition was
compare to the original LPS-stimulated extract; 100% specific activity was 200 pmol
citrulline/min/mg protein. The data shown in Figure 4 represent one of two similar

experiments.
Figure 4 shows that, unlike N-acetyl imidazole or L-NMMA, doxycycline and

minocycline had no significant effect on the specific activity of iNOS in cell-free extracts.
Minocycline and doxycycline could not block an ongoing L-arginine-to-L-citrulline reaction
catalyzed by iNOS in cell-free extracts. These experiments indicate that the action of these
drugs on iNOS seems to be distinct from that reported for metalloproteinases such as
procollagenases (Yu et al. 1991, Smith et al. 1994).

EXAMPLE 5
etracyclines on j otei ion in Murine Macroph
Based on the above data, which indicated that tetracyclines did not directly affect the
activity of iNOS, we proceeded to examine iNOS protein expression. RAW 264.7 cells were
activated with 100 ng/mL LPS for 16-18 h, with and without doxycycline or minocycline
(20-80 ug/mL) or with hydrocortisone (10 zM). Cell-free extracts were prepared as
described above. The extracts were analyzed for 133 kD iNOS by Western blotting, using
specific anti-INOS antibodies.
Equal amounts of protein (25-50 ng) estimated by BCA reagent (Pierce, Rockford,
IL) were loaded onto SDS-PAGE gels and stained to verify the concentrations of various
protein fractions by examining the intensities of the protein bands on the gels. Western blot
analysis was carried out from the same cell extracts. The Western-blotted membrane was
probed with a specific anti-murine iNOS monoclonal antibody (Transduction Laboratories,
Lexington, KY), as specified by the supplier. The same blot was also probed with an
anti-actin antibody generously provided by Dr. James L. Lessard (Children's Hospital
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Medical Center, Cincinnati, OH). The blots were developed using the ECL Western biot

system (Amersham, Arlington Heights, IL). Quantitation of the bands was performed using a
densitometer from Molecular Dynamics (Sunnyville, CA). Figure $ is representative.

Figure 5 shows a dose-dependent inhibition of INOS protein expression in the
presence of both doxycycline (11% at 20 ug/mL; 24% at 40 ug/mL; 65% at 80 ng/mL) and
minocycline (14% at 20 ug/mL; 49% at 40 pg/mL; 83% at 80 ug/mL). By comparison, the
positive control, hydrocortisone, gave 43% inhibition. (The data represent one of four similar
experiments.) There was no significant effect on the levels of B-actin synthesis in the same
samples treated with doxycycline or minocycline at 20-80 #g/mL (data not shown), thus
indicating that the effects of doxycycline and minocycline on iNOS are specific.

It should be noted that the ICys for the inhibition of nitrite accumulation and protein
expression for each tetracycline derivative were similar, consistent with the thesis that the
inhibition of protein expression accounted for the inhibition of NOS activity. Indeed, since
both drugs inhibited iNOS protein expression but failed to block the L-arginine-to-L-citrulline
conversion in cell-free extracts, we conclude that decrease in catalytic activity of iNOS,
which is principally due to inhibition of INOS protein expression, accounts for the decreased

accumulation of nitrite in cells treated with doxycycline and minocycline.

EXAMPLE 6A

Eff ‘T i he E ion of INOS mRN

Doxycycline and minocycline may suppress iNOS before the synthesis of the enzyme,
leading to inhibition of iNOS protein expression, specific activity and accumulation of nitrite.
This assumption is based on the observation that, in macrophages, TGF-B1, cyclosporin,
hydrocortisone, NF-xB inhibitors and to some extent Fe** suppress iNOS expression by
decreasing mRNA expression and subsequently the rate of translation of INOS protein
(Nathan et al. 1994, Vodovotz et al. 1993). In addition, recent studies by Pfeilschifter et al.
(1995) have shown that dexamethasone acts at multiple levels (including transcription of
iNOS) to suppress IL-1B-induced iNOS expression in mesangial cells. Therefore, to
determine the level at which tetracycline inhibited iNOS protein expression, RAW 264.7 cells
treated with LPS in the presence or absence of doxycycline and minocycline were analyzed

