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MIXED BISULFIDE CONJUGATES OF THIENOPYRIBINE COMPOUNDS AND
USES THEREOF

STATEMENT REGARDING FEBDERALLY SPONSORED RESEARCH OR
5 DEVELOPMENT
This invention was made with government support under AAGZ0090 and CAQ16954
awarded by the National Institutes of Health. The government has certain vights in the

invention.

10 FIELD OF THE INVENTION
This fnvention is in the field of medicinal chemistry. In particular, the mvention
relates to mixed disulfide conjugates of thienopyridine compounds, and their use as

therapeutics for the treatment, amelioration, and prevention of cardiovascular diseases.

15 INTRODUCTION
Thienopyridiny! compounds are widely used as antiplatelet agents to provent heart
attack and stroke. In this category, clopidogrel (Plavix), ticlopidine (Ticlid) and prasugrel
{Effient) are three commonly used prodrugs. These agents vequire polymorphic cytochrome
{P450) mediated oxidative bioactivation. Such oxidative bioactivation results in slow on-set
20 of therapeutic cffect and several adverse effects fncluding neutroperda and thrombotic
thrombocytopenic purpura.
Improved antiplatelet agents not requiring polymorphic cytochrome (P450) mediated

oxidative bloactivaiion are needed.

25 BUMMARY OF THE INVENTION
Clopidogrel (Plavix), ticlopidine {Ticlid) and prasugrel { Efficnt) belong to a class of
thicnopyridinyl compounds widely used as antiplatelet agenis to prevent heart attack and
stroke. However, several serious drawbacks have been associated with these drugs including
fack of response, toxicity and excessive bleeding. These drawbacks are closely related to the
30 fact that they are all prodrugs that require oxidative bicactivation by polymorphic
cytochromes P450 enzymes (P450s).
To overcome drawbacks associated with thienopyridine compounds {Clepidogrel
{Plavix), ticlopidine (Ticlidy and prasugrel (Effient)), mized disulfide conjogates of

thicnopyridine compounds were developed. Indeed, experiments conducted doring the cousse



WO 2014/109987 PCT/US2014/010348

of developing embodiments for the present invention demonstrated that the mixed disulfide
conjugaies of thicnopyridine compounds of the present invention are capable of producing
active thicnopyridine metabolites {(e.g., active thienopyridine metabolites capable of
antiplatelet activity) n the presence of endogenous glutathione (GSH) without the need for
5 bioactivation by P450s. This approach not only bypasses the oxidative bivactivation process
by P450s, but circunyvents many of the drawbacks associated with thienopyridiny! drugs. For
example, the mixed disulfide conjugates of thicnopyridine compounds of the present
mvention improve dosing consistency because production of the active metabolite from the
conjugaics is predictable. In addition, use of the mixed disulfide conjugates of thienopyridine
10 compounds of the present invention as antiplatelet agents reduce the toxicity as toxic reactive
metabolites are not produced by the thiol-exchange reaction. In addition, the therapeutic onset
time for the mixed disulfide conjugates of thicnopyridine compounds of the present mvention
is shortened, which greatly benefits patienis who experience acute cardiovascular events. For
exaniple, the standard regimen for thienopyridines requires continuously dosing paticuts for
15 3-S days as only a small percentage of ingested thienopyridines are converted to the active
metabolite, In contrast, the mixed disolfide conjugates of thienopyriding compounds of the
present invention release the active metabolites with high vields n less than 30 min. To
addition, the mixed disulfide conjugates of thicnopyridine compounds of the present
mvention have superior stability over the active metabolites and therefore they can be used to
20 guantitatively generate the active metabolites for basic and clinical research in vitro,
Accordingly, in certain embodiments, the present imvention provides mixed disulfide
conjugates of thienopyridine compounds capable of overcoming such drawbacks associated
with thienopyridiny! compounds widely used as antiplatelet agents {e.g., Clopidogrel
{(Plavix), ticlopidine (Ticlid) and prasugrel {Efficnt)). The present invention is not fimited to
25 particular mixed disulfide conjugates of thienopyridine compounds. In some embodimetns,

the mixed disulfide conpugates of thienopyridine compounds are described by Formula I
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, including pharmaceutically acceptable salts, solvates,

and/or prodrugs thereof, wherein R1, R2, and R3 independently include any chemncal moiety
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that renders the resulting compound capable of prodocing active thienopyridine metabolites
upon interaction with endogenous ghitathione (G5H) {(e.g., active thicnopyridine metabolites
capable of antiplatclet activity).

In some embodiment, R1 is selected from the group consisting of H, -CO-OCH3, and

In some embodiments, R3 is Chlorine or Fluorine.

In some embodiments, B2 is selected from the group consisting of
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In certain embodiments, the present invention provides pharmaceutical compositions

comprising a mixed disulfide conjugate of a thienopyridine compound and a
5 pharmacecutically acceptable carrier.

In certain embodiments, the present fnvention provides pharmaceutical compoesitions
comprising mixed disulfide conjugates of thienopyridine compounds configured for
mtravenous (IV) administration. In some embodiments, such pharmaceutical compositions
comprising mixed disulfide conjugates of thienopyridine compounds configured for

16 intravenous (1V) administration arve used in the treatment, amelioration and prevention of
atherothrombosis. In some embodiments, such pharmaceutical compositions comprising
mixed disulfide conjugates of thienopyridine compounds configured for intravenous (IV)
adminisfration arc used for rapid inhibition of platelet aggregation. In some embodiments,
such pharmaceutical compositions comprising mixed disulfide conjugates of thienopyridine
compoeands configured for intravenous (IVY administration are used during percutancons
coronary intervention procedures {¢.g., coronoary angioplasty) for rapid inhibition of platelet
aggregation.

In certain embodiments, the present invention provides methods of treating,
ameliorating, or preventing a cardiovascular discase comprising administering to a patient a
20 therapeutically effective amount of a mixed disulfide conjugate of a thienopyridine

compound. fn some embodiments, the admimistration is intravenous administration. In some
embodiments, the cardiovascular disease is selected from the group consisting of coronary
artery discase, peripheral vascular disease, and corcbrovascular discase. In some
embodiments, the compound reduces aggregation of platelets (e.g., through irreversible

25 binding 1o P2Y1; receptors) (e.g., through blocking ADP receptors). In some embodiments,
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the compound is capable of producing active thienopyridine metabolites in the presence of
endogenous glutathione without the need for bioactivation by P450s. In some embodiments,
the methods further comprise co-administration of at least one agent selected from the group
consisting of a HMG-CoA reductase inhibitor, an ACE Inhibitor, a Calcium Channel
Blocker, a Platelet Aggregation Inhibitor, a Polyunsaturated Fatty Acid, Fibric Acid
Derivative, a Bile Acid Sequestrant, an Antioxidani, and an Anflanginal Agent.

In certain embodiments, the prescut invention provides methods of treating,
ameliorating, or preventing aggregation of platelets onto blood vessels in a patient,
comprising administering to the patient a therapeutically effective amount of a mixed
disulfide conjugate of a thicnopyridine compound. In some embodiments, the administration
18 intravenous administration. In some embodiments, the patient has ov is at risk for
developing cardiovascular discase {e.g., coronary artery disease, peripheral vascular disease,
and cerebrovascular disease). In some embodiments, the treating, amcliorating, or proventing
the aggregation of the platelets oceurs through freversible binding 1o P2Y 1» receptors. In
some embodiments, the treating, amchorating, or preventing the aggregation of the platelets
occurs through blocking ADP receptors. In some embodiments, the mixed disulfide conjugate
of thicnopyridine compound is capable of producing active thienopyriding metabolites in the

presence of endogenous glutathione without the need for bicactivation by P450s.

BRIEF DESCRIPTION OF DRAWINGS

Figure 1 shows ctfects of thiol reductants on the formation of the active metabolite
{AM) of clopidogrel. The AM was produced in 0.1 mi of SO mM KP buffer (pH 7.4)
containing 0.2 mg/ml HLM, 0.1 mM Z-oxoclopidogrel, the NADPH-regenerating system, and
the thiol reductants. The concentrations of the thiol reductants were T maM except for CPT,
DFT and NPT which were (1.3 mM each. The reaction was imitiated by the addition of 5 units
of G6PD and incebated at 37 °C for 20 min. The active metabolite was then quantitated as the
MP derivative as described in Materials and Methods. The reported rates were averaged over
three separate measurements. Abbreviations for the thiol compounds are provided 1o Tabie 1.

Figure 2 shows exiracted jon chromatograms (EIC) of representative mixed disulfide
conjugates of clopidogrel. The mixed disuifide conjugates were produced in 0.2 ml of S§ mM
KPi buffer (pH 7.4) containing | mg/mi HEMs, 0.1 mM 2-oxoclopidogrel, various thiol
reductants and the NADPH-regencrating system at 37 °C for 30 min. MS analyses were

performed as described in Materials and Methods. (A), EIC for the BME conjugate at w/z
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432.06; (B} EIC for the DFT conjugate at wm/z 482.08; () EIC for the CPT conjugate at m/z
499.69; (D) EIC for the NPT conjugate at nvz 510.08.

Figure 3 shows relative amounts of the AM and thiol conjugates of clopidogrel
produced by HLMs. The AM and conjugates were produced in 0.2 ml of 530 mM KP (pH 7.4)

5 as deseribed in Figure 2. For these analyses, 50 pmoles of (S)-clopidogrel was spiked into

cach sample as the IS, Both the AM and the thiol conjugates were analyzed using LC-MS/MS
in the dependent scan mode as described in Materials and Methods, Legend: open bar, AUC
ratio of my/z 356 (AM) to m/z 322 (IS); solid bar, AUC ratios of respective conjugate to IS,

Figure 4 shows MS and MS? spectra of the mixed disulfide conjugate of CPT. The

10 conjugate was produced as described o Figure 2. The MS and MS” spectra were obtained
using LC-MS3/MS in the dependent-scan mode as deseribed in Matenals and Methods. (A),
MS spectram of the CPT conjugate; (B) MS” spectrum of the parent ion m/z 499.99 for the
CPT conjugate: (C), M8’ spectrum of the parent fon m/z 501.94 for the CPT conjugate; (D),
assignments for the fragmentation pattern shown in Figure 48.

5 Figure 5 shows kinetics for the reduction of the mixed disulfide conjugates of
clopidogrel by GSH. The mixed disulfide conjugates were prepared from the reaction
mixtures contadong 1 mg/mi HLM, 0.1 mM 2-oxoclopidogrel, the NADPH-regenerating
system and various thiol reductants and purified using SPE C18 cartridges as described in
Materials and Methods. The purified conjugates were then mixed with 1 mM GSH and 0.2

20 mg/ml cytosol {(when present). The conjugate remaining and the AM formed were analyzed
using LC-MS/MS. Legend: (A) reduction of the conjugates of BME (O3, CPT (B), NAC
(), DFT (&), and NPT (L)) by 1 mM GSH in the presence of 0.2 mg/ml cytosol. (B)
reduction of the CPT conjugate by 1 mM GSH in the presence and absence of 0.2 mg/mi
cytosol. Legend: (O), formation of AM in the absence of cytosol; (), formation of the AM

25 i the presence of cytosol; {(8), reduction of the conjugate in the absence of eytosol; (&),
reduction of the conjugate in the presence of ¢ytosol. The solid and dashed hines are non-
linear curve fittings to a single exponential function.

