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(57) ABSTRACT 
A prodrug having antioxidant activity, including a phospho 
rylated compound having a thiol group. A method of treating 
oxidative stress by administering a prodrug of a phospho 
rylated compound including a thiol group, removing a 
phosphate group of the prodrug, and treating oxidative 
stress. A method of increasing bioavailability of a thiol 
compound by creating a prodrug by phosphorylating a thiol 
compound, administering the prodrug, preventing first pass 
metabolism of the prodrug, removing a phosphate group 
from the prodrug, and providing active drug to a site in need 
of therapy from oxidative stress. A method of preventing 
radiation damage to healthy tissue by administering a pro 
drug comprising a phosphorylated compound including a 
thiol group, removing a phosphate group of the prodrug to 
provide active drug, and preventing radiation damage to 
healthy tissue. 

6 Claims, 21 Drawing Sheets 
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1. 

THERAPEUTIC USES OF GLUTATHONE 
MIMICS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a Divisional of copending U.S. patent 
application Ser. No. 12/163,192, filed Jun. 27, 2008, which 
claims the benefit of priority under 35 U.S.C. Section 119(e) 
of U.S. Provisional Patent Application No. 60/946,999, filed 
Jun. 29, 2007. The disclosures set forth in the referenced 
applications are incorporated herein by reference in their 
entireties. 

BACKGROUND OF THE INVENTION 

(1) Field of the Invention 
The present invention relates to phosphorylated antioxi 

dant prodrugs. In particular, the present invention relates to 
the administration of phosphorylated derivatives of cysteine 
and glutathione as antioxidants for disease prevention and 
treatment. 

(2) Description of Related Art 
Oxidative stress is involved in numerous acute and 

chronic disorders leading to severe biological dysfunction. It 
is caused by an imbalance between the production of reac 
tive forms of oxygen and a biological system's ability to 
readily detoxify the reactive intermediates or easily repair 
the resulting damage. The damage is mediated by short lived 
oxygen derived components called reactive oxygen species 
(ROS). ROS is a broad term that includes superoxide anion 
radicals (O.), singlet oxygen ("O.), hydrogen peroxide 
(HO), and hydroxyl radicals (OH) ROS is ubiquitous in 
all aerobic cells in stasis with the biochemical antioxidants. 
However, abnormally high production of ROS disrupts the 
balance with antioxidants leading to oxidative stress. 
Research over the years has shown that oxidative stress can 
be the major cause for aging and diseases Such as cardia 
vascular diseases, pulmonary diseases, diabetes, neuro-de 
generative diseases, and age related macular degeneration 
(ARMD). The human body's naturally occurring defense 
mechanisms against these ROS involve both enzymes and 
Small molecular weight antioxidants. 
Some examples of Small molecular weight antioxidants 

are ascorbic acid (Vitamin C), vitamin E, beta-carotene, as 
well as glutathione, which contain thiol functionality. These 
compounds Scavenge ROS and thereby diminish damage to 
biological tissues. Glutathione is produced naturally in the 
liver from amino acids L-cysteine, L-glutamate and glycine. 
However, during high levels of oxidative stress, naturally 
produced levels of glutathione may not be enough to prevent 
damage to the body. Blood serum levels, and thus bioavail 
ability to tissue, can be increased by dietary Supplementa 
tion. However, glutathione Supplementation is not possible 
as it is a tripeptide and when ingested it is hydrolyzed to its 
constituent amino acids by gastric acid. Even if injected, the 
intact molecule does not readily pass through cell mem 
branes and is therefore unavailable to diseased tissue. 

During the Cold War, the United States government 
developed thousands of compounds with the prefix WR 
(Walter Reed). These are thiol compounds that are capped 
with a phosphate group, called a phosphorothioate. The 
intended use of these compounds was that if troops were 
caught in a nuclear attack which causes massive formation 
of ROS, they could ingest these compounds. The com 
pounds are unique in that the active component, the thiol, is 
not released until the compound enters a cell and interacts 
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2 
with the enzyme alkaline phosphatase. Such thiol com 
pounds have not included glutathione. 

Amifostine is one radioprotectant that is currently admin 
istered to patients that is converted into the free thiol 
WR-1065. One of the disadvantages of the use of amifostine 
is the easy ability to overdose. The amount of the drug that 
must be administered in order to achieve the required 
amount of bioavailability is very large. It would therefore be 
advantageous to develop a radioprotectant that does not 
require large doses to be effective and reduce the risk of 
overdose. 

