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DITHIOL COMPOUNDS, DERIVATIVES, AND USES THEREFOR
CROSS-REFERENCES TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Patent Application
61/033,870 filed March 5, 2008, U.S. Provisional Patent Application 61/060,487 filed June
11, 2008, and U.S. Provisional Patent Application 61/077,186 filed July 1, 2008. This
application is also a continuation-in-part of U.S. Patent Application 12/267,260 filed
November 7, 2008, which is a continuation-in-part of U.S. Patent Application 11/946,659
filed November 28, 2007, which claims priority to U.S. Provisional Patent Application
60/861,262 filed November 28, 2006, U.S. Provisional Patent Application 60/907,734 filed
April 16, 2007, and U.S. Provisional Patent Application 60/924,686 filed May 29, 2007. U.S.
Patent Application 11/946,659 is a continuation-in-part of U.S. Patent Application
11/135,271 filed May 24, 2007 (which claims priority to U.S. Provisional Patent Application
60/574,211 filed May 26, 2004), U.S. Patent Application 11/010,436 filed December 14,
2004, and U.S. Patent Application 10/969,868 filed October 22, 2004, each of which is a
continuation or continuation-in-part of U.S. Patent Application 10/050,879 filed January 18,
2002, now U.S. Patent 6,923,955, which claims priority to U.S. Provisional Application
60/262,423 filed January 19, 2001, and is a continuation-in-part of U.S. Patent Application
09/930,287 filed August 16, 2001, now abandoned, which claims priority to U.S. Provisional
Application 60/225,659 filed August 16, 2000. Each of these is incorporated herein by

reference in its entirety.

BACKGROUND OF THE INVENTION

[0002] As we age, our lenses undergo physiological changes that make it more difficult to
focus on near objects. That is why nearly everyone requires reading glasses, even as early as
age 35-40. The ability of the eye to change focal power, also known as accommodative
amplitude, decreases significantly with age. The accommodative amplitude is 20 diopters in
children and young adults, but it decreases to 10 diopters by age 25 and to < 1 diopter by age
60. The age-related inability to focus on near objects is called presbyopia. All of us will

develop presbyopia and will require corrective lenses unless a new treatment is found.

[0003] Both presbyopia and cataract are age-related and may share common etiologies such

as lens growth, oxidative stress, and/or disulfide bond formation.
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[0004] There is a need for agents, compositions, and methods for combating ocular disease,

including presbyopia and/or cataract.

BRIEF SUMMARY OF THE INVENTION

[0005] In one embodiment, a method of treating presbyopia comprises administering an
agent including at least two components independently selected from a sulfur atom, a
selenium atom, and a sulfonic group. In one embodiment, at least one of the two components
is selenium. The agent can be a five- or six-membered heterocycle or a non-cyclical

compound.

[0006] In another embodiment, the agent has a formula of 6-A, 6-B, 6-C, 6-D, or 6-E. In
another embodiment, the agent has the formula 6-A. In another embodiment, the agent has a
formula 6-D or 5-E. In another embodiment, the agent has a formula 6-NC or 5-NC. In yet
another embodiment, the agent has a formula 5-A or 5-B. In another embodiment, the agent

has the formula NC.

[0007] Each of X and Y can be sulfur, selenium, or a sulfonic group. In one embodiment,
X and Y are both sulfur. In another embodiment, one of X and Y is sulfur, and the other is

sulfur or selenium.

[0008] Each R group is independently selected from the group consisting of: -H, -OH,
-OAc, -OR, -SR, -CO;R, an electron withdrawing group, and a linear or branched C_;5
alkane or alkene optionally substituted by one or more substituents selected from the group
consisting of ether, ester, carboxylic acid, phosphate, amide, and amine groups. In another

embodiment, at least one R group is is -OH or -OAc.

[0009] In yet another embodiment, at least one R group is a C,_1g alkane or Cy¢_15 alkene.
In another embodiment, at least one R group is -(CHz),.10NH,. In another embodiment, at

least one R group is -(CH3),.10CO,H.