for INOS mRNA by semi-quantitative RT-PCR.
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The presence of iNOS and B-actin mRNA in cells was analyzed by reverse
transcription (RT) of total RNA followed by PCR amplification of the cDNA. The sense and
antisen‘se oligonucleotides for INOS were, respectively, 5'-ACG GAG AAG CTT AGA TCT
GGA GCA GAA GTG-3' (142 t0 171) (SEQID NO:1) and 5’-CTG CAG GTT GGA CCA
CTG GAT CCT GCC GAT-3/ (767 to 796) (SEQ ID NO:2). The sense and antisense
primers for B-actin were 5'-TCC TTC GTT GCC GGT CCA CA-3' (44 to 63) (SEQ ID
NO:3) and 5'-CGT CTC CGG AGT CCA TCA CA-3" (534 to 552) (SEQ ID NO:4),
respectively. The predicted PCR product of the iNOS cDNA was 654 bp; that of the B-actin
cDNA was 508 bp. The polymerase chain reaction was carried out in an automated DNA
thermal cycle (Perkin-Elmer Cetus, Norwalk, CT). The total RNA was extracted using
TRI-Reagent (MRC Inc., Cincinnati, OH). The cDNA was prepared from equal amounts
(1-5 g) of total RNA using a SuperScript™ RNase H Reverse Transcriptase (Gibco BRL,
Gaithersburg, MD). An equal amount of the cDNA was used to amplify the mRNA by PCR.
PCR amplification was performed in 50 KL solution containing 1.5 mM MgCl,, 500 ng INOS
primer, 100 ng B-actin primer, 0.2 mM of each dNTP, 2.5 units of Tag DNA polymerase
(Gibco). The cycle conditions for amplification of cDNA were 1 min at 94°C, 1-2 min at
55°C and 3 min at 72°C for 30 cycles for both iNOS and P-actin. The PCR product was
analyzed by electrophoresis on 1.0% agarose gels. _

RT-PCR analysis of iNOS and B-actin mRNA expression in RAW 264.7 cells was
carried out after stimulation with LPS + doxycycline or minocycline. RAW cells were
stimulated with LPS in the presence and absence of doxycycline/minocycline or 10 uM
hydrocortisone. Equal amounts of RNA were analyzed for INOS and B-actin expression as
described above.

Figures 6A and 6B show that doxycycline and minocycline, at concentrations
(20-40 pg/mL) that also inhibited INOS protein expression, significantly decreased (>50%)
iNOS mRNA expression in a dose-dependent fashion. As expected, hydrocortisone-treated
cells showed decreased INOS mRNA (50-100%), as compared to LPS-stimulated cells.
“RT-Control” designates preparation of RT-PCR reactions in the absence of reverse
transcriptase using the LPS-stimulated RNA as the template from RAW 264.7 cells. The
RT-Control samples yielded no mRNA. The data represent one of two similar and separate
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experiments. The iINOS PCR signals were normalized with B-actin as shown in Figures 6A
and 6B.

EXAMPLE 6B
Effect of T i he E ion of INOS mRN

In a separate INOS mRNA isolation procedure identical to that described in Example
6A, RAW cells were stimulated with LPS in the presence and absence of doxycycline and
minocycline as well as 10uM hydrocortisone. Northern blot analysis of the INOS mRNA
expressed by the cells was then carried out to evaluate precisely the effect of INOS expression
in the presence of doxycycline and minocycline. The probes again were the INOS and B-actin
c¢DNA probes described above.

In this case, total RNA was isolated using TRI Reagent (MRC Inc., Cincinnati, OH).
Northern blot analysis was carried out as described by Church and Gilbert (1984). Briefly,
30 g of RNA was subjected to electrophoresis in 1% agarose formaldehyde gel. The gel
was then transferred via capillary action onto 2 nylon membrane (Zeta Probe, Bio-Rad
Laboratories, Melville, NY). The membrane was hybridized with [**P]-dCTP-labeled INOS
cDNA (4 kb Smal fragment), a kind gift from Dr. James Cunningham (Harvard Medical
School, Boston, MA). After hybridization, the blot was exposed to Kodak X-ray film
(Kodak, Rochester, NY) for 24-48 h with intensifying screens at -70°C. The f-actin probe
was purchased from ClonTech (Palo Alto, CA) and probed as described above. Quantitation
of the intensity of the INOS/B-actin bands was performed using a phosphoimager (Molecular
Dynamics, Sunnyville, CA).