There are several examples of compounds that have been 
administered as antioxidants or to elevate natural levels of 
glutathione. For example, acetylcysteine, which is the 
N-acetyl derivative of the amino acid L-cysteine, is a 
precursor in the formation of the antioxidant glutathione in 
the body and has been administered in the form of a solution 
for inhalation, I.V. injection, and oral solution. Not only does 
acetylcysteine administration show an increase in gluta 
thione levels, but the thiol group of the acetylcysteine itself 
confers antioxidant effects and is able to reduce free radicals. 
Acetylcysteine is most commonly used as a mucolytic and 
in the management of paracetamol/acetaminophen over 
dose. Cysteine isopropyl ester has also been used for Such 
indications. 

Phosphocysteine has been produced and the structure and 
physical properties of the molecule have been studied, such 
as with mass spectrometry. It is an intermediate in reactions 
Such as catalysis of tyrosine-phosphatase and transport 
mechanisms. There has been no disclosure, however, of any 
therapeutic uses of phosphocysteine. 

While it has been shown that cysteine derivatives can be 
administered as a Supplement to promote glutathione pro 
duction, there remains no method to administer glutathione 
directly. Therefore, there is a need for a glutathione com 
pound as well as other antioxidants that will not be metabo 
lized until desired for stabilizing redox stressed diseases. 

BRIEF SUMMARY OF THE INVENTION 

The present invention provides for a prodrug having 
antioxidant activity, including a phosphorylated compound 
having a thiol group. 
The present invention also provides for a method of 

treating oxidative stress by administering a prodrug of a 
phosphorylated compound including a thiol group, remov 
ing a phosphate group of the prodrug, and treating oxidative 
StreSS. 

The present invention provides for a method of increasing 
bioavailability of a thiol compound by creating a prodrug by 
phosphorylating a thiol compound, administering the prod 
rug, preventing first pass metabolism of the prodrug, remov 
ing a phosphate group from the prodrug, and providing 
active drug to a site in need of therapy from oxidative stress. 
The present invention further provides for a method of 

preventing radiation damage to healthy tissue by adminis 
tering a prodrug comprising a phosphorylated compound 
including a thiol group, removing a phosphate group of the 
prodrug to provide active drug, and preventing radiation 
damage to healthy tissue. 

BRIEF DESCRIPTION ON THE DRAWINGS 

Other advantages of the present invention will be readily 
appreciated as the same becomes better understood by 
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reference to the following detailed description when con 
sidered in connection with the accompanying drawings, 
wherein: 

FIG. 1 is a diagram of phosphorylated cysteine (com 
pound I); 

FIG. 2 is a diagram of phosphorylated glutathione (com 
pound II); 

FIG. 3 is a 'C NMR for the crude sample of N-Acetyl 
cysteine (NAC) phosphorylated with POCl. 

FIG. 4 is a "H NMR for the crude sample of NAC 
phosphorylated with POCL; 
FIG.5 is a 'PNMR for NAC phosphorylated with POC1, 

with the major peak at 5.35 ppm corresponding to POCl and 
minor peak at -5.24 ppm corresponding to S-P linkage; 

FIG. 6 is a 'P NMR spectrum for phosphorylated NAC 
on digestion with alakaline phosphatase, displaying a major 
peak at 3.50 ppm corresponding to free PO; 

FIG. 7 is a reaction scheme for phosphorylation of acid 
protected NAC: 

FIG. 8 is a full mass spectrum of acid protected NAC 
(m/Z-191); 

FIG. 9 is a 'P NMR spectrum for the drug WR-2721, 
chemical formula, HNCCH).HN(CH2)SPOH. The peak 
at -13.2 ppm corresponds to S-P bond linkage; 

FIG. 10 is a 'P NMR spectrum for phosphorylated ester 
cysteine with major peak at 0.4 ppm corresponding to 
unreacted POCl, and -12.51 ppm which may correspond to 
S-P linkage; 

FIG. 11 is a full mass spectrum of acid protected NAC 
phosphorylated with POCL (m/z.309); 

FIG. 12 is a CID spectrum for m/z 309 (collision energy 
35%); 