[0010] In one embodiment, the agent is one of the following or a derivative thereof: lipoic
acid; cystine; 3,6-dihydro-1,2-dithiine; 3,4-dihydro-1,2-dithiine; 3-vinyl-[4H]-1,2-dithiine;
diallyl disulfide; diallyl trisulfide; 3-prop-2-enylsulfinylsulfanylprop-1-ene; 1,2-dithiane; 6-
((4R,5R)-4,5-dihydroxy-1,2-dithian-4-yl) hexanoate; (4R,5R)-5-hydroxy-1,2-dithian-4-yl
acetate; (4R,5R)-1,2-dithian-4,5-diyl diacetate; or trans-4,5-dihydroxy-1,2-dithiane; or
dithiothreitol.
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[0011] In another embodiment, the agents are employed for pharmaceutical formulations

and/or methods of treating ocular disease, e.g., presbyopia or cataract.

BRIEF DESCRIPTION OF THE FIGURES

[0012] Fig. 1 depicts the accommodative amplitude in diopters (D) of an untreated human
lens as a function of age in years. Borja, D et al. 2008. Optical Power of the Isolated Human
Crystalline Lens. Invest Ophthalmol Vis Sci 49(6):2541-8. Borja et al. calculated the
maximum possible accommodative amplitude of each measured lens power data point (n =
65). As shown, there is good agreement between the age-dependent loss of accommodation

and the maximum amplitude of accommodation calculated from the isolated lens power.

[0013] Fig. 2 shows a trend graph of the shear modulus versus position in the lens and age.
Weeber, HA et al. 2007. Stiffness gradient in the crystalline lens. Graefes Arch Clin Exp
Ophthalmol 245(9):1357-66. The line at the bottom is the 20-year-old lens; the line at the
top is the 70-year-old lens. The modulus increases with age for all positions in the lens.
Measurements were taken up to 4.0 mm from the lens centre. The lines are extrapolated to a

radius of 4.5 mm (lens diameter 9.0 mm).

[0014] Fig. 3 depicts the average opacity (opacimetry) of an untreated human lens as a
function of age in years. Bonomi, L et al. 1990. Evaluation of the 701 interzeag lens opacity
meter. Graefe's Arch Clin Exp Ophthalmol 228(5):447-9. Lens opacity was measured in 73
healthy subjects between 10 and 76 years of age without slit-lamp evidence of cataract and
with a visual acuity of 20/20. These subjects were classified into ten age groups. This study
was carried out using the Interzeag Opacity Meter according to the procedure described by
Flammer and Bebies (Flammer J, Bebie H. 1987. Lens Opacity Meter: a new instrument to
quantify lens opacity. Ophthalmologica 195(2):69-72) and following the suggestions of the

operating manual for the instrument.

[0015] Fig. 4 depicts a scatter plot of the change in AD (micrometers) in the absence
(control) and presence of lipoic acid in lens organ culture experiments. The symbol §
designates significantly larger changes in AD when compared to controls. Statistical values
are highly significant at p < 0.0001 by unpaired t-test and by Kruskal Wallis test, which
compared medians of each data set. The relative change in Young's modulus (E) can be
calculated as the cubic value derived from the AD of the control divided by the AD of the
experimental or E fractional change = (AD con/ADexp)”*3.
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[0016] Fig. 5 depicts a scattergram of the percent of the total protein SH groups in disulfide
bonds. Free SH groups were alkylated with 4-acetamido-4'-maleimidylstilbene-2,2'-sulfonic
acid (¢, 1 uM, 5 uM, 9.6 uM, 50 uM, 96 uM) or 7-diethylamino-3-(4'maleimidylphenyl)-4-
methyl coumarin (500 uM, and 500uM c). Following removal of the first alkylating agent,
the S-S bonds were reduced and alkylated with fluorescein-5-maleimide. Absorption spectra
were used to calculated total protein (A280 nm), free protein SH (A322 or A384), and protein
SS (A490) using the appropriate extinction coefficients. The symbol § indicates statistically
significant difference of mean with mean of control (c, p < 0.05). The symbol ** indicates
means of 500 uM lipoic acid and the 500 pM control were significantly different from each
other (p =0.027).

DETAILED DESCRIPTION OF THE INVENTION

[0017] Agents, compositions, and methods are provided that can prevent, reduce, reverse,
and/or slow the rate of lens growth, oxidative damage, and/or disulfide bond formation.
These agents, compositions, and methods may thus effectively prevent or treat presbyopia

and/or cataract.