Figure 6 shows extracted ion chromatograms observed at uvz 504 showing the
formation of the active metabolite H4 from the mixed disulfide conjugates of clopidogrel.

30 The mixed disuifide conjugates were produced in the HLMs and purified with SPE cartridges
as described in Figure 3. Prior to MS analyses, the mixed disulfide conjugates were treated
with DTT to release the AM that was then subsequently denivatized with MPB. The AM-MP

derivatives were analyzed ustng LC-MS/MS as described in Materials and Methods. Legend:
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A, trans- {dashed line) and cis-clopidogrel-MP (solid line) standards; B, the AM-MP obtained
in the presence of 1 mM GSH {dashed line) and I mM ascorbic acid (solid Hney; C, the AM-
MP obtained from the CPT conjugate; D, the AM-MP obtained from the NPT conjugate; E,
the AM-MP obtained from the DFT conjugate. The amplitude was multiphied by two.

5 Figure 7 shows inhibition of platelet aggregation by the mixed disulfide conjugates of
clopidogrel. The mixed disulfide conjugates were prepared and purified from the reaction
mixtures in the presence of 0.3 oM CPT and NPT, along with three control samples
containing either 1 mM GSH, no thiol reductant or no G6PD. Al samples were re-suspended
in 0.5 ml PPP, some of which were treated to T mM GSH to release the AM. Platelet

10 aggregation was initiated by the addition of 10 pM ADP and recorded with an aggregometer.

The percentage of aggregation was normalized 1o that of PRP and averaged over four separate
measurements. For details, see Materials and Methods. Legend: PRP, untreated platelet-rich
plasma; GSH, 1 mM GSH in PRP; -G6PD, metabolites produced in the absence of G6PD; -
SH, metabolites produced in the absence of any thiol reductants; GSH, metabolites produced

15 inthe presence of 1 mM GSH; CPT, metabolites produced m the presence of 0.3 mM CPT;

v

CPT+GSH, metabolites produced in the presence of 0.3 mM CPT and then treated with 1 M
GRH; NPT, motabolites produced in the presence of 0.3 mM NPT, NPT+GSH, metabolites
produced in the presence of 0.3 mM NPT and then treated with | mM GSH.
Figure 8 presents a total ion chromatogram of pure (S)-clopNPT bio-synthesized in
20 the recounstituted sysicrs as described in Example X. The three diastercomers of (S)-clopNPT
were cluted at 7.9, 8.6, and 9.5 min.
Figure 9 presents platelet activities of male NZ white rabbits following IV injection of

{S)-clopMNPT as described in Example X,

25 DEFINITIONS
The term “thienopyridine compound” as used herein, refers to a class of ADP
receptor/P2Y 12 inhibitors used for their anti-platelet activity. Examples include, but arc not
limited to, clopidogrel {(Plavix), ticlopidine (Ticlid), and Prasugrel (Effient).
The term “mixed disulfide conjugate of 4 thienopyridine compound” as used herein,
30 refers to 8 modified thienopyridine compound capable of producing active thienopyridine
metabolites upon interaction with endogenous glutathione {GSH).
The term “prodrug” as used herein, refers to a pharmacologically inactive derivative

ot a parent “drug” molecule that reqoires biotransformation {e.g., either spontancous or
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enzymatic} within the target physiological system to release, or to convert (e.g.,
enzymatically, physiclogically, mechanicaily, electromagnetically) the prodrug into the active
drug. Prodrugs arc designed to overcome problems associated with stability, water solubtlity,
toxicity, lack of specificity, or hmited bivavailability. Exemplary prodrigs comprise an
active drug molecule itself and a chemical masking group {e.2., a group that reversibly
suppresses the activity of the drug). Some prodrugs arc variations or derivatives of
compounds that have groups cleavable under metabolic conditions. Prodrugs can be readily
prepared from the parent compounds vsing methods known in the art, sach as those described
in A Textbook of Drog Design and Development, Krogsgaard-Larsen and H. Bundgaard
{eds.), Gordon & Breach, 1991, particularly Chapter 5: "Design and Applications of
Prodrugs”; Design of Prodrugs, H. Bundgaard {ed.)}, Elsevier, 1985; Prodrugs: Topical and
Oeular Drug Delivery, K. B. Sloan (ed.), Marcel Deklier, 1998; Methods in Enzymology, K.
Widder et al. (eds.), Vol 42, Academic Press, 1985, particularly pp. 309-396; Burger's
Medicinal Chenstry and Drug Discovery, Sth Hd., M. Wolft (ed.}, John Wiley & Sons, 1995,
particularly Vol 1 and pp. 172-178 and pp. 949-982; Pro-Dirugs as Novel Delivery Systems,
T. Higuchi and V. Siclla (eds.}, Am. Chem. Soc., 1975; and Bioreversible Carriers in Drog
Design, E. B. Roche (ed.), Elsevier, 1987,

Exemplary prodrugs become pharmaceutically active in vive or in vifro when they
vnderge solvolysis under physiological conditions or undergo enzymatic degradation or other
biochemical transformation {e.g., phosphorylation, hydrogenation, dehydrogenation,
glycosylation). Prodrugs often offer advantages of water solubility, tissue compatibility, or
delayed release in the mammalian organism. (See e.g., Bundgard, Design of Prodrugs, pp. 7-
9, 21-24, Elsevier, Amsterdam (1985); and Silverman, The Organic Chemistry of Drug
Design and Drug Action, pp. 352-401, Academic Press, San Dicgo, CA (1992}). Common
prodrugs include acid derivatives such as esters prepared by reaction of pavent acids with a
suitable alcohol (2.g., a lower alkanol) or csters prepared by reaction of parent alcohol with a
suitable carboxylic acid, (e.g., an aming acid}, amides prepared by reaction of the parent acid
compound with an amine, basic groups reacted 1o form an acylated base derivative (e.g., a
lower alkylamide), or phosphorus-containing derivatives, e.g., phosphate, phosphonate, and
phosphoramidate esters, including cyclic phosphate, phosphonate, and phosphoramidate (sec,
c.g., US Pateut Application Publication No. US 2007/0249564 A1)

The term “pharmaceutically acceptable salt” as used herein, refers to any salt {e.g,

chtained by reaction with an acid or a base) of a compound of the present invention that is
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physiclogically tolerated in the target animal (e.g., a mammal). Salts of the compounds of the
present invention may be derived from inorganic or organic acids and bases. Examples of
acids include, but are not Himited to, hydrochioric, hydrobromic, sulfuric, nitric, perchloric,
fumaric, maleic, phosphoric, glycolic, lactic, salicylic, suceinic, toluene-p-sulfonic, tartaric,
acetic, citric, methanesulfonic, ethanesulfonic, formic, benzoic, malonic, sulfonic,
naphthaleng-2-sulfonic, benzenesolonic acid, and the like. Other acids, such as oxalic, while
not o themselves pharmaceutically acceptable, may be employed in the preparation of salts
aseful as intermediates in obtaining the compounds of the invention and their
pharmaccutically acceptable acid addition salts.

Examples of bases include, but arc not Hmited to, alkali metal (e.g., sodium)
hydroxides, alkaline earth metal (e g., magnesium) hydroxides, ammonia, and compounds of
formuila NW, , wherein Wis Gy alkyl, and the like.

Examples of salts inchude, but are not Himited to: acetate, adipate, alginate, aspartate,
henzoate, benzenesulfonate, bisulfate, butyrate, citrate, camphorate, camphorsulfonate,
cyclopentancpropionate, digluconate, dodecylsulfate, ethanesulfonate, finmarate,
fhicoheptanoate, glycerophosphate, hemisulfate, heptancate, hexancate, chloride, bromide,
iodide, 2-hydroxyethancsultonate, lactate, maleate, mesyiate, methancsulfonate,
2-naphthalenesulfonate, nicotinate, oxalate, palmoate, pectinate, persulfate, phenylpropionate,
picrate, pivalate, propionate, succinate, tartrate, thiocyanate, tosylate, undecanoate, and the
like. Other examples of salts inclade anions of the compounds of the present invention
compounded with a suitable cation suchas N a, NHs", and NW," {wherein W is a Cr4 alkyl
group), and the ike. For thevapeutic use, salts of the compounds of the present invention are
contemplated as being pharmaceutically acceptable. However, salts of acids and bases that
are non-pharmaceutically acceptable may also find use, for example, in the preparation or
purification of a pharmaceutically acceptable compound.

The term "solbvate” as used herein, refers to the physical association of a compound of
the invention with one or more solvent molecules, whether organic or inorganic. This
physical association often includes hydrogen bonding. In certain instances, the solvate is
capable of 1solation, for example, when one or more solvate molecules are incorporated in the
crystal lattice of the crystalline solid. "Solvate” encompasses both solution-phase and
isolable solvates. Exemplary solvates include hydrates, ethanolates, and methanolates.

The term “therapeutically effective amount,” as used herein, refers to that amount of

the therapeutic agent sufficient to vesult in amelioration of one or more symptoms of a
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disorder, or prevent advancement of a disorder, or cause regression of the disorder. For
cxample, with respect to the treatment and/or prevention of platelet aggregation onto a blood
vessel, tn one embodiment, a therapeutically effective amount will refer to the amount of a
therapeutic agent (e.g., a mixed disulfide conjugate of a thienopyridine compound) that
5 decreases the reduces and/or prevents platelet aggregation by at least 5%, at least 10%, at
fcast 13%, at least 20%, at lcasi 25%, at least 30%, at least 35%, at least 40%, at least 45%,, at
icast 50%, at least 55%;, at lcast 60%, at least 65%, at least 70%, at lcast 75%, at least 809, at
icast 85%, at least 9%, at least 95%, or at least 10{(%.
The term "pharmaceutically acceptable carrier” or "pharmaceutically accepiable
10 wvehicle” cocompasses any of the standard pharmaceutical carriers, solvents, surfactants, or
vehicles. Suitable pharmaceutically acceptable vehicles include agueous vehicles and
nonaquecus vehicles. Standard pharmaceutical carriers and their formulations are described

in Remington's Pharmaceutical Sciences, Mack Publishing Co., Easton, PA, 19th ¢d. 1993,
15 BETAILED DESCRIPTION OF THE INVENTION
Thicnopyridinyl antiplatclet agents include three clinically used drugs, clopidogrel

{(Plavix}, ticlopidine (Ticlid), and prasugrel (Effient). Their chemical structures and IUPAC

names for clomdogrel (Plavix), ticlopidine (Tichd), and prasugrel (Effient) are as follows:
& A \ v [+ 7

s cl {ticlopiding; 5-(2-chlorobenzyl)-4,5,6,7-tetralydrothieno[3,2

OCH;8
20 clpyridine), @ : clopidogrel; (£)-(5)-methyl 2-(2-chlorophenyh)-
i Piaog 3 Phen;

Zf(c’),?-dihdrothieno[3,Z,A(:]pyridine—‘j(4?—[}_3/i)aceta'te}, and

10



1

Nl
W

0

o

WO 2014/109987 PCT/US2014/010348

S
(¥

o {prasugrel; (RS)-5-[2-cyclopropyl-1-(2-
fluorophenyl}-2-oxoethyli-4,5,6,7-tetrabvdrothieno[3,2-¢ipyridine-2-yl acetate).