FIG. 13 is a representation of fragmentation resulting 
from phosphorylated ester cysteine, displaying the loss of 
ethanol group to give the major fragment with m/Z, -260: 

FIG. 14 is a 'P NMR spectrum for phosphorylated acid 
protected cysteine digested with alakaline phosphatase after 
24 hours, and displays a decrease in intensity and a shift 
from -12 ppm to -11 ppm indicating the cleavage of S-P 
bond linkage and formation of free PO; 

FIG. 15 is a 'P NMR spectrum for phosphorylated ester 
cysteine on digestion with alakaline phosphatase after 36 
hours, displaying a decrease in intensity and chemical shift 
from -11 ppm to -10 ppm, indicating further cleavage of 
S-P bond and formation of free PO; 

FIG. 16 is a reaction scheme for phosphorylation of acid 
protected NAC with DECP; 

FIG. 17 is a full mass spectra of the crude sample from 
acid protected NAC phosphorylated with DECP (m/z 328); 

FIG. 18 is a 'P NMR spectrum for ester NAC phospho 
rylated with DECP displaying a major peak at 7.0 ppm 
corresponding to unreacted DECP and a minor peak at -12.9 
ppm corresponding to S-P linkage; 

FIG. 19 is a full mass spectrum of ester NAC phospho 
rylated with DECP after TMSBr reaction (m/z =242.3); 

FIG. 20 is a 'P NMR spectrum for phosphorylated ester 
NAC after TMSBr reaction, displaying a major peak at 0.23 
ppm corresponding, to unreacted hydrolyzed DECP and 
minor peak at -10.90 ppm corresponding to S-P linkage; 
and 

FIG. 21 is a 'PNMR spectrum for DECP phosphorylated 
ester NAC with alkaline phosphatase. The spectrum dis 
played a single peak at 0.2 ppm corresponding to free PO. 

DETAILED DESCRIPTION 

The present invention provides for phosphorylated prod 
rugs including a thiol group whose antioxidant activity is 
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4 
masked by a phosphate group. Essentially, the present 
invention is directed to modified natural products, i.e. pro 
drugs, that are taken up and utilized by cells. These prodrugs 
are inactive initially when administered and are then acti 
vated within a cell, allowing them to be site-targeted thera 
peutics. Prodrugs require a specific enzyme in order to be 
activated, and thus can be site-specifically activated where 
the required enzyme is present. After being taken up by a 
cell, the phosphate group of the prodrug of the present 
invention is enzymatically removed, releasing an antioxi 
dant Sulfur group. Thus, the antioxidant capacity of the 
prodrug will only be activated when it is taken up by a cell 
that has the ability to enzymatically remove the phosphate 
group, a property which is absent in cancer cells. 
As used herein, “prodrug” refers to a pharmacological 

compound that is in an inactive form when administered, but 
is metabolized in vivo into an active form of the compound. 
Prodrugs are generally used to improve bioavailability in 
oral dosage forms, as well as selectivity of a desired target. 
The prodrugs of the present invention are further 

described below and include phosphorylated derivatives of 
cysteine (I) and glutathione (II) as shown in FIGS. 1 and 2. 
Neither of these compounds has previously been shown to 
be administrable with the inclusion of a phosphate group as 
a therapeutic. The prodrugs include R'—H and various 
amides such as, but not limited to, acetyl, propyl, or butyl, 
and R=H. methyl, butyl, propyl, isopropyl, isobutyl, or any 
other suitable alkyl group. The derivatives of compound I 
where R' is Ac and R is various esters are synthesized in the 
same manner, but start with commercially available 
N-Acetyl cysteine (NAC). Thus, the present invention is 
specifically directed to S-phosphocysteine, S-phospho-N- 
acetylcysteine and all esters, as well as S-phosphogluta 
thione, S-phospho-N-acetylglutathione and all esters. There 
have been no phosphocysteines previously disclosed includ 
ing ester or acetate moieties. It is further within the scope of 
the invention that other antioxidants that are normally 
metabolized upon administration can be modified in the 
manner disclosed in the present invention so that adminis 
tration can become effective. Thus, the present invention is 
not limited to the examples of phosphorylated derivatives of 
cysteine and glutathione. 
The present invention provides for a method of treating 