Figures 6C and 6D show Northern blots illustrating mRNA expression in the presence
and absence of doxycycline (Figure 6C) and minocycline (Figure 6D). A dose-dependent
inhibition of INOS mRNA expression is evident in both cases. The percent inhibition of
INOS expression was normalized against the B-actin signal. For doxycycline, the inhibition
of mRNA expression was 68% at 20 g/mL; 75% at 40 ug/mL; and 79% at 80 ug/mL, while
hydrocortisone inhibited the expression by 73%. For minocycline, the inhibition of mRNA
expression was 39% at 20 n.g/mL; 49% at 40 ug/mL; and 77% at 80 ug/mL, while
hydrocortisone inhibited the expression by 76%. The data shown in F igures 6C-6D represent

one of two similar experiments.
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Together, Examples 6A and 6B show that 20-40 ug/mL of doxycycline and
minocycline significantly blocked iNOS mRNA expression. These experiments indicate that
the action of doxycycline and minocycline on INOS is also at the level of INOS mRNA
expression, which contributes to decreased NOS proteins and specific actviry of the enzyme
in whole cell extracts. It should be noted that even 80 ug/mL concentration of tetracycline
could not completely inhibit iNOS expression at the mRNA level, thus leaving room for some
NO production in the presence of these drugs. At this stage of the experiments we do not
know if tetracyclines inhibit iINOS transcription or render the INOS mRNA more susceptible
to degradation—or both. It is quite possible that due to the broad spectrum of effects of
doxycycline and minocycline on various enzymes and cellular functions, a common target
(such as NF-xB) cannot be ruled out. It should be noted that the inhibitory effects of
doxycycline/minocycline on iNOS expression (mRNA, specific activity and nitrite
accumulation) reach a plateau at —~40-80 zg/ml concentration, beyond which further
inhibition of NOS activity has not been achieved. These compounds therefore differ from
competitive inhibitors of the enzyme (e.g., L-NMMA), which can inhibit NOS activity >95%.
However, tetracyciines at pharmacological concentrations did achieve >50% inhibition of
NOS actvity in our studies. This is important because even modest effects (10-50%) of NOS
inhibition in vivo can have profound attenuating effects on inflammatory events (e.g., paw
swelling), as shown in animal models of arthritis (Stefanovic-Racic et al. 1994). |

Our data, taken together with previous findings by others, indizate that tetracyclines
exert a multiplicity of functions independent of their anti-microbial activity. These functions
now include inhibition of NOS expression and NO production, in add’zca to previously
known functions such as inhibition of MMPs, inhibition of tumor progression, inhibition of
bone resorption (DeClerck et al. 1994, Rifkin et al. 1994), inhibition of angiogenesis
(Maragoudakis et al. 1994) and inhibition of inflammation (Ramamurthy et al. 1994)., We
speculate that the several properties of tewracyclines (Greenwald et al. 1994) may be partiaily
attributed to their newly discovered ability to target another multifunctional signaling
molecule, NO, which is known to exert similar effects on many of the pathological conditions
and manifestations listed above (Vane et al. 1994, Schmidt et al. 1994, Murrell et al. 1995,
Farias-Eisner et al. 1994, Kasten et al. 1994, Pipili-Synetos et al. 1993, Pipili-Synetos et al.

1994). Our studies also indicate that teracyclines, at similar IC.s, exert dual effects on the
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- MMPs: (a) inhibition of the specific activity of MMPs at the enzyme level (Yu et al. 19_2 1,

Smith et al. 1994); and (b) inhibition of NO production, which has been reported to
upregulate MMP activity (Murrell et al. 1995). In addition, since NO is known to mediate
several catabolic activities of IL-1 on cartilage (Taskiran et al. 1994, Cao et al. 1996, Murrell
et al. 1995), the inhibition of NOS activity by tetracyclines may therefore exert additional
protective effects on cartilage degradation in arthritis.