Thienopyridinyl antiplatelet agents are widely used to treat patients with acute
cardiovascular syndromes and peripheral vascular diseases, particolarly among those
undergoing percutanecus coronary intervention {¢.g., coronary angioplasty) to prevent heart
attack and stroke. Nearly two million patients receive coronary and carotid stents every year
in the United States and the anoual sales for Plavix alone was worth $6.5 billion in 2010,

In spite of widespread use, clopidogrel has shown signiticant jnter-individual
variability n ts efficacy {(see, e.g., Freedman JE and Hylek EM (2009) New Engl J Med
360({4):411-413; Gurbel PA and Tantry US (2007} Thromb Res 120(3):311-321; Sofi F, et al,
(2011) Pharmacogenomics J 11(33:199-2(6). Nearly one-third of patients do not respond o
clopidogrel therapy (see, e.g., Mason PJ, Jacobs AK and Freedman JE (2005} J Am Coll
Cardiol 46(6):986-993). A large number of studies have been carried out attempting to
identify genetic markers that correlate with the lack of response with the aim of overcoming
this inter-individual variability. 1t has been shown that clopidogrel is less effective in paticots
who carry the vutant CYP2CT9%2 gene (see, ¢.g., Dick R, Dear AE and Byron KA (201 1)
Heart Lung Cire 20(10):657-658; Shuldiner AR, et al., (2009) JAMA 302(8):849-857; Sofi F,
et al, (2011} Pharmacogenomics J 11{33:199-206). However the CYPZC19%2 mutant gene
accounts for only 12% of the variations in response (see, ¢.g., Shuldiner AR, ot al., (2009}
JAMA 302(8):849-857). Other factors are hkely involved, but have not been identified.

Indeed, though widely used as antiplatelet agents, there are drawbacks associated with
thicnopyridinyl antipiatelet agents. A major shoricoming for clopidogrel is a dosing
mconsistency. For exarople, nearly one-third of patients do not respond 1o clepidogrel
treatment. Ticlopidine can cause a series of adverse effects ranging from moderate symptoms
of skin rashes and diarrhea to severe and sometimes fatal ones such as neutropenia and bone
marrow aplasia. In rare cases it causes severe idiosyncratic events of agramalocytosis.
Excessive bleeding has been associated with the use of prasugrel, particularly in older

patients.

11
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Such drawbacks associated with thiepopyridiny] antiplatelet agents are closely related

i the fact that these three drugs are ali prodrugs that require oxidative bicactivation to the
active metabolite (AM) by polymorphic cytochromes P450 (P450s) as illustrated in Scheme
1. Because of this oxidative bicactivation process, the amount of the active metabolite

5 produced by P450s varies with the genetic makeup of each patient’s hepatic P450s.
Furthermore, these drugs are extensively metabolized by P450s to produce multple
metabolites, some of which are highly reactive and potentially toxic. 1t has been reported that
the severe idiosyneratic events due to ticlopidine are associated with the production of

reactive metabolites,

Ri
Ticlopidine, R1=H, R2=H, R3=C1
N Clopidogrel, R1=-CO-OCH3, R2=H, R3=C1
] 0
S Prasugrel, R1= , R2=-OCOCH3, R3=F
R;

Thienopyridines
Ry Ry Ry
P450s P450s
N =" °N = N
OO0 DS 00
S R3 S R3 HS R3
Clopidogrel 20X0 Active Metabolite (AM)
Ticlopidine
Esterase
Ry
N
R2_</j:\/| ):© Platelet S-S-AM
S R4
Prasugrel

10 Scheme 1.

As noted, the variable vesponse fo clopidogrel therapy is closely related to the fact that
clopidogrel is a prodrug that requires oxidative bioactivation by cytochromes P430 (P450s) 1o
1ts pharmacologically active metabolite (AM) (see, e.g., Kazui M, et al, (2010) Drug Metab
15 Drispos 38(1):92-99; Savi P, et al., (Z2000) Thromb Hacmost 84(5):891-896). It 1s well
documented that P430-mediated bioactivation involves two consecutive oxidative steps (see,
e.g., Dansetiec PM, Thebault 5, Berthe G and Mansuy D (2010) Chem Res Toxicol

23(73:1268-1274; Dansette PM, Rosi I, Bertho G and Mansuy D (2012) Chem Res Toxicol

12
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25(2}:348-356); clopidogrel is first monoxygenated to 2-oxoclopidogrel, which is in tirn

oxidized to the AM in the second step. Although it has been argued that esterase PONI is
responsible for converting 2-oxoclopidogrel to the AM (see, ¢.g., Bouman HI, etal,, (2011
Nat Med 17(1):110-116), imcreasing evidence supports the idea that 2-oxoclopidogrel is

5 converted to the AM via a sulfenic acid intermediate (see, e.g., Dansette PM, Libraire J,
Bertho G and Mansuy D (2009 Chem Res Toxicol 22(21:369-373; Dansetie PM, Rosi ],
Bertho G and Mansuy D (2012} Chem Res Toxicol 25(21:348-356; Dansette PM, RosiJ,
Debernardi 1, Bertho G and Mansoy D (2012) Chem Res Toxicol 25(5):1058-106S; Dansette
PM, Thebault S, Bertho G and Mansuy D (2010} Chem Res Toxicol 23(7):1268-1274), as

10 illustrated 10 Scheme 2.

Behome ¢
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According to Scheme 2, 2-oxoclopidogrel is first oxidized to a suifenic acid
mtermediate by P430s. The highly unstable sulferdc acid is theo rapidly reduced by
15 ghutathione (GSH) to form a mixed disulfide conjugate (RS-5(G) that is subsequently reduced
by another GSH molecole to form the AM. This is consistent with the ohservation that GSH
18 required for the formation of the AM in human liver microsomes (HLMs) (seg, e.g., Kazui
M, et al,, (2010} Drug Metab Dispos 38(13:92-99), It is widely accepted that the AM is
responsible for inhibition of platelet aggregation through covalent modification of platelet

20 P2Yy, receptor (sce, e.g., Ding Z, et al,, (2003) Blood 101(10):3508-3914; Algaier |, etal,,

13
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{2008) J Thromb Haemost 6(11):1903-1914). The anti-platelet activity of the mixed disclfide
conjugate RS-SG remains untested.

Metabolism of 2-oxoclopidogrel in the presence of N-acetyl-L-cysteine (NAC) and L-
cysteine leads to the formation of both the AM and mixed disulfide conjugates (see, ¢.g.,
Zhang H, Lau WC and Hollenberg PF (2012) Mol Pharmacol 82:302-309). In addition, it was
demonstrated that the mixed disulfide conjugates of NAC and L-cysteine cxchange thiols
with GSH and that the cquilibriurn between the AM, the AM conjugate and GSH is governed
by their redox potentials. The redox potential of the sulfenic acid intermediate 15 likely to be
high because it 1s a reactive oxidant.

To overcome drawbacks associated with thicnopyridine compounds, mixed disulfide
conjugates of thienopyridine compounds were developed. Experiments conducted during the
course of developing embodiments for the present invention demonstrated that the mixed
disuifide conjugates of thicnopyridine compounds of the present invention are capable of
producing active metabolites in the presence of endogenous ghitathione (GSH) without the
need for bicactivation by P4S50s, as illustrated in Scheme 3. This approach not only bypasses
the oxidative bicactivation process by P450s, but circumvents many of the drawbacks of the
thicnopyridinyl drugs. For example, the mixed disulfide conjugates of thienopyridine
compounds of the present invention improve dosing counsistency because production of the
active metabolite from the conjugates is predictable. In addition, use of the mixed disulfide
conjugates of thienopyridine compounds of the present invention as antiplatelet agents veduce
the toxicity because toxic reactive metabolites are not produced by the thiol-exchange
reaction. In addition, the therapeutic onset time for the mixed disulfide comjugates of
thicnopyridine compounds of the present invention will be shortened, which greatly benefits
patients who experience acute cardiovascuiar events. The standard regimen for
thienopyridines requires contimuously dosing patients for 3-5 days because only a small
percentage of ingested thienopyridines are converted to the active metabolite. In contrast the
mixed disulfide conjugates of thicnopyridine compounds of the present invention can release
the active metabolites with high vields in less than 30 mwin. In addition, the mixed disulfide
conjugates of thienopyridine compounds of the present invention have superior stability over
the active metabolites and therefore they can be used to guantitatively generate the active

metabolites for basic and clinical research in vitro.
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Accordingly, the present invention relates to mixed disulfide conjugates of

(glutathione (GSH}).

10 thienopyridine compounds which are capable of producing active thienopyridine metabolites
m the presence of endogenous glutathione (GSH) withowut the need for bioactivation by
P450s. The invention further relates to methods of treating, ameliorating, or preventing
cardiovascular disorders in a patient, such as those that are responsive to antiplatelet agents

{such as clopidogrel, ticlopidine, and prasugrel) comprising administering to a patient a
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mixed disulfide conjugate of a thienopyridine compound of the mvention. Soch disorders
imciude, but are not limited o, coronary artery discase, peripheral vascular disease, and
cerchrovascular disease. Tu some embodiments, the mixed disulfide conjugates of
thienopyridine compounds are used to inlubit platelet aggregation by, for example, altering
the function of platelet membranes by blocking ADP receptors {e.g., thereby preventing a
conformational change of giycoprotein ilb/Ila which allows platelet binding to fibrinogen).
In some embodiments, the mixed disulfide conjugates of thicnopyridine compounds reduce
aggregation ("clumping”) of platelets by irreversibly binding to P2Y 1, receptors. In some
cmbodiments, the mixed disulfide conjugates of thienopyridine compounds are used within
pharmaceutical compostions configared for intravenous (I'V) aduunistration {e.g., in medical
situations requiring 1V administration of antiplate agents (e.g., coronary angioplasty)).

The present invention is not hmited to particular mixed disulfide conjugates of

thienopyridine compounds. In some cmbodiments, the mixed disuifide conjugates of

R
e
HO

S Ry

SR,

thienopyridine compounds are described by Formula §: \
mclading pharmaceutically aceeptable salis, solvates, and/or prodrugs thereof.

Fornols 1 is not limited to a particular chemical moiety for R1, RZ, and R3. In some
embodiments, R1, R2, R3 cach independently include any chemical moiety that renders the
resulting compound capable of producing active thienopyridine metabolites in the presence of
endogenous gluiathione (GSH) without the need for bicactivation by P450s. In some
cmbodiments, R1, R2, R3 each independently inciude any chemical motety that renders the
resuliing compound capable of treating, ameliorating, or preventing cardiovascular disorders
(e.g., coronary artery disease, peripheral vascalar disease, and cerebrovascular discase) ina
paticnt, such as those that are responsive to antiplatelct agents (such as clopidogrel,
ticlopidine, and prasugre!l). In some embodiments, R, R2, B3 each mdependently nclade
any chemical moiety that renders the resulting compound capable of inhibiting platelet
aggregation by, for cxample, altering the function of platelct membranes by blocking ADP
receoptots {e.g., thereby preventing a conformational change of glycoprotein Hb/llla which

allows platelet binding to fibrinogen). In some embodiments, R1, R2, R3 each independently
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mchide any chemical moiety that renders the resuhing compound capable of reducing

aggregation ("clomping”) of platelets by trreversibly binding to P2Y i, recepiors.

O
In some embodiments, R1 is H, -CO-OCH3, or jA

In some embodiments, R3 is Chlorine or Fluorine.