oxidative stress by administering a prodrug of a phospho 
rylated compound including a thiol group, removing a 
phosphate group of the prodrug, and treating oxidative 
stress. The prodrug is administered and the thiol group is 
protected from first pass metabolism and any other oxida 
tion, and once the prodrug has been taken up by the cell, the 
phosphate group can be removed and the drug activated to 
produce anti-oxidant activity to treat oxidative stress. The 
prodrugs of the present invention are effective oxidative 
stress reducers and can be used to control oxidative stress in 
general or treat and/or prevent various diseases and condi 
tions such as, but not limited to, ocular disorders such as 
glaucoma, cataract and retinal geographic atrophy; athero 
sclerosis; HIV and AIDS; inflammatory bowel disease: 
expression of selenoprotein P; lung function; colitis; general 
disease resistance; general aging; arterial ischemic stroke; 
chronic obstructive pulmonary disease; cancer Such as pros 
tate cancer or gastric cancer, testicular atrophy; Schizophre 
nia; asthma; beta thalassemia major, alcohol metabolism and 
liver disease; sickle cell disease; celiac disease; neurotox 
icity; cystic fibrosis; Parkinson's disease; and Alzheimer's 
disease. 
The present invention further provides for a method of 

preventing radiation damage to healthy tissue by adminis 
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tering a prodrug comprising a phosphorylated compound 
including a thiol group, removing a phosphate group of the 
prodrug to provide active drug, and preventing radiation 
damage to healthy tissue. The prodrugs of the present 
invention can be used as radiation protectors that allow 
healthy tissue to be spared radiation damage. Therefore, the 
prodrugs can be administered prior to radiation therapy. 
Further, the prodrugs can be used in cancer treatment 
radiation therapy. Some of the advantages to using the 
prodrugs of the present invention for treatment of various 
diseases are further described below. 

There are several advantages to the prodrugs of the 
present invention. They are more effective than currently 
available pharmaceutical products because of the elimina 
tion of unwanted metabolism. They are virtually non-toxic 
because they are natural product derivatives. Furthermore, 
they are relatively inexpensive to produce. The prodrugs are 
able to target specific cells or tissues for therapeutic pur 
poses and allow for much higher doses of radiation to be 
used in radiation therapy treatment due to the enhanced 
protective effect to healthy tissue. 

Previously, low bioavailability of thiol containing drugs 
on administration has been a major concern. Research has 
repeatedly demonstrated that NAC under goes first pass 
metabolism, which deacetylates NAC, resulting in major 
metabolites such as cysteine, cysteine, inorganic Sulfites, 
labile disulphide complexes with plasma and tissue proteins. 
Thus, the presence of free drug in the systemic circulation is 
around 9%. This is also the case with intravenous adminis 
tration where an extensive disulphide formation with plasma 
and tissue proteins was observed. The protection of the thiol 
group in the prodrugs of the present invention thus prevents 
the oxidation of the drug in the intestine and the liver, 
thereby preventing the formation of metabolites and increas 
ing the bioavailability of drug in the systemic circulation. 
The phosphate group can then be cleaved by alkaline 
phosphates in vivo to give the free active form of drug. 
Therefore, the present invention provides for a method of 
increasing bioavailability of a thiol compound by creating a 
prodrug by phosphorylating a thiol compound, administer 
ing the prodrug, preventing first pass metabolism of the 
prodrug, removing a phosphate group from the prodrug, and 
providing active drug to a site in need of therapy from 
oxidative stress. 
The prodrugs of the present invention are administered 

and dosed in accordance with good medical practice, taking 
into account the clinical condition of the individual patient, 
the site and method of administration, scheduling of admin 
istration, patient age, sex, body weight and other factors 
known to medical practitioners. The pharmaceutically 
“effective amount” for purposes herein is thus determined by 
Such considerations as are known in the art. The amount 
must be effective to achieve improvement including but not 
limited to improved survival rate or more rapid recovery, or 
improvement or elimination of symptoms and other indica 
tors as are selected as appropriate measures by those skilled 
in the art. Preferably, the prodrugs of the present invention 
are administered at a dose of 200 mg/m, in a daily injection 
15 to 30 minutes prior to radiotherapy, similar to dosing 
currently recommended for amifostine, the only radiopro 
tectant currently available. As stated above, the amount of 
the prodrugs administered can also be less than amifostine 
because of its greater bioavailability. 