[0018] The agents described herein are dithiol compounds or dithiol derivatives. The
dithiol compounds and dithiol derivatives are referred collectively herein as agents. Dithiol
compounds contain at least two sulfur atoms, preferably exactly two sulfur atoms, while
dithiol derivatives include a selenium or sulfonic group in place of one or more sulfur atoms
of a dithiol compound. Thus, in one embodiment, the agent has at least two components,
cach independently selected from a sulfur atom, a selenium atom, and a sulfonic group. In
another embodiment, the agent has at least two components, each independently selected
from a sulfur atom and a selenium atom. The agents can be on the backbone and/or the

substituents of the compound.

[0019] The agents can be cyclical, e.g., a five- or six-membered heterocycle, or non-
cyclical. Exemplary five-membered heterocycles (designated by Formula 5) include, but are

not limited to:
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Rs
R7
Y
R,
R
R; X o
Rio
Formula 5-A Formula 5-B

[0020] Exemplary six-membered heterocycles (designated by Formula 6) include, but are

not limited to:

Rs Rs R7  Rs

R, R, R, )<
R3A Rg R3A R,

Y
R27\X/Y R27\X R Rg R27\X/VR13

R11

AN,

| _#

5 R R R Riq

Formula 6-A Formula 6-B Formula 6-C

Rs

\ Ry

Y
N

X

Formula 6-D Formula 6-E

[0021] Exemplary non-cyclical agents (designated by NC) include, but are not limited to:

R R
R, R, - 5 6 -
Rs Re 4 7
R R
R, 3 8
Y_R16
R, Y
R4 . ; \)|( \R16
Ri X R
/ ~. .~ 8
10 Ris Ris R17/ Y
Formula 5-NC Formula 6-NC Formula NC
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[0022] The agents can be classified in various ways. For example, the agent can be

encompassed by any one of the following classification groups:
5-A, 5-B, 6-A, 6-B, 6-C, 6-D, and 6-E: cyclical
5-NC, 6-NC, and NC: non-cyclical
5-A, 5-B, and 5-NC: 5-membered
5-A and 5-B: 5-membered cyclical
6-A, 6-B, 6-C, 6-D, 6-E, and 6-NC: 6-membered
6-A, 6-B, 6-C, 6-D, and 6-E: 6-membered cyclical
5-A and 5-NC: potential hydrogenation pair
6-A and 6-NC: potential hydrogenation pair
5-NC and 6-NC: potential hydrogenation products
5-A, 6-A, 6-D, and 6-E: adjacent thiols
5-A and 6-A: adjacent thiols, saturated ring
6-A, 6-D, and 6-E: adjacent thiols, 6-membered cyclical
5-B, 6-B, and 6-C: non-adjacent thiols
5-B and 6-B: 1,3 thiols
6-A, 6-B, and 6-C: dithanes
6-D and 6-E: dithiines
or the agents can be classified by any individual formula.

[0023] For cach of the agents, X and Y are independently selected from a sulfur atom, a
selenium atom, and a sulfonic group. Preferably, at least one of X and Y is sulfur. In one
embodiment, X and Y are both sulfur. In another embodiment, one of X and Y is sulfur, and
the other is sulfur or selenium. In yet another embodiment, one of X and Y is sulfur, and the
other is selenium. In one embodiment, the agent is a seleno derivative where at least one of
X and Y is selenium. Without being bound by theory, it is believed that the selenium atom

advantageously helps to overcome redox potential.

[0024] Each R group is independently selected from -H, -OH, -OAc, -OR, -SR, -CO,R,
an electron withdrawing group, and a linear or branched C,_;5 alkane or alkene optionally

substituted by one or more cther, ester, carboxylic acid, phosphate, amide, and/or amine



10

15

20

WO 2009/111635 PCT/US2009/036181

groups. In another embodiment, each R group is independently -H, -OH, -OAc, -CO,CHs,
or a linear Cy.;3 alkane or alkene optionally having a distal terminal that is -COOH, -NH,,

'COZCH}, or 'COZCHZCH}.