(]

In some embodiments, R2 is selected from, bot not limited to, © {6-

O

I

/N
o NF |

chloropyridazine-3-thiol (CPT)), »ws Ny 3-nitropyridine-2-thiol (NPT)),

e}
O
\ HS OH
st (2, 5-dimethylfuran-3-thiol (BFT)), NH; (L-cysteine (CYS)),
SH SH
[e] (o] (o]
o H\)L
HO N HoN OH
NH; 0 (g-L-glotamyi-L-cysteine (GC)), 0

HO
(Cysteine-Glycine (CQGY), \/\SH {2-mercaptoethanct (BME}),

H

S
o}
.
N
H
SH (cysteamine {CYA)), 0
sH
o o o
N
ho )H/\)‘\N o
H
NH, o]

In some embodiments, the following mixed disulfide conjugates of thienopyridine

R
o/ T
HO T ol

compounds arc contemplated for Formula §: SRy

HQN\/\
1G

(N-acetyl-L-cysteine

(NACYH), and (glutathione {GSH)).
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In some embodiments, the following mixed disulfide conjugates of thienopyridine
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{e]

OH

o N, , or a pharmaceutically acceptable salt, solvate, or
prodrug thereof,
In some embodiments, the mixed disulfide conjugates of thienopyridine compounds

are used to treat, ameliorate, or prevent cardiovascular disorders in an animal {e.g., a

o

mammalian patient including, but not Himited to, humans and veterinary animals), such as
those that are responsive to antiplatelet agents (such as clopidogrel, ticlopidine, and
prasagrel) comprising administering to a patient a mixed disulfide conjugate of
thicnopyridine compound of the invention. Such disorders include, but are not Hmited to,
coronary artery disease, peripheral vascular discase, atherothrombosis, and cerchrovascular
10 disease. Indeed, in some embodiments, the mixed disulfide conjugates of thienopynidine
compovnds are used to decrease platelet aggregation and/or inhibit thrombus formation. In
this regard, such discascs and pathologies are amenable to treatment or prophylaxis using the
present methods and mixed disulfide comugates of thienopyridine compounds.
In some embodiments, the mixed disulfide conjugates of thienopyriding compounds
arc used in the prevention of vascular ischemic events in patients with symptomatic
artherosclerosis. In some embodiments, the mixed disulfide conjugates of thicnopyridine
compounds are used to treat or prevent acute coronary syndrome without ST-segment
cievation, In some embodiments, the mixed disulfide conjugates of thienopyridine
compounds are used for the prevention of thrombosis after placement of intracoronary sient.
20 Insome embodiments, the mixed disulfide conjugates of thienopyridine compounds are used
to inhibit platelet aggregation by, for example, altering the fimetion of platelet membranes by
blocking ADP receptors {c.g., thercby preventing a conformational change of glycoprotein
Ub/Hia which aliows platelet binding to fibrinogen). In some embodiments, the mixed
disulfide conjugates of thienopyridine compounds reduce aggregation ("clumping™) of

5 platelets by irreversibly binding to P2Y; veceptors. In some embodiments, the mixed

disulfide conjugates of thicnopyridine compounds are used to prolong bleeding time. In some
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embodiments, the mixed disulfide conjugates of thienopyridine compounds are used to
decrease incidence of stroke in bigh-risk patients.

In some embodiments, the present invention provides pharmaceutical compositions
comprising mixed disulfide conjugates of thienopyridine compounds configured for
mtravenous (IV) administration. In some embodiments, such pharmaceutical compositions
comprising mixed diselfide conjugates of thicnopyridine compounds configured for
mtravenous (1Y} admindstration are used in the treatment, amelioration and prevention of
atherothrombosis. In some embodiments, such pharmaceutical compositions comprising
mixed disulfide conjugates of thienopyridine compounds configured for intravenous (IV)
adminisfration arc used for rapid inhibition of platelet aggregation. In some embodiments,
such pharmaceutical compositions comprising mixed disulfide conjugates of thienopyridine
compoeands configured for intravenous (IVY administration are used during percutancons
coronary intervention procedures {¢.g., coronoary angioplasty) for rapid inhibition of platelet
aggregation. Indeed, anti-platelet therapy is at the comerstone of prevention and treatment of
atherothrombosis. Platelet activation by agonists such as plague rupture and sheer pressure
stress from stents plays an important role in the development of atherothrombosis. Under
certain clinical situations where patients suffer acute cardiovascular syndromes or undergo
percutanecus cardiovascular intervention, rapid and complete mhibition of platelet
aggregation 1s needed to prevent cardiovascudar deaths and ischemic complications. Such
medical scenarios require intravenous administration of anti-platclet agents that possess short
onset time. However, this is still an unmet medical veed since the anti-platelet agenis
currently being used either have slow onset time or cannot be administrated intravenously
{see, c.g., Silvain, 1., and Montalescot, G., (2012) Circ. Cariovasc. Interv. 5:328-331), The
mixed disulfide conjugates of thicnopyridine compounds of the present invention fulfdl this
vamet medical need as such compounds can be administrated both orally and intravenously
and possess short ouset time.

Some embodiments of the present invention provide methods for administering an
effective amount of a mixed disulfide congugate of a thienopyridine compound of the
mvention and at lcast one addifional therapeutic agent (including, but not limited to, a
therapeutic agent known to treat, amelorate, or prevent cardiovascular disovders), and/or
therapeutic technique (¢.g., 2 surgical intervention). A number of therapeutic ageuts known to
treat, ameliorate, or prevent cardiovascular disorders are contemplated for use in the methods

ot the present nvention. Indeed, the present invention contemplates, but is not Hmited to,
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administration of muonerous thevapeutic agents known to treat, ameliorate, or prevent
cardiovascular disorders. Examples include, but are not Hmited to, HMG-CoA reductase
inhibitors {¢.g., Atorvastatin {Lipitor), Pravastatin {Pravachol) Siowvastatin {Zocor),
Rosuvastatin (Crestor), Pitavastatin {Livalo), Lovastatin (Mevacor, Altocor), Flavastatin
5 (Lescoly), ACE Inhibitors (e.g., Ramipril (Altace), Quinapril (Accupril), Captopril (Capoten),
Enalapril (Vasotec), Lisinopril {Zestnil)y, Calcium Channel Blockers (2.g., Amlodipine
{(Norvase}, Nifedipine (Procardia), Verapamil (Calar), Felodipine (Plendil), Dilttazem
{Cardizem}), Platelot Aggregation Inhibitors {other than Ticlopidine, Clopidogrel, and
Prasugrel) (e.g., Abciximab (ReoPro), Aspirin, Wartarin (Coumadin}, Heparin},
10 Polyunsaturated Fatty Acids (e.g., OUmega-3 polyuonsaturated fatty acid (Fish Oil)), Fibric
Acid Derivatives {¢.g., Fenotibrate (Tricor), Gemfibrozil (Lopid)), Bile Acid Scquestrants
(e.g., Colestipol (Colestid}, Cholestyramine (Questran)), Antioxidants {c.g., Vitamin E),

-
AT
}

Nicotinic Acid Derivatives (e.g., Niacin {Niaspan), Thromboytic ageunts {c.g., Alteplase
{Activase)), and Antianginal Agents (e.g., Ranolazine (Rancxa).

15 In some embodiments of the present invention, a nixed disulfide conjugate of
thicnopyridine compound of the invention and one or more additional therapeutic agent is
administered to an patient under one or more of the following conditions: at different
periodicities, at different durations, at different concentrations, by different administration
routes, efe. In some embodiments, the mixed disulfide conjugate of thienopyridine compound

20 is administered prior to the additional therapeutic agent, e.g., 0.5, 1,2, 3,4, 5, 1, 12, or 8
hours, 1, 2,3, 4, 5, or 6 days, or 1, 2, 3, or 4 weeks prior to the administration of the
additional therapeuntic agent. In some embodiments, the mixed diselfide conjugate of
thienopyridine compound is administered after the additions! therapoutic agent, eg, 0.5, 1, 2,
3,4,5,10,12, 0r 18 hours, 1, 2, 3, 4, 5, or 6 days, or 1, 2, 3, or 4 weeks after the

25 administration of the additional therapeutic agent. Tn some embodiments, the mixed disulfide
conjugate of thienopyridine compound compound and the additional therapeutic agent are
administered concurrently but on difforent schedules, e.g., the mixed disulfide conjugate of
thicnopyridine compound is administered daily while the additional therapeutic agent is
administered once a week, once every two weeks, once overy three weeks, or once every four

30 weeks. In other embodiments, the mixed disulfide conjugate of thisnopyridineg compound s
administered once a week while the additional therapeutic agent is administered daily, once

week, once every two weeks, once every three weeks, or once every four weeks.
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Compositions within the scope of this invention inchude all compositions wherein the
mixed disulfide conjugates of thienopyridine compounds of the present tnvention are
contained in an amount which is effective to achieve s intended purpose. While individual
needs vary, determination of optimal ranges of effective amounts of each component 1s within
the skill of the art. Typically, the compounds may be administered to mammals, e.g. humans,
orally at a dose of 0.0025 to 50 mg/kg, or an equivalent amount of the pharmaceutically
acceptable salt thereof, per day of the body weight of the mammal being treated tor disorders
responsive to indoction of apoptosis. In one emvbodiment, about 0.01 to about 25 mg/kg is
orally administercd to treat, ameliorate, or prevent such disorders. For intramuscuolar
injection, the dose is generally about onc-half of the oral dese. For example, a suitable
miramuscular dose would be about 8.0025 to about 25 mg/kg, or from about (.01 to about 5
mg'kg.

The vnit oral dose may comprise from about 0.01 to about 1600 mg, for example,
about 0.1 to about 100 mg of the mixed disulfide conjugate of thienopyridine compound. The
anit dose may be administered one or more times daily as one or more tablets or capsules
cach containing from about 0.1 to about 10 mg, convenicntly about 0.25 1o 50 mg of the
compound or s solvates.

In a topical formulation, the compound may be present at a concentration of about
(.01 to 100 mg per gram of carrier. In a one embodiment, the mixed disulfide conjugate of
thienopyridine compound compound is present at a concentration of about 0.07-1.0 mg/ml,
for example, about 0.1-0.5 mg/ml, and in one embodiment, about 0.4 mg/ml.

In addition to administering the mixed disulfide conjugate of thicnopyriding
compound as a raw chemical, the compounds of the invention may be administered as part of
a pharmaceutical preparation containing suitable pharmaceutically acceptable carriers
comprising excipients and auxiliaries which facilitate processing of the compounds into
preparations which can be used pharmaceatically. The preparations, particularly those
preparations which can be administered orally or topically and which can be used for one type
of administration, such as tablets, dragees, slow release lozenges and capsules, mouth rinses
and mouth washes, gels, liquid suspensions, hair rinses, hair gels, shampoos and also
preparations which can be administered rectally, such as suppositories, as well as suitable
solutions for administration by intravenous infusion, injection, topically or orally, contain
from about 0.01 10 99 percent, in one embodiment from about 0.25 to 75 percent of active

compoand(s), together with the excipient.
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The pharmaceutical compositions of the tnvention may be administered to any patient
which may experience the beneficial effects of the mixed disolfide conjugates of
thicnopyridine compounds of the invention. Foremost among such paticnts arc mammals,
e.g., humans, although the invention is not intended to be so Hmited. Other patients include
veterinary amimals {cows, sheep, pigs, horses, dogs, cats and the like).