In the method of the present invention, the compound of 
the present invention can be administered in various ways. 
It should be noted that it can be administered as the 
compound and can be administered alone or as an active 
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6 
ingredient in combination with pharmaceutically acceptable 
carriers, diluents, adjuvants and vehicles. The compounds 
can be administered orally, Subcutaneously or parenterally 
including intravenous, intraarterial, intramuscular, intraperi 
toneally, intratonsillar, and intranasal administration as well 
as intrathecal and infusion techniques. Implants of the 
compounds are also useful. The patient being treated is a 
warm-blooded animal and, in particular, mammals including 
man. The pharmaceutically acceptable carriers, diluents, 
adjuvants and vehicles as well as implant carriers generally 
refer to inert, non-toxic solid or liquid fillers, diluents or 
encapsulating material not reacting with the active ingredi 
ents of the invention. 
The doses can be single doses or multiple doses over a 

period of several days. The treatment generally has a length 
proportional to the length of the disease process and drug 
effectiveness and the patient species being treated. 
When administering the compound of the present inven 

tion parenterally, it will generally be formulated in a unit 
dosage injectable form (solution, Suspension, emulsion). 
The pharmaceutical formulations suitable for injection 
include sterile aqueous solutions or dispersions and sterile 
powders for reconstitution into sterile injectable solutions or 
dispersions. The carrier can be a solvent or dispersing 
medium containing, for example, water, ethanol, polyol (for 
example, glycerol, propylene glycol, liquid polyethylene 
glycol, and the like), Suitable mixtures thereof, and Veg 
etable oils. 

Proper fluidity can be maintained, for example, by the use 
of a coating such as lecithin, by the maintenance of the 
required particle size in the case of dispersion and by the use 
of Surfactants. Nonacqueous vehicles Such a cottonseed oil, 
sesame oil, olive oil, Soybean oil, corn oil, Sunflower oil, or 
peanut oil and esters, such as isopropyl myristate, may also 
be used as solvent systems for compound compositions. 
Additionally, various additives which enhance the stability, 
sterility, and isotonicity of the compositions, including anti 
microbial preservatives, antioxidants, chelating agents, and 
buffers, can be added. Prevention of the action of microor 
ganisms can be ensured by various antibacterial and anti 
fungal agents, for example, parabens, chlorobutanol, phenol, 
sorbic acid, and the like. In many cases, it will be desirable 
to include isotonic agents, for example, Sugars, sodium 
chloride, and the like. Prolonged absorption of the injectable 
pharmaceutical form can be brought about by the use of 
agents delaying absorption, for example, aluminum monos 
tearate and gelatin. According to the present invention, 
however, any vehicle, diluent, or additive used would have 
to be compatible with the compounds. 

Sterile injectable solutions can be prepared by incorpo 
rating the compounds utilized in practicing the present 
invention in the required amount of the appropriate solvent 
with various of the other ingredients, as desired. 
A pharmacological formulation of the present invention 

can be administered to the patient in an injectable formula 
tion containing any compatible carrier, such as various 
vehicle, adjuvants, additives, and diluents; or the com 
pounds utilized in the present invention can be administered 
parenterally to the patient in the form of slow-release 
Subcutaneous implants or targeted delivery systems such as 
monoclonal antibodies, vectored delivery, iontophoretic, 
polymer matrices, liposomes, and microspheres. Examples 
of delivery systems useful in the present invention include: 
U.S. Pat. Nos. 5,225, 182; 5,169,383; 5,167,616; 4,959,217: 
4,925,678; 4,487,603: 4,486, 194; 4.447,233; 4,447.224; 
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4,439, 196; and 4.475,196. Many other such implants, deliv 
ery systems, and modules are well known to those skilled in 
the art. 