[0025] In one embodiment, various agents can be prepared by altering the placement of a
particular R group. Any particular R group can be attached, for example, to a carbon
adjacent to a thiol group (sulfur atom) or thiol derivative (e.g., selenium or sulfonic group).
Ri, Ry, R, Rs, Ro, Ryg, Ry1, Ryp, Ry3, and Ry, represent such thiol-adjacent positions. In
another embodiment, an R group can be attached to a carbon not adjacent to a thiol group or
thiol derivative. Rs, R4, Rs, and Rg represent such non-adjacent positions. In yet another
embodiment, an R group can be attached directly to a thiol group or thiol derivative. R;s,

Ris, R17, and Ryg represent such direct thiol attachments.

[0026] In one embodiment, one, two, or more R groups are -H. In some embodiments of

Formula 5-NC and 6-NC, both of R;s and R are -H.
[0027] In one embodiment, one, two, or more R groups are —OH.

[0028] In another embodiment, one, two, or more R groups are -OAc. Without being
bound by theory, the addition of an acetate ester (-OAc) is believed to improve corneal

permeability, which is especially beneficial for the treatment of presbyopia.

[0029] In yet another embodiment, each R group is independently —-H, —-OH, -OAc, or —
CHs;. In another embodiment, one R group is a chain substituent, and the remaining R groups

are independently —H, —OH, —OAc, or —CHs.
[0030] In one embodiment, the agent has the structure of Formula 6-A:

Rs Rs
Ry R,

RsA Rg

R27\X A

R1

wherein each of Ry, Ry, Ry, and Rg is —H; and

R;, R4, Rs, and Rg are independently selected from —H, —OH, and —OAc.
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[0031] In another embodiment, one, two, or more R groups are -CO,R. In another
embodiment, one, two, or more R groups are -OR. In particular embodiments, the R of
-CO;R or -OR is a lower alkyl group having 1-8 carbons. In one embodiment, -CO,R is
-CO,CHs.

[0032] In one embodiment, the agent includes a C;_;5 alkane or alkene, which are
collectively referred to herein as chain substituents. The agent can be modified by altering
the length of the chain substituent(s). Without being bound by theory, longer chains are
believed to render the compound more hydrophobic, more lipid soluble, and thus more easily
transported across the cell membrane. The length of the chain is limited by the lipid
membrane width; a chain longer than the membrane width is likely to cause saponification.
Shorter chains, on the other hand, and other similarly small substituents such as -OH and
-CO,CHzs, may be useful for preparing agents that are active in the cytosol and do not require
membrane permeability. Substituent size and its concomitant effect on solubility also affect
formulation considerations. For example, a hydrophobic drug may be more difficult to
formulate as an administratable solution, but it may be more easily formulated for sustained

release delivery systems.

[0033] In one embodiment, the agent includes a linear C;_;5 alkane or alkene, which are
collectively referred to herein as linear substituents. Without being bound by theory, linear
substituents are more commonly found in natural compounds, so agents including linear
substituents may be better tolerated by the body. However, branched substituents may also
be used. The linear substituent can be, for example, attached to a carbon adjacent to a thiol
group (sulfur atom) or thiol derivative (e.g., selenium or sulfonic group). In other words, one
or more of Ry, Ry, R7, Rs, Ro, Rio, Ri1, Ri2, Ri3, and Ry4 can be a linear substituent. In

another embodiment, one or more of R3, R4, Rs, and Rg can be a linear substituent.

[0034] In one embodiment, a chain substituent includes an ether, ester, carboxylic acid,
phosphate, and/or amine group at the distal terminal of a chain. In one embodiment, the
distal terminal is a carboxylic acid or an amine. In another embodiment, one, two, or more R
groups are -(CH),.10CO;H or -(CH;),.10NH,. Without being bound by theory, it is believed
that carboxylic acid and amine terminals provide attachment points for natural amino acids to
form peptide amide bonds. For example, the carboxylic acid terminal of exemplary agent

lipoic acid is often covalently attached to the amine lysine side chain of the active
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mitochondrial enzyme. The mitochondrial functionality of lipoic acid is discussed in further

detail below.

[0035]

In another embodiment, the distal terminal of a chain substituent is an ester, e.g.,

methyl or ethyl ester. In one embodiment, one, two, or more R groups are -(CH3),.10CO,CHj3

or -(CH3);.10CO,CH;CHj3. Without being bound by theory, esterification is one way to

modify the delivery of the pharmaceutical agent since the agent is inhibited from entering the

cell until the ester is broken, e.g., by naturally occurring esterases. In this way, an esterified

agent can serve as a prodrug that can be converted to an active form.