The compounds and pharmaceutical compositions thercof may be administered by any
means that achicve their intended purpose. For exanple, administration may be by parcnteral,
subcutanecus, intravenous, intramascular, intraperitoneal, transdermal, buccal, intrathecal,
imtracraniaf, intranasal or topical routes. Alternatively, or concurrently, administration may be
by the oral route. The dosage administered will be dependent upou the age, health, and weight
of the recipient, kind of concurrent treatment, if any, frequency of treatment, and the nature of
the etfect desived.

The pharmaceutical preparations of the present invention are manufactured ina
manner which 18 iself known, for example, by means of conventional mixing, granulating,
dragee-making, dissolving, or lyophilizing processes. Thus, pharmaceatical preparations for
oral use can be obtained by combining the active compounds with solid excipicnts, optionally
grinding the resulting mixture and processing the mixture of granules, after adding suitable
auxiliaries, if desired or necessary, to obtain tablets or dragee cores.

Suitable excipients are, in particadar, fillers such as saccharides, for example lactose or
sucrose, mannitol or sorbitel, celiulose preparations and/or calcium phosphates, for example
tricalcium phosphate or caleium hydrogen phosphate, as well as binders such as starch paste,
asing, for example, maize starch, wheat starch, rice starch, potato starch, gelatin, tragacanth,
methyl celhilose, hydroxypropylmethylechulose, sodium carboxymethyicellulose, and/or
polyvinyi pyrrolidone. 1f desired, disintegrating agents may be added such as the above-
mentioned starches and also carboxymethyl-starch, cross-linked polyvinyl pyrrolidene, agar,
or alginic acid or a salt thereof, such as sodium alginate. Avdihiaries are, above all, flow-
regulating agents and lubricants, for example, sifica, talc, stearic acid or salts thereof, such as
magnesium stearate or calcium stearate, and/or polyethylene glycol. Dragec cores are
provided with suitable coatings which, if desired, are resistant to gastric juices. For this
purpose, concentrated saccharide solutions may be used, which may optionally contain gum
arabic, tale, polyvinyl pyrrolidone, polyethylene glycol and/or titanitum dioxide, lacquer
solutions and suitable orgamc solvents or solvent mixtures. In order 1o produce costings

resistant to gastric juices, solutions of suitable celhilose preparations such as acetyleelhilose
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phthalate or hydroxypropylmethyl-celhiose phthalate, are used. Dye stuffs or pigments may
be added {0 the tablets or dragee coatings, for exanple, for identification or in order to
characterize combinations of active compound doses.

(Other pharmaceutical preparations which can be used orally mclude push-fit capsules
made of gelatin, as well as soft, sealed capsules made of gelatin and a plasticizer such as
glycerol or sorbitol. The push-fit capsules can contain the active compounds in the form of
granules which may be wixed with fillers such as lactose, binders such as starches, and/or
hubricants such as talc or magnesium stearate and, optionally, stabilizers. In soft capsules, the
active compounds are in one embodiment dissolved or suspended in suitable Hquids, such as
fatty oils, or higuid paraffin. To addition, stabilizers may be added.

Possible pharmaceutical preparations which can be used rectally include, for example,
suppositories, which consist of a combination of one or more of the active compounds with a
suppository base. Suitable suppository bases are, for example, natural or synthetic
trighycerides, ot paraffin hydrocarbons. In addition, it is also possible to use gelatin rectal
capsules which consist of a combination of the active compounds with a base. Possible base
materials include, for example, liquid triglycerides, polyethylene glycols, or paraffin
hydrocarbons.

Suitable formulations for parenteral adounistration include agueous solutions of the
active compounds in water-sohuble form, for example, water-soluble sakts and alkaline
solutions. In addition, suspensions of the active compounds as appropriate oily injection
suspensions roay be admivistered. Suitable lipophilic solvents or vehicles include fatty oils,
for example, sesame oil, or synthetic fatty acid esters, for example, ethyl oleate or
riglycerides or polyethylene glycol-400. Aqueous injection suspensions may contain
substances which increase the viscosity of the suspension include, for example, sodum
carboxymethyl cecllulose, sorbitol, and/or dextran. Optionally, the suspension may also
contain stabilizers.

The topical compositions of this invention are formulated in one embodiment as oils,
creams, lotions, otntments and the like by choice of appropriate carriers. Suitable carriers
mehide vegetable or mineral oils, white petrolatum (white soft paratfing, branched chain fats
or ¢ils, animal fats and high molecular weight alcohol (greater than Cr2). The carriers may be
those in which the active ingredient is soluble. Emulsifiors, stabilizers, humectanis and
antioxidants may also be included as well as agents imparting color or fragrance, if desired.

Additionally, transdermal penetration enhancers can be employed in these topical
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formglations. Examples of such enhancers can be found in ULS, Pat. Nes. 3,989,816 and
4,444,762,

Ointments may be formulated by mixing a solution of the active ingredient ina
vegetable 01l such as almond ol with warm soft paraffin and allowing the mixtare to cool. A
typical example of such an ointment is one which includes about 30% almond o1l and about
70% white soft paraffin by weight. Lotions may be conveniently prepared by dissolving the
active ingredient, in a suitable high molecular weight alcohol such as propylene glycol or
polyethyiene glyeol.

One of ordinary skill in the art will readily recognize that the foregoing represents
merely a detatled description of cortain preferred embodirsents of the present invention.
Various modifications and alterations of the compositions and methods described above can
readily be achieved using expertise available tn the art and are within the scope of the

inveniton.

EXAMPLES

The following examples are illustrative, but not limiting, of the compounds,
compositions, and methods of the present invention. Other suitable modifications and
adaptations of the variety of conditions and parameters normally encountered in climical
therapy and which are obvious to those skilled in the art are within the spirit and scope of the

inveniton.

Example L

This example describes the synthesis of mixed disulfide conjugates of clopidogrel and
ticlopidine.

Synthesis of mixed disulfide conjugates of clopidogrel and ticlopidine was carried out
1 50 mM potassivun phosphate buffer using human bver microsomes (HLMs) according to

Scheme 4.

Scheme 4.
P450s

20x0 thienopyridines + RSH ———» AM-SR + other metabolites
in HLMS
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Within Scheme 4, RS {(or SR} are thiol-containing reagents sefected from, but not Hmited to,

I
N SH N*
N|/ AN ) O/ = |
§ F ) e e . e
Gl {(f-chloropyridazine-3-thiol (CPTY),  HS N J-nitropyridine-2-
0
0
\ HS OH
thiol (NPTY), sH (2,S-dimethylfuran-3-thiol (DFTY), NH, {L-
SH
o) o)
OH
HO N
H
cysteine (CYS)), NH; 0 {g-L-ghitamyi-L-cysteine {(GC)),
SH
0
P
N
HzN OH
HO\/\
5 0 {Cysteine-Glycine (CG)), SH{2-
H2N \/\
mercaptocthasol (BME)), SH {cysteamine (CY A)),
SH
o]
P o
N
H
o {(N-acctyl-L-cysteine (NAC)), and
SH
O O O
H
N
HO N OH
H
NH; C {chutathione (GSH)).
Within Scheme 4, AM-SR represents a nuxed disulfide conjugate of the present mvention.
10 The results showed that all of the ten RS compounds formed the respective

conjugates. In addition, it was confirmed that the reactant RS forms conjugate with the active
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metabolite through mixed disulfide bonds using tandem mass spectrometry, The conjugates

were purified from the reaction mixtures using reverse phase chromatography.

Example IL
5 This example describes production of the active metabolites from the mixed disulfide
conjugate compounds.
The conjugates Clop-CPT
o OCH,
o
AN N
HO
T cl
S N
= \|N
f cl {Z)-2-(1+(2-chlorophenyl)-2-methoxy-2-oxocthyl)-4-
{{6-chloropyridazin-3-yDdisulfanypiperidin-3-yvlidenc)acetic acid] and Tic-NPT
o)
AN N
HO
T cl
s N
= |
~N X
16 0 {2)-2-(1-(2-chlorobenzy[-4-((3-nitropyridin-2-

yhdisalfany Dpiperidin-3-ylidenc)acetic acid] were chosen for finther studies.

The ability of the mixed disulfide conjuage Clop-CPT and Tic-NPT to produce the
active metabolites {AM) 1n the presence of glutathione was next tested. Clop-CPT was
rapidly reduced by T mM GSH with a concomitant ncrease in the amount of the AM of

15 clopidogrel. The half-life for the production of the AM of clopidogrel from the clop-CPT
conjugate was only 1.8 min. The same is true for tic-NPT conjugate, but the haif-life was

14.7 min.

Example L.
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This example describes inhibition of platelet aggregation by mixed disulfide
conjugates of thicnopyridine compounds of the present invention.

To demonstrate the nuxed disulfide conjugates of thienopyridine compounds of the
present invention are capable of inhibiting piatelet aggregation in the presence of GSH,

5 platelet aggregation assays were conduocted. Approximately 20 mi blood was drawn from
rabbits and platelets were collected by centrifugation whereas the supernatants were collected
as platelet poor plasma (PPP). Prior 1o the inhibition assay, the conjugates of Clop-CPT and
Tic-NPT were dissolved in 0.5 mi PPP and incubated with 1 mM GSH at 37° C for 30 min to
produce the active metabolite. The platelets were then re-suspended gently in the PPP

10 containing the active metabolite. After incubation at 37° C for one hour, platelet aggregation

was inttiated by the addition of 5 uM of the agonist ADP. Platelet aggregation was then
recorded using an aggregometer,

Conjugates of Clop-CPT and Tic-NPT inhibited platelet aggregation by
approximately 60% in the presence of 1 mM GSH compared with the negative control that

15 contained no conjugate. This level of inhabition was approximately the same as the positive

conirol that contained the active metabolite generated from human liver microsomes {HLMs).

Example IV.

This example describes the materials and methods for Examples 5-9.

20
Chemicals. (S)-clopidogrel, racomic 2-oxoclopidogrel, and cis-clopidogrel-MP were
purchased from Toronte Research Company (Cutario, Canada). Glutathione (GSH), v-L-
ghitamyl-L-cysteine (GC), Cys-Gly (CG), L-cysteine, B-mercaptoethanol (BME}, N-acetyl-
L-cysteine (NAC), cysteamine {CY A} hydrochloride, 2,5-dimethylfuran-3-thiol, 6-
25 chloropyridazine-3-thicl, 3-nitropyridine-2-thiol, and Z-bromo-3"-methoxyacetophenone

(MPB) were purchased from Sigma-Aldrich company (51, Lowis, MO). Pooled HLMs and

cytosel were purchased from XenoTech (Lenexa, KS).

Determination of the rate for the formation of the AM by HELMs in the presence of

30 various thiol reductants. To examine the effects of various thiol reductants on the formation
ot the active metabolite (AM), the rates at which the AM was prodoced were determined.