Our studies indicate that the tetracyclines inhibit iNOS activity not via a direct
inhibition at the enzyme level (as reported for the metalloproteinases) but through an
inhibition of NOS mRNA expression, which leads to the decrease in protein expression and
NOS activity. This unique property of the tetracycline group of compounds makes them
promising candidates as safe and acceptable modulators of NO for various pathological
conditions.

Thus, while there have been described what are presently believed to be the preferred
embodiments of the present invention, those skilled in the art will realize that other and
further embodiments can be made without departing from the spirit of the invention, and it is
intended to include all such further medifications and changes as come within the true scope

of the claims set forth herein.
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WHAT IS CLAIMED IS:

1. A method for inhibiting nitric oxide production in a biological system, comprising
providing to the biological system an amount of a tetracycline compound sufficient to cause a

decrease in the amount of nitric oxide produced therein.

2. A method according to Claim 1, wherein the tetracycline compound has
substantially no anti-microbial activity in the biological system.

3. A method according to Claim 1, wherein the tetracycline compound has

metalloproteinase inhibitory activity.

4. A method according to Claim 1, wherein the tetracycline compound is 6-demethyl-
6-deoxy-4-dedimethylaminotetracycline (CMT-3), 6-a-deoxy-5-hydroxy-
4-dedimethylaminotetracycline (CMT-8), 4-dedimethylaminotetracycline (CMT-1),
doxycycline, or minocycline.

5. A method according to Claim 1, wherein the biological system is a mammal
baving a condition characterized by increased nitric oxide production.

6. A method according to Claim 5, wherein the mammal has nitric oxide-dependent
glomerular inflammation.

7. A method according to Claim 5, wherein the mammal has osteoarthritis.

8. A method according to Claim 1, wherein said method further comprises providing

to the biological system an anti-inflammatory amount of a steroidal or non-steroidal

anti-inflammatory drug.

9. A method according to Claim 1, wherein the biological system is a mammal
having a condition characterized by an abnormally high level of activity of inducible nitric

oxide synthase.
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10. A method according to Claim 1, wherein the biological system is an in vitro
cellular system or an ex vivo tissue or organ system wherein a measured amount of nitric

oxide production is indicative of expression or activity of inducible nitric oxide synthase.

11. A method for treating a mammal having an inflammatory condition, comprising
administering to the mammal an amount of a tetracycline compound sufficient to inhibit nitric

oxide production in the mammal.

12. A method according to Claim 11, wherein the inflammatory condition is an acute

inflammatory condition.

13. A method according to Claim 11, wherein the inflammatory condition is a

chronic inflammatory condition.

14. A method according to Claim 11, wherein the tetracycline compound has

substantially no anti-microbial activity in the biological system.

15. A method according to Claim 11, wherein the tetracycline compound has
metalloproteinase inhibitory activity.

16. A method according to Claim 11, wherein the tetracycline compound is
6-demethyl-6-deoxy-4-dedimethylaminotetracycline (CMT-3), 6-a-deoxy-5-hydroxy-
4-dedimethylaminotetracycline (CMT-8), 4-dedimethylaminotetracycline (CMT-1),
doxycycline, or minocycline.

17. A method of inhibiting expression or activity of inducible nitric oxide synthase in
a biological system, comprising administering to the biological system an amount of a
tetracycline compound sufficient to inhibit inducible nitric oxide synthase expression or

activity in the biological system.
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18. A method according to Claim 17, wherein the tetracycline compound has
substantially no anti-microbial activity in the biological system.

19. A method according to Claim 17, wherein the tetracycline compound has

metalloproteinase inhibitory activity.

20. A method according to Claim 17, wherein the tetracycline compound is
6-demethyl-6-debxy—4—dedimethylaminotetracycline (CMT-3), 6-a-deoxy-5-hydroxy-
4-dedimethylaminotetracycline (CMT-8), 4-dedimethylaminotetracycline (CMT-1),
doxycycline, or minocycline.
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