EXAMPLES 

Radiation Therapy 
Ionizing radiation has been used for decades in the 

treatment of solid tumors and operates by forming ROS 
within the tumor causing necrosis. A major liability of this 
therapy is damage to Surrounding normal tissue, which 
causes severe side effects and limits the amount of radiation 
used (and therefore, its effectiveness). Most tumors do not 
express cell-surface alkaline phosphatase, as do Surrounding 
normal tissues, which can convert thiols to the free metabo 
lite. Therefore, a simple method to protect normal tissue is 
to give the patient a prodrug of the present invention with the 
phosphorothioate linkage prior to radiation therapy. This 
allows for a drastic increase in the amount of radiation used 
with a concomitant increase in effectiveness. Phosphoroth 
ioate linkages have already been demonstrated by Appli 
cants to be useful in protecting against the side effects of 
photodynamic therapy. 
Age Related Macular Degeneration 
The disruption of the redox state of a cell will lead to its 

death via apoptosis. The cell is compromised when the 
Supply of glutathione is interrupted. One disease that has 
been investigated with the prodrug of the present invention 
is age related macular degeneration (ARMD), which is the 
leading cause of permanent blindness in the west. One form 
of ARMD is called dry ARMD, where the retina pigment 
epithelia die, leading to geographic atrophy. It has been 
demonstrated that this may be due to the disruption of the 
redox state. There is no treatment for this disease currently. 
Therefore, the prodrugs of the present invention can be used 
in the form of an eyedrop to treat this disease much more 
effectively. 
Disease Caused by Redox Disruption 

There are numerous disease processes that are known to 
result from or include redox disruption including HIV. 
AIDS, and various forms of cancer. The prodrugs of the 
present invention can be used to treat these diseases by 
delivery through a pill, injection, patch, or eye drop wherein 
the prodrugs eliminate redox disruption. 

Example 1 

Synthesis of Phosphorylated NAC 
N-acetyl-S-phosphocysteine was synthesized according 

to the procedure followed by Binkely (1954). N-acetyl 
cysteine (0.5 g) was dissolved in 8 mL of distilled water in 
an ice bath. The NAC solution was then treated with 0.2 mL 
of phosphorus oxychloride and with sodium hydroxide to 
maintain the basic pH of 11. The resulting white solid was 
dried and re-dissolved in deuterium oxide for 'P'C and 
H NMR analysis. After analysis, the sample was dried, 
re-suspended in water, and treated with 1 mg (10 units) of 
alkaline phosphatase, and stirred for 2 hours. The Solution 
was dried and resuspended in deuterium oxide for NMR 
analysis. 

The phosphorylated NAC was analyzed with 'P NMR. 
'C and H were also performed but since the sample was 
crude, the carbon and proton NMR was not clear (FIGS. 3 
and 4). The 'PNMR showed a major peak at 5.3 ppm which 
corresponds to unreacted POCl and minor peak at -5.2 ppm 
which, based on chemical shifts observed for O—P bond 
linkage (Burt et al., 1979; Silverstein, spectroscopic identi 
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8 
fication of organic compounds) can correspond to an S—P 
bond (FIG. 5). The phosphorylated sample was digested 
with alkaline phosphatase and analyzed with 'P NMR, the 
spectrum displayed a single peak of free PO at 3.0 ppm, 
indicating that the peak at -5.2 ppm was S-P linkage and 
was hydrolyzed with alkaline phosphatase (FIG. 6). 

Example 2 

Phosphorylation of Ester NAC 
Synthesis of ester cysteine was followed according to the 

procedure as follows. NAC (0.2 g) was dissolved in 7 mL of 
ethanol, 2 mL of concentrated hydrochloric acid and stirred 
at room temperature for 1 hour. The reaction mixture was 
refluxed for 1 hour at 60°C. The sample was then dried and 
resuspended in acetonitrile for ESI-MS analysis (same 
instrument settings as described for analysis of HIDD). The 
acid protected sample was phosphorylated with POCL, and 
Sodium hydroxide dried and resuspended in deuterium oxide 
for NMR analysis. After analysis, the sample was dried, 
resuspended in water, treated with 1 mg (10 units) of 
alkaline phosphatase and stirred for 2 hours. The product 
was dried, and resuspended in deuterium oxide for NMR 
analysis. 