Production of the AM was performed in 0.1 ml of 50 mM potassiom phosphate (KP1) buffer

(pH 7.4) containing 0.2 mg/mal. HLM, 0.1 ;M 2-oxoclopidogrel, the NADPH-regenerating
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system, and 1 wM of each of the thiol reductants except that 0.3 mM CPT, BFT, or NPT
were used. The reaction was initiated by the addition of 5 units of glucose-6-phosphate
dehydrogenase {((G6PD) and incubated at 37 °C for 20 min. The AM was then derivarized with
4 mM MPB at room temperature for 10 min, followed by acidification with acetic acid to 3%
(v/v). For quantification, 50 pmoles of (S)-clopidogrel was added nto each reaction mixture
as internal standard (IS}, The derivatized AM {(AM-MP) was quantitated using LC-MS/MS.
The MS analyses of the reaction mixture were performed on an ion-trap mass
spectrometer (LG DecaXP, Thermo Fisher Scientifie, Waltham, MA) as reported previously
{Zhang ct al., 2012). In brief, the metabolites of Z-oxoclopidogrel were separated on a reverse
phase C1E coluron (2x100 v, 3 pm, Phenermonex, CA) using a binary mobile phase at a
flow rate of 0.2 mi/min. The temperature of the C18 columm was maintained at 40 "C using a
cohuon heater (Restek Corporation, Lancaster, PA). The mass spectrometer was operated in
positive clectrospray ionization mode with the following settings: heated capillary
temperature, 200 °C; Spray voltage, +4.5 kV: sheath gas flow, 60 {arbitrary units}; auxiliary
gas, 20 (arbitrary units). The AM-MP and IS were fragmented in the MS through collision-
mduced dissociation (C1D) at 35% onergy level Transitions from w/z 504 > m/z 354 for the
AM-MP and from m/z 322 > w/z 212 for the 1S were used to quantitate the amount of the
AM-MP based on a calibration corve consisting of various concentrations of cis-clopidogrel-

MP.

Analyses of the mixed disuifide conjugaies of clopidegrel using LC-MS3/MS. The
mixed disulfide conjugates were prodaced by HLMs for both stroctaral and semi-quantitative
analyscs. Metabolism of 2-oxoclopidogrel was performed in 0.2 wl of 50 M KP buffer
{pH 7.4} as described above except that the concentration of HLMs was increased to 1
myg/ml. The reaction was incubated at 37 °C for 30 min and then quenched by the addition of
(.1 mi of 10% of acetic acid in acetonitrile. The guenched samples were centrifuged at
13,000 xg for 10 min to remove the HLMs. Aliquots of 50 ul of the sopernatant were loaded
onto a mass spectrometer to analyze both the active and counjugate metabolites.

The M3 analyses were performed as described above except that the MS detector was
operated in the dependent scan mode. The precursor 1ons were scanned from m/z 300-700,
whereas the MS” spectra were obtained from m/z 100 to 700 for the four most abundant jons.

For semi-quantitative analysis, 50 pmoles of the IS was spiked into cach sample that had been
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quenched. The relative amounis of the AM and respective conjugates were calculated as the

AUC ratios of the metaboliies o that of the IS,

Determination of the kinetics for the conversion of the mixed disulfide conjugates
& the AM. To cxamine the reactivity of the mixed disulfide conpugates, the kinetics for the
reduction of the mixed disuffide conjugates by GSH were determined. The mixed disulfide
conjugates were generated in | od of 50 mM KPi buffer (pH 7.4) buffer containing 1 mag/mi
HLM, 0.1 mM 2-oxoclopidogrel and 0.3 or 1 mM thiol reductanis. The reaction was
ncubated at 37 °C for 50 min afier initiated by the addition of G6PD. The reaction mixture
was then contrifuged at 13,000 xg to remove the HLMs and the supernatant was loaded to a
pre-conditioned SPE cartridge (C18, 100mg/1ml, Agilent Technologies, CA) and the mixed
disulfide conjugate was eloted with 2 mi of methanol. The eluent was then dried using a
Speedvac concentrator and the dried sample was stored at -80 °C until use. Prior to the kinetic
measurcments, the dried saaples were first re-dissolved in 0.5 mil of 50 oM KPi buffer (pH
7.4) and then equitibrated at 37 °C for 5 min. Small aliquots (1-5 ) of stock GSH and
cytosol {when present) solations were added to the conjugate samples at 1 mM and 0.2
mg/oy, respectively, o initiate the thiol-disulfide exchange reaction. At designated times, an

aliquot of 50 ul of the reaction mixture was withdrawn and mixed with 25 pl of 10% acetic

prepared immediately prior to the addition of GSH. The amounts of the mixed disolfide

conjugates and the AM were analyzed using LC-MS/MS as described above.

Formation of active metabolite H4 from the mixed disulfide conjugates of
clopidogrel. Since the anti-platelet activity of the AM is closely related to its stercochemistry,
the stereochemistry of the mixed disulfide conjugates formed i the presence of CPT, DFT or
NPT was investigated because of their relatively high redox potentials. Doc to lack of
genuine standards for the stereoisomers of the AM, the mixed disulfide conjugates with GSH
were first treated to release the AM and then derivatized the AM with MPB so as to compare
the AM-MP derivatives with the cis-clopidogrel-MP standard. Preparation and reduction of
the conjugates with GSH were performed as deseribed above. After an incubation of 20 min
at 37 °C with 1 oM GSH, MPB was added at 4 mM to alkylate the AM. The alkylation

reaction was ferminated in 10 min by the addition of half a volune of 10% acetic acid in
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acetonitrile. An aliguot of S0 ul of the reaction mixture was subjected to LO-MS/MS analysis

as described for the quantitation of the AM.

Anti-plateler activity of the mixed disulfide conjugates of clopidegrel In order to
generate sufficient guantitics of the mixed diselfide conjugates, the metabolism of 2-
oxoclopidogrel was performed in 2-ud reaction mixtures containing 1 mg/ml HLM, 0.1 ;M
Z2-oxoclopidogrel, the NADPH-regenerating system, and 0.3 mM CPT or NPT or | mM GSH.
The reaction was initiated by the addition of 10 units G6PD and incubated at 37 °C for 50
min. Two control samples were prepared in parallel. One control sample did not contain any
GOPD (-G6PDY, which was designed to examine whether 2-oxoclopidogrel and other
components present in the HLMs contributed to anti-platelet activities. The other control (-
SH) did not contain any thiol reductant, which was intended to examine whether any
metabolites other than the AM and the conjugaie interfered with the anti-platelet activity
assay. After an incubation of 50 min, the reaction mixtures were centrifuged at 13,000 xg 1o
remove the HLMs. The supernatants were loaded onto SPE C18 cartridges to enrich the
mixed disulfide conjugates. After extensive washing with water to remove salts and other
watcr-soluble metabolites, the conjugate samples were cluted with 2 ml of methanol. The
methanolic fractions were dried using a Speedvac concentrator and the dried samples were
then re-suspended tn | mi of platelet-poor plasma (PPP). Prior to the anti-platelet activity
assays, the re-suspended conjugates were divided into two equal vohumes (0.5 ml cach), one
of which was treated with 1 oM GSH at 37 °C for 30 min to generate the AM. Both samples
were then placed on ice until use.

The procedures used to determine ex vivo anti-platelet activity were previously
reporied {see, ¢.g., Abell LM and Liu EC (2011} J Pharm Exp Ther 339(2):589-596).

Male New Zealand white rabbits {2.2-2.9 kg) were used as blood donors, Whole
blood was drawn from a central ear artery into a plastic syringe containing 3.7% sodium
citrate as the anticoagulant (1:10 volume ratic of citrate to bloed). A whole blood cell count
was determained with a Medonic CAG2( hematology analyzer (Clinical Diagnostic Solutions,
Inc., Plantation, FL, USA). Platelet-rich plasma (PRP), the sapernatant present after
centrifugation of whole blood at 100 x g for 10 min, was diluted with PPP to achieve a
platelet count of approximately 300,000/ul. Platelet-poor plasma was prepared by
centrifuging the remaining blood at 1,500 x g for 10 min and discarding the bottom celiular

tayer. The diluted PRP was divided into 0.5 ml samples, centrifuged again at 170 x g for 10
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nins, and the resulting supernatant was discarded. The platelet pellets were re-suspended in
plateiet-poor plasma containing the various chemical inhibitors prepared as described
previously and incubated with gentle shaking at 37°C for 60 min to modify the P2Y
receptor. £x vivo platelet aggregation was assessed by established nephelometric methods
with the use of a 4-channel aggregometer (BioData PAP-4; BioData Corp., Horsham, PA,
USA) by recording the increase in light transmission through a stirred suspension of PRP
maintained at 37°C. Platelet aggregation was induced with ADP (16 uM). A subaggregatory
concentration of epinephrine (550 nM) was used to prime the platelets before addition of the

agonist,

Example V.

This exampie describes the effects of thiol reductants on the formation of the active
metabolite {AM) of clopidogrel To examine the effects of thicl reductants, the steady-state
rates for the formation of the AM iu the preseoce of various thiol reductants was determined.
The concentrations of the thiol reductants present in the metabolic reactions were 1 mM
excopt for CPT, DPT and NPT. Instead, the concentrations of these three thiol reductants
were 0.3 mM because of their low K, values. As shown in Figure 1, the AM is formed in the
presence of all but three thiol reductants. The highest vate for the formation of the AM was
chserved in the presence of GSH, an endogenous reductant in the homan body. Specifically,
in the presence of 1 M GSH, the AM is produced at a rate of 167 prmole AM/min/mg HLM.
Likewise, L-cysteine is ~84% as active as GSH in producing the AM. As observed previously
{see, e.g., Zhang H, et al,, (2312} Mol Pharmaco! 82:302-309), only a low lovel of the AM
was formed o the presence of T mM NAC. The rate is only ~7% of that obscrved in the
presence of 1 mM GSH. No AM was observed in the presence of CPT, DFT, and NPT.
Overall the rates for the formation of the AM decrease m the order of GSH > CYS > CG >
GC > CYA > BME > NAC >CPT or BFT or NPT. This wide range of rates underscores the

critical role of thiol reductants in the formation of the AM.

Example VL

This example describes analyses of the mixed disulfide conjugates of clopidogrel.
Formation of the AM was greatly affected by the thiof reductants present. In this experiment,
the effects of the thiol reductants on the formation of the mixed disulfide conjugates was

examined. This is particularly tmportant in order to understand the cause for the lack of any
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AM formed in the presence of CPT, DFT, and NPT, In marked contrast to what was observed
for the AM, mixed disulfide conjugates were formed in the presence of all the thiof reductants
examined. The m/z for the parent ions MH™ and the retention times of these mixed disulfide
conjugates are summarized in Table 1, and the extracted ion chromatograms (EICs) of four
selected mixed disulfide conjugates are presented in Figure 2. The parent ions MH ' observed
arc in excellent agreemeni with the theoretical values for these conjugates. In the presence of
to 9.72 min (Figure 2A). These four AM peaks are likely due 1o the formation of nuildtiple
stercoisomers of clopidogrel as reported previcusly {see, e.g., Pereillo JM, et al. (2002} Drug
Metab Dispos 30(11):1288-1295). Two major conjugaie peaks were observed in the presence
of CPT and NPT (Figure 2C and 4D, respectively ). However, in the presence of DFT, one
predominant conjugate peak with m/z 482 was observed at 15.8 mun (Figure 2B). The Ky
values for the formation of the CPT, NPT and DFT conjugates were determined to be 23, 51
and 30 M, respectively, which is significantly lower than a Ky of 300 uM for GSH that we

previously reported (see, ¢.g., Zhang H, et al., (2012} Mol Pharmacol 82:302-309),

Table 1. Parent ions (MH") and retention times {RT) observed for the mixed disulfide
conjugates of clopidogrel in LC-MS analysis.