[0036]

In one embodiment, the linear substituent is a linear Ci.15, C2-12, C2-10, Cas, Cog, Ca.

6> Cs, Or Cs alkane. Exemplary agents including a linear alkane substituent are provided in

the table below. The remaining undefined R groups are independently —H, —OH, —OAc, or —

CHs.
Table 1
Formula XY R
5-A; XisSandYis S R; or R; is:
5-NC; or -(CH2)3_10C02H;
6-B -(CH2)3_10C02CH3; or
-(CH2)3_10C02CH2CH3
5-A; XisSandYis S; R, or Ry is:
5-NC; or Xi1sSand Y is Se; or -(CH)1.,CO;H;
6-B XisSeand Yis S -(CH,),.,CO,CHs;
-(CHz)l_QCOQCHQCHg; or
-(CH),.10NH,
5-A Xi1sSand Y is Se; or R;or Ry is:
5-NC XisSeand Yis S -(CH»)3.10CO,H;
6-B -(CH2)3_10C02CH3; or
-(CH2)3_10C02CH2CH3
6A XisSandYis S; R;or Ry is:
6-NC XisSand Y is Se; or -(CH3)2.10CO,H;
XisSeand Yis S -(CH2)2-10NHzy;
-(CH2)2_10C02CH3; or
-(CH2)2_10C02CH2CH3
5-B XisSandYis S; R;or Ry is:
Xi1sSand Y is Se; or -(CH3)2.10CO,H;
XisSeand Yis S -(CH2)2-10NHzy;
-(CH2)2_10C02CH3; or
-(CH2)2_10C02CH2CH3
6-D XisSandYis S; Ri, Rs, Rs, or Ry is:
6-E XisSand Y is Se; or -(CH3)2.10CO,H;
XisSeand Yis S -(CH2)2-10NHzy;
-(CH2)2_10C02CH3; or
-(CH2)2_10C02CH2CH3
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[0037] Exemplary agent lipoic acid and some derivatives thereof include a linear alkane

with a carboxylic acid terminal:

S Lipoic acid
s

HS Dihydrolipoic acid

SH X Y

[0038] In one embodiment, the agent is lipoic acid (5-(1,2-dithiolan-3-yl)pentanoic acid),
particularly alpha lipoic acid. In another embodiment, the agent is a lipoic acid derivative.
Preferred lipoic acid derivatives do not interfere with the natural cellular mechanisms
utilizing lipoic acid and/or dihydrolipoic acid. The agents described herein include those
having relatively minor modifications to lipoic acid (e.g., altering chain length, replacing a
sulfur atom with selenium) such that naturally occurring mitochondrial mechanisms can
utilize either lipoic acid or the derivative. Agents having minor modifications may be
relatively substitutable for lipoic acid and do not interfere with mitochondrial activity. Thus,
in one embodiment, the agent functionally mimics lipoic acid in terms of redox activity
and/or mitochondrial activity, but is not structurally identical to lipoic acid. Other agents
include those having more major modifications to lipoic acid (e.g., altering chain placement).
Such major modifications may render the agent unrecognizable to the mitochondria, thus
avoiding interference with cellular mechanisms. In this way, both minor and major
modifications can avoid mitochondrial interference. Mitochondrial interference, or the lack
thereof, can be verified by in vitro testing according to methods known in the art such as, for
example, a JC-1 Mitochondrial Membrane Potential Assay Kit (Cell Tech. Inc.). One of
ordinary skill in the art could balance the strength of the reducing agent, which is believed to
be responsible for the therapeutic effect, against mitochondrial interference, which might
cause adverse effects. Exemplary lipoic acid derivatives include, but are not limited to: 5-

(1,2-thiaselenolan-5-yl)pentanoic acid and 5-(1,2-thiaselenolan-3-yl)pentanoic acid.