FIG. 7 gives the reaction scheme for the phosphorylation 
procedure. The ester cysteine was analyzed with ESI-MS. 
FIG. 8 displays the full mass spectrum of ester cysteine with 
m/Z=191. Phosphorylation was done with phosphorus oxy 
chloride and analyzed with "PNMR. The spectra displayed 
a major peak at -11.0 ppm which, based on analogy to the 
'P NMR spectra of the drug, WR-2721 (HN(CH4)HN 
(CH) SPOH) (FIG. 9), corresponds to S P linkage and 
minor peaks of 0.4 ppm correspond to the unreacted POCl. 
(FIG. 10). The ESI-MS data displayed a mixture of com 
pounds with a major peak of m/z 309 (FIG. 11), and CID 
spectrum of this compound displayed a major fragment of 
m/Z=260 which can be attributed to loss of ethanol group 
(FIGS. 12 and 13). The sample was then treated with 
alkaline phosphatase and analyzed with "PNMR. The peak 
at -11 ppm showed time dependent decrease in intensity at 
24 hours and 36 hours indicating cleavage of S-P linkage 
and increase in intensity for the free PO peak (FIGS. 14 
and 15). 

Example 3 

Phosphorylation of Ester Cysteine with Diethyl Chlorophos 
phate (DECP) 
The ester NAC was synthesized according to the proce 

dure as follows and analyzed with ESI-MS. A 0.3 g of acid 
protected NAC was dissolved in 7 mL of chloroform. 
Triethylamine (0.4 mL) was added to the reaction mixture 
and stirred for 1 hour. The flask was placed in an ice bath 
while adding diethyl chlorophosphate drop wise to maintain 
a constant pH of 11. The mixture was stirred overnight at 
room temperature and later extracted with ethyl acetate, 
brine solution, and sodium sulfate. The product was dried 
and resuspended in chloroform, treated with 600 mg (10 
equivalents) of TBMSBr, and stirred for approximately 6 
hours. The final product was extracted with water, dried and 
re-suspended in deuterium oxide for NMR analysis. After 
analysis the sample was dried, resuspended in water, and 
treated with 1 mg (10 units) of alkaline phosphatase and 
stirred for 2 hours. The solution was then dried and resus 
pended in deuterium oxide for NMR analysis. 
The sample was phosphorylated with DECP and analyzed 

with 'P NMR spectroscopy. FIG. 16 illustrates the reaction 
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scheme followed for the phosphorylation procedure. The 
ESI-MS spectra showed a mixture of compounds, the phos 
phorylated ester cysteine with m/z 328 (FIG. 17). The 
phosphorus NMR showed a major peak at 7 ppm, which 
corresponds to unreacted DECP and minor peak at -12.9 
ppm, which can correspond to S-P bond linkage (based on 
anology to WR-2721) (FIG. 18). The sample was then 
treated with TMSBr, to cleave the ethyl groups on the 
phosphate and NAC. The ESI-MS analysis of the crude 
sample showed mixture of peaks, the peak with m/z 242 
corresponds to phosphorylated ester cysteine with hydro 
lyzed ethyl groups (FIG. 19). 'P NMR spectrum showed 
major peak at 0.2 ppm, which can correspond to the unre 
acted DECP with hydrolyzed ethyl groups and a minor peak 
at -10.8 ppm, which can correspond to the S P bond 
linkage (FIG. 20). The sample was digested with alkaline 
phosphatase and analyzed with 'P NMR. The spectrum 
showed a single peak at 0.2 ppm, indicating the hydrolysis 
of S-P linkage and presence of free POs moiety (FIG. 21). 
The above examples show that phosphorylated prodrugs 

were effectively created that can be used to increase bio 
availability of the drugs to provide antioxidant activity for a 
wide variety of applications where ROS damage is 
unwanted. 

The invention has been described in an illustrative man 
ner, and it is to be understood that the terminology which has 
been used is intended to be in the nature of words of 
description rather than of limitation. 
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Obviously, many modifications and variations of the 

present invention are possible in light of the above teach 
ings. It is, therefore, to be understood that the invention may 
be practiced otherwise than as specifically described. 
The invention claimed is: 
1. A prodrug comprising a phosphorylated glutathione of 

the formula 

II 
R 
YNH H O 

O N OR 

1 H 

OR O O 

S 
Y-OH 

| 
O 

wherein R' is an acyl, and wherein R is selected from the 
group consisting of H and an alkyl. 

2. The prodrug of claim 1, wherein R' is acetyl. 
3. The prodrug of claim 1, wherein R is H. 
4. The prodrug of claim 1, wherein R is an alkyl. 
5. The prodrug of claim 2, wherein R is an alkyl. 
6. The prodrug of claim 2, wherein R is H. 
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