Thiol Compounds Abbreviation MH® RT® MH' Theoretical®
{miz} {min} {miz}
Glutathione GSH 661.05 547 661.02
L-cysieine CYS 475.05° 5.80° 475.08
L-cysteine-L-glyceine CG 532.08 5.44 532.10
v-L-glutamyl-L-cysleine GC 504.09 571 804.12
cysteaming CYA 431.05 5.33 431.0¢
B-mercaptoethanol BME 432.08 5.65 432.07
N-acetyl-L-cysteine NAC 51711 8.85 517.08
8-chloropyridazine-3-thiol CPT 485,99 11.97 500.03
2, 5-dimethylfuran-3-thio DFT 482.08 15.80 482.09
3-nitropyridine-2-thio NPT 510.08 12.82 510.08

a, retention time for the most intense peak; b, exact masses calculated from molecular
formmila; ¢, data from Zhang H, et al., (2012) Mol Pharmacol 82:302-309,

Integration of the area under the curve (AUC) for each EIC of the conjugates gave the
relative smount of the mixed disulfide conjugaies produced. As shown in Figure 3, the
relative amounts of the mixed disnifide conjugates varied substantially from cach other. Only
a low level of the glutathiony! conjugate was formed, mdicating that metabolism of 2-

oxoclopidogrel in the presence of GSH greatly favors the formation of the AM. Although
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both the AM and the mixed disulfide conjugate were formed in the presence of BME, it is
clear that formation of the conjugate is favored over the AM. In spite of lack of formation of
the AM, the mixed disulfide conjugates of CPT, DFT and NPT were formed in significant
quantities. Due to lack of genuine standards of these conjugates it was unable to quantitate
the absolute amounts of these conjugates. Caution should be exercised in comparing the
absolute amounts of the conjugates based on the AUC ratios because these conjugates may
respond differently to the MS detector.

To determine the chemical structure of these conjugates, the MS and MS” spectra
were obtained. The MS spectra of all ten conjugates showed the major MH ™ peaks at
expected tvz ratios as suromarized in Table |, along with a pair of 7°CI/7 (1 isotope peaks
that is characteristic of the presence of one Cl atom in clopidogrel. The only exception to this
1s the CPT conjugate that contains two chlorine atoms. Its MS and MS* spectra are shown in
Figure 4. This conjugate was observed at nv'z 499,99, which is within an experimental error
of 80 ppm of the expected nvz value of 500.03. In addition, a strong sotope peak was also
observed at S01.94 with ~ 75% of the intensity of the base peak, indicative of the presence of
two chlorine atoms in this conjugate. The M8’ of the parent ion at m/z 499.99 showed the
formation of multiple daughter ions. The predominant daughter ion was chserved at m/z
353.99 with other minor ones at my/z 465.90, 211.93 and 183.34. This fragmentation pattern,
in addition to the presence of the ““CI*Cl isotope peaks, is consistent with the chemical
structure of the conjugate possessing a mixoed disulfide bond shown in Figure 45, The
predominant daughter ion m/z 353.99 is assigoed to the larger fragment cleaved at the mixed
disulfide bond as we reported previously for the conjugates of GSH, NAC and L-cysteine
with clopidogrel (see, e.g., Zhang H, et al., (2012) Mol Pharmacol 82:302-309). The daughter
ions at m/7 212 and 183 are also characteristic of clopidogrel (see, e.g., Dansette PM, et al,,
(2010) Chem Res Toxicol 23(7):1268-1274; Pereillo JM, et al., (2002) Drug Metab Dispos
30(11):1288-1295). The MS” spectrum of the isctope peak at m/z 501.94 provides further
evidence for this assignment. As shown in Figure 4C, a pair of daughier ions, instead of
single 1ons, were observed two mass units apart, which support the presence of two chlorine
atoms. The MS? spectra for the rest of the conjugates exhibited very stmilar fragmentation

patterns with the characteristic daughter ions at m/z 354,

Example VIL

42



10

36

WO 2014/109987 PCT/US2014/010348

This example describes the kinetics for the reduction of the mixed disulfide
comjugaics of clopidogrel by GSH. The kinctics for the thiol-disuifide exchange reaction
between the various mixed disulfide conjugates and GSH were determined and the resulis are
shown in Figure 5. Incubation of the comgugates with GSH and eytosol led to time-dependent
decreases in the amoonts of the mixed disulfide conjugates (Figure SA). Fitting the kinetic
data to a monoc-exponential function gave first order rate constants of 0.07, .79, 0.43, 1.65
and 0.13 min” for the losses of the mixed disulfide conjugates of BME, CPT, NAC, DFT and
NPT, respectively. Since these kinetics were determined under pseudo first order conditions
with excess of GSH (I mM), these raie constants are equivalent o the second order rate
constants of 1.2, 13, 7.2, 28 and 2.2 M, respectively. The data also demonstrated the
variable reactivity of these conjugates toward GSH. The DFT and CPT conjugates are 10 to
20-fold more reactive than the BME conjugate, respectively. It appears, for example, that
~5(% of the BME conjugate still remained even afier an tncubation of 40 min, indicating, for
exanple, that the thiol-disulfide exchange for this conjugate had reached cquilibrium.

To examine the effect of cytosol and to monitor the conjugates and the AM
simultancously, the kinetics for both the formation of the AM and the reduction of the CPT
conjugate in the presence and absence of cytosol was detormined. As shown in Figure 5B, the
decrease in the amount of the CPT conjugate occurred with concomitant increase m the
amount of the AM with almost 1dentical rate constants, In the presence of cytosol, the rate
constants for the reduction of the conjugate and for the formation of the AM are .73 and
0.50 min™' respectively. To the absence of cytosel, the reduction of the CPT conjugate is
approximately one-half as fast with a rate constant of 0.39 min’ for the reduction of the
conjugate and (.35 min for the formation of the AM. This indicates that the cytosol
accelerates the reduction of the thiol-disulfide exchange reaction as observed previously (see,
e.g., Hagihara K, et al,, (2012) Drug Metab Dispos 40(9):1854-1859; Hagthava K, et al.,
(2011} Drug Metab Dispos 35(2):208-214).

Example VEL

This exampie describes formation of active metabolite H4 from the mixed disulfide
conjugates of clopidogrel. As shown in Scheme 2, the active metabolite contains two chiral
centers (C7 and C4) and one double bond (C3-C16). Therefore, metabolism of racomic 2-
oxoclopidogrel could potentially produce up to eight stereoisomers. However, only four of

the diastercomers, historically referred to as HI, H2, H3 and H4, can be separated on
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conventional reverse phase C18 columns, whereas the other four stereoisomers co-ghute as
cnantiomers. It has been cstablished that H4 is respousibic for the anti-platelet activity in
humans and that the double bond of H4 is in cis configuration (see, ¢.g., Percillo IM, et al,,
(2002) Drug Metab Dispos 30(1 11 1288-1293; Savi P, et al,, (2000) Thromb Haemost

S5 BA(5):891-896; Tuffal G, et al,, (2011) Thromb Haemost 105{4):696-705). To evaluate the
therapeutic potential of these conjugates, whether H4 is formed in the mixed disulfide

conjugates was examined and the results presented in Figure 6.

The metabolism of Z-oxoclopidogre]l by HLMs in the presence of GSH led to the

formation of four stereoisomers eluting between & to 11 min {dashed line, Figure 68}, Based
13 onthe ovder of elution of the AM-MP derivatives on reverse phase C18 colummns (see, e.g.,
Tuffal G, et al, (201 1) Thromb Hacmost 105(4):696-705), it is likely that the isomer eluting
at 10.2 min is the cis isomer of H4. This is consistent with the retention time of the ¢is-
cloptdogrel-MP standard shown in Figure 6A (solid bne). Likewise the MP derivatives of the
DFT conjugate also exhibited four peaks, similar 1o those observed in the presence of GSH,
ndicating that the DFT conjugate produced the cis isomers of the AM following the thiol-
exchange reaction. In contrast, the MP derivative of the CPT and NPT conjugates showed
two major peaks at 9.4 and 10.2 min, which is consistent with the selective formation of the

active isomer H4 (Figore 6C & D).

20 Example IX.
This example describes anti-platelet activity of the mixed disulfide conjugates of CPT
and NPT. As a proof of concept, the anti-platelet activities of two of the mixed disulfide
conjugates, the CPT and NPT conjugates, were examined for several reasons. First, both

conjugates can be generated without the formation of any AM, which climinates any

b
N

mterference from the AM during the anti-platelet activity assays. Second, both conjugates
cxchange thiols with GSH at relatively fast rates, which avoids potential decay of the AM.
Third, reduction of the two conjugates produces the H4 isomer that is known responsible for
the anti-platelet activity in humans. The results for the ex vive anti-platelet activity assays are
shown in Figure 7. The percentage of aggregation was normalized to that of PRP to

30 compensate for any variations due to environmental factors such as blood sources, PRP
preparations, eic. As shown, the three control samples showed no inbibition of the platelet
aggregation. The first control showed that free GSH has no effect on platelet aggregation at |

mM concentration {GSH, Figure 7}, and the sccond control showed that non-metabolite
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components present in the reaction mixtures such as Z-oxoclopidogrel and related tmpuritics
did not inhibit platelet aggregation (-G6PD, Figare 7). 1t is known that clopidogrel may
decompose to byproducts via non-enzymatic oxidation (see, e.g., Mohan A, etal, (2008) )
Pharm Biomed Anal 47(1):183-189; Fayed AS, et al,, (2009} § Pharm Biomed Anal
49(21:193-200). These byproducts do not seem to have any inlubitory effects on platelet
aggregation. In the third control it was demonstrated that the metabolites from the reaction
mixture in the absence of any thicl reductants have no effects on plateiet aggregation cither.
However, ~60% inhibition of platelet aggregation in the sample prepared from the reaction
mixture containing GSH was observed (AM, Figure 7). This is expeciced since metabolism of
2-oxoclopidogrel in the presence of | mM GSH generates the AM as shown in Figure 1.
{ncubation of PRP with the CPT and NPT conjugates did not inhibit platelet aggregation,
mdicating that the conjugates themselves have no anti-platelet activity (CPT & NPT, Figure
7). In marked conirast, incubation of PRP with the CPT and NPT conjugates that bad been
treated with 1 M GSH significantly inhibited platelet aggregation by ~350 and 70%,
respectively. This inhibitory activity most likely arises from the AM released from the
conjugates by GSH. These results demonstrate that the conjugates of clopidogrel bave no
anti-platelet activity and also confumed that the AM is solely respensible for the inhibition of
platelet aggregation. Furthermore, they demonstrate that it 18 possible to deliver the AM
without the need for bigactivation by polymorphic P450s. It is noteworthy to point out that
the variations in the percentage of aggregation observed in the GSH, CPT+GSH, and
MNPT+GSH samples are most likely due to variations in the concontrations of the AM. It was

estimated that the concentrations of the AM in these samples were in the vange of 1-4 gM.

Example X,

This example describes in vivo antiplatelet activity of mixed disnlfide conjugates of
clopidrogrel. The antiplatelet activity of the mixed disulfide conjugates of clopidogrel was
determined in male Now Zealand (NZ) white rabbits through intravenous injection. The

mixed disulfide conjugates were bio-synthesized using the fellowing technique.

Pari 1, Bio-synthesis of mixed disulfide conjugates of clopidogrel

Mixed disulfide conjugaies of clopidogrel were synthesized in a reconstituted sysiem
containing recombinant eytochrome P450 2C 19 (CYP2C19) and other essential components.