10
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[0039] In another embodiment, the linear substituent is a linear Cy_;5, Cis, Cs_15, C1o.18, OF
Cio.16, or C1o.14 alkene. The alkene chain can have one, two, three, or more double bonds.
Without being bound by theory, linear alkenes of relatively longer length, e.g., Cio.1s,
particularly those including a carboxylic acid or ester group, may exhibit advantageous

properties similar to a fatty acid group.

[0040] Alkenes, including those of shorter lengths, are also useful, especially for
embodiments of Formula NC. For example, in one embodiment, each of R;7 and R;5 is
independently selected from C, 5, C,6, Cig, Css, or Cs alkenes. In another embodiment of

Formula NC, R;7 and/or Rys is an —SC,.5 alkene.

[0041] A chain substituent can include more than one ether, ester, carboxylic acid,
phosphate, or amine substituent. For example, one exemplary agent is cystine (3,3'-
disulanedylbis(2-aminopropanoic acid)), which includes both carboxylic acid and amine
substituents. In one embodiment, the agent is cystine or a derivative thereof such as the

exemplary derivative shown below:

NH, 0
HO S
W‘)\/ \S/w)‘\OH
0 NH,
NH, 0
HO X
ﬁ‘)\/ \Y/\H‘\OH
o NH,

[0042] In another embodiment, R is an electron withdrawing group, which can decrease the

cystine

pKa of the agent. Electron withdrawing groups include, but are not limited to: halogens (e.g.,

F, Cl), nitriles (CN), carboxylic acids (COOH), and carbonyls (CO).

[0043] In one embodiment, the agent is an allium oil antioxidant or a derivative thereof.
Allium oil antioxidants are advantageously natural, nontoxic, and lipid soluble. Some have
been studied as potential cytostatic agents for the treatment of atherlerosclerosis, cancer, etc.

Without being bound be theory, the cytostatic properties may also provide advantageous

11
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efficacy in the context of ocular diseases caused by lens growth, including presbyopia and

cataract.

[0044] One class of allium oil antioxidants is the dithiines. Exemplary dithiines include,

but are not limited to:

O O O
e e X e
S/S S/S \ S/S

3,6-dihydro-1,2-dithiine 3,4-dihydro-1,2-dithiine 3-vinyl-[4H]-1,2-dithiine

[0045] Other allium oil antioxidants include, but are not limited to:
N NN
Y
N S /\/
/ \S Diallyl disulfide (allitin)
S S
ﬁ
N S\s/\/

(allicin)

Diallyl trisulfide (allitridin)

3-prop-2-enylsulfinylsulfanylprop-1-ene

[0046] In another embodiment, the agent can be a dithiane or a derivative thereof. Without
being bound by theory, it is believed that dithianes increase cellular non-protein SH, a
primary objective in the treatment of presbyopia. Exemplary dithianes include, but are not

limited to:

12
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O
o
8]
o
S
s~
1,2-dithiane 6-((4R,5R)-4,5-dihydroxy-1,2-dithian-4-yl) hexanoate

(4R,5R)-5-hydroxy-1,2-dithian-4-yl acetate (4R,5R)-1,2-dithian-4,5-diyl diacetate

[0047] In one embodiment, the agent is a derivative of dithiothreitol (DTT) such as trans-

4,5-dihydroxy-1,2-dithiane, also referred to herein as "non-lethal DTT":
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Trans-4,5-dihydroxy-1,2-dithiane (Non-lethal DTT) Dithiothreitol (DTT)

[0048] Both DTT and non-lethal DTT possess potent antioxidant properties, but non-lethal
DTT possesses the further advantage of reduced toxicity thereby being more favorable for

use in in vivo settings.

[0049] The active agent can be administered as a racemate or as an enantiomer. For
example, lipoic acid and its derivatives are preferably administered to include the R form;
cystine and its derivatives are preferably administered to include the L form. Synthetic
methods to yield a racemate may be less expensive than stereo-specific processes including
isolation/purification steps. On the other hand, administering a single enantiomer can lower

the therapeutically effective amount, thus decreasing toxicity effects.

[0050] The agents described herein are preferably reducing agents. For example, the
agents can possess a redox potential Eq' (V) of about -0.01 to about -1.0, about -0.1 to about -
0.5, about -0.2 to about -0.4, or about -0.3. The agents described herein preferably exhibit an
acceptable toxicity profile, e.g., a median lethal dose (LDsg