CYPZCI9 converted 2Z-oxoclopidogrel to a mixed disulfide conjugate in the presence of
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respective thiol compound n reconstituted systems. Scheme 5 illustrates the bio-synthesis of
the mixed disulfide conjugate between clopidogrel and 3-nitropyridine-2-thiol, referred (o as

clopNPT.

Scheme 5. Biosynthesis of the mixed disulfide coniuoate of clopidogrel clopNPT.

O O

| ClopNPT 4 |
HS” N O X
Il
0

2-oxoclopidogrel

In a typical reaction, 50 nmoles of CYPZC 19, 150 nmoles of P450 reductase and 250
mmoles of cytochrome b5 were reconstituted in phospholipid vesicles 1o form active protein
complexes. 2-oxoclopidogre] and 3-nitropyrine-2-thiol were added at final concentrations of
0.05 and 0.3 mM respectively. Bio-synthesis of clopNPT was initiated by the addition of |
mM NADPH. The reaction was incubated at 37 °C for 2 hours.

To purify clopNPT, the reaction mixture containing clopNPT was first filtered
through a membrane with a cutoff of 10 kDa o remove all protein components. The filtrate
containing clopNPT was then enriched on solid phase extraction {SPE) cartridges. ClopNPT
was eluted from the SPE cartridges with 80% methanol/20% water. The eluent was
concentrated to ~ Smi at 50 °C under vacuum. The concentrated mixture was loaded ona
preparative reverse phase CI8 cohumn and ClopNPT was purified using high pressure hquid
chromatography (HPLC). ClopNPT was chuted from the preparative C18 column at a flow
rate of 3 mli/min with isocratic mobile phase consisting of 42% methanol/35%
acetontirile/22.9% water/0. 1% formic acid. The HPLC fractions containing clopMNPT were
pooled and dried under vacuum. The final vield was ~25%. The purity of clopNPT estimated
with Hquid chromatography-tander mass spectrometry (LC-MS/MS) was > 90% as shownin

Figure §.

Part Il Anti-platelet aciivity of mixed disulfide conjusates of clopidogrel

The sntiplatelet activity of the mixed disulfide conjugates of clopidogrel w

determined using male N7 white rabbis (1.2-1.25 kg).
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To prepare intravenoos solotion, (S)-clopNPT was dissolved at 0.7 mg/mlina
mixture of N N-dimethylacetamide (DMA), polyethylenc glyeol (PEG) 400, and saling at 5,
15 and 80 (v/v) ratio. The male NZ white rabbits were dosed at 2 mg/kg of (8)-clopNPT
using two different methods. In Method 1, the intravenous solution was first mixed with 5
5 mM glotathione. After an incubation of 15 min at 37 °C to activate (8)-clopNPT, the mixture
was intravenously injected to the rabbit via the juguolar vein. In Method 2, the male NZ white
rabbit was fed with 5 1ol of Readisorb glutathione solution once daily for three days to
merease cellular glutathione concentrations. On the third day, (S)-clopNPT dissolved in
DMA/PEG40{/saline was injocied intravenously to the Readisorb-treated rabbit. As a
10 wnegative contrel, (S)-clopidogrel was dosed totravenously to a male NZ white rabbit at 2
mg/kg as well. Prior to and 1 and 2 hours after dosing (5)-clopNPT, whele blood was drawn
from the carotid artery into a plastic syringe containing 3.7% scdiom citrate as the
anticoagulant (1:10 velume ratie of cifrate to biood). A whole blood cell count was
deternined with a Medonic CA620 hematology analyzer (Chinical Diagunostic Sohutions, Inc.,
15 Plantation, FL, USA). Platelet-rich plasma (PRP), the supernatant present after
centrifugation of whole blood at 100 x g for 10 min, was diluted with platelet-poor plasma
{PPP} to achicve a platelet count of approximately 300,000/ul. Platelet-poor plasma was
prepared by centrifuging the remaining blood at 1,500 x g for 10 min and discarding the
bottom cellular layer. The diluted PRP was divided into (.5 ml samples, centrifuged again at
20 170 x g for 10 mins, and the resulting supernatant was discarded. Platclet aggregation was
assossed by established nephelometric methods with the use of a 4-channel aggregometer
{BioData PAP-4; BioData Corp., Horsham, PA, USA) by recording the increase in light
ransmission through 3 stirred suspension of PRP maintained at 37°C. Platelet aggregation
was induced with ADP (10 uM). A subaggregatory concentration of epinephrine (550 nM)
25 was used to prime the platelets before addition of the agonist.

The results are presented in Figure 9. As shown, (S)-clopidogre] did not inhibit
platcict aggregation at a dose of 2 mg/kg. However, (8)-clopNPT strongly inhibited platelet
aggregation since more than 50% of the platelet aggregation was inhibited by (8)-clopNPT
regardless whether (S)-clopNPT was dosed with ghitathione or Readisorb glutathione. These

30 resubs demonstrated that (5)-clopNPT conjugate can be activated either by extraneous
ghutathione or endogenous ghitathione. It is evident that endogenous glutathione is more
effective in activating (3)-clopNPT because the platelet activity of the Readisorb-treated

rabbit is inhibited by ~70% within one hour of TV injection. Numerous studies have shown
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the beneficial effects of ghutathione in heart discase and stroke, anti-oxidative stress, aging,
cte. Co-administration of glutathione and the mixed disulfide conjugates of clopidogrel likely
offers not only the benefit of (8)-clopNPT as antiplatelet agents, but also the benefis
associated with the use of glutathione alone.

These results domonstrate that the mixed disulfide conjugaies of clopidogrel are more

effective antiplatclet agents than clopidogrel.

Having now fully described the invention, it will be understood by those of skill in the
art that the same can be performed within a wide and cquivalent range of conditions,
formulations, and other parameters without affecting the scope of the invention or any
embodiment thereof. All patents, patent applications and publications cited herein are fully

mcorporated by reference herein in their entirety.

INCORPORATION BY REFERENCE
The entire disclosure of cach of the patent documents and scientific articles referred to

herein is incorporated by reference for all purposes.

EQUIVALENTS

The imvention may be embodied in other specific forms without departing from the
spirit or essential characteristics thercof. The foregoing embodiments are thercfore to be
constdered in all respects tlustrative rather than limiting the fnvention described herein
Scope of the invention is thus indicated by the appended claims rather than by the foregoing
description, and all changes that come within the meaning and range of equivalency of the

clauns are tntended to be embraced therein.
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What s Claimed Is:

L A compound having Formula It
R+
—
0 N
HO
S Rj
Formula [ SR; , including pharmaceutically acceptable salts,

solvates, and/or prodrugs thereof, wherein R1, R2, and R3 independently include any
S chemical moicty that renders the resulting compound capable of producing active

thienopyridine metabolites upon interaction with endogenous gluiathione (GSH).

2. The compound of claim 1, wherein R1 is selected from the group consisting of H, -

9
CO-OCH3, and

16
3. The compound of claim 1, wherein R3 18 Chlorine or Fluovine.
4, The compound of claim 1, wherein R2 is selected from the group consisting of
ol
AN '777.-SH AN 0
o ‘O | O \ 5t
| HS” OH
cl . = . SH_ NH,
"&L/SH ~SH
o 0 0
H
OH N\)j\
HO N HoN OH
HO
15 N o o q \/\éf‘snt
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=
ZT
o
T

HO
NH;
5. The compound of clatm 1, wherein said compound is sclected from the group
Ry R,
HO S o HO s E
| |

. e Q
consisting of SRe . SR

o OCHs
Q,
HO HO
T Rs T #s " ‘

SR2 SR,

SR,
2 3
0 OCH,
- y o =~ N o G N
O HO HO'
HO™ g cl T F T cl

SR, . SR, SR,

b b
Ie) O,
0, OCHjs
—= N
o S N 0 o)
HO

Ho HO! s .

S F ‘ F C

SR, SR, SR; .
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6. The compound of elaim 1, wherein said compound is selected from the group
%é@ v]@ I
Hi
M Ij
5 consisting of: o
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10
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HO' N OH
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5 7 A pharmaccutical composition coraprising a coropound of any one of claims 1-6 and a
pharmaceutically acceptable carrier.
8. The pharmaceutical composition of claim 7, wherein said pharmaceutical composition
18 configured for intravenouns adnunistration.
9, A wmethed of treating, ameliorating, or proventing a cardiovascular discase in a patient

comprising administering to said paticnt a therapeutically effective amount of the compound

of any one of claims 1-7.
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10. The method of claim 9, wherein said administration is selected from the group

consisting of oral administration and intravenous administration.

1i The method of claim 9, wherein said cardiovascular disease is selected from the group
consisting of coronary artery disease, peripheral vascular disease, atherothrombosis, and

cerebrovascular disease.

12, The method of claim 9, wherein said compound reduces aggregation of platelets.
13, The method of claim 12, wherein said reduces aggregation of said platelets occurs

through irreversible binding to P2Y; receptors.

14 The method of claim 12, wherein said reduces aggregation of said platelets occurs

through biocking ADP receptors.

15. The method of claim 9, wherein said compound is capable of producing active
thicnopyridine metabolites i the preseoce of endogenous glutathione without the veed for

bioactivation by P450s,

16. The method of claim 9, further comprising co-administration of at least one agent
selected from the group consisting ofa HMG-CoA reductase inhibitor, an ACE Inhibitor, a
Calciom Channel Blocker, a Platelet Aggregation Inhibitor, a Polyunsaturated Fatty Acid,
Fibric Acid Derivative, a Bile Acid Sequestrant, an Antioxidant, a Thrombolytic Agent, and

an Antianginal Agent.
17. A method of treating, ameliorating, or preventing aggregation of platelets onto blood
vessels in a patient, comprising administering to said patient a therapeutically effective

amount of the compound of any one of claimas 1-7.

8. The method of claim 17, wherein said administration is selected from the group

consisting of oral administration and intravenous administration.
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18 The method of claim 18, wherein said treating, amcliorating, or preventing said
aggregation of said platelets occurs through irreversible binding to P2Y 1, receptors.

20. The method of claim 18, wherein said treating, ameliorating, or preventing said
aggregation of said platelets occurs through blocking ADP receptors.

21, The method of claim 18, wherein said compound is capable of producing active
thienopyridine metabolites in the presence of endogenous ghitathione withowt the need for

bicactivation by P450s.

22. The method of claim 18, further comprising co-administration of at least one agent
selected from the group consisting of a HMG-CoA reductase mhibitor, an ACE Inhibitor, a
Caleium Channel Blocker, a Platelet Aggregation Inhibitor, a Polyunsaturated Faity Acid,
Fibric Acid Derivative, a Bile Acid Sequestrant, an Antioxidant, a Thrombolytic Agent, and

an Antianginal Agent.

23. A pharmaccutical composition corprising mixed disulfide conjugates of
thienopyridine compounds a therapeutically effective amount of the compound of any one of

claims 1-7, wherein said pharmaceutical composition is configured for intravenons

administration.
24. The pharmaceutical composition of claim 23, wherein said pharmaceutical

composition is mtravenously administered to a patient in the treatment, amclioration and

prevention of atherothrombosis.
25, The pharmaceutical composition of claim 23, wherein said pharmaceutical
composition is intravenously adminisiered to a patient during a percutancous coronary

mtervention procedure.

26. The pharmaceutical composition of claim 25, wherein said pereutaneoos coronary

imtervention procedure is coronary angioplasty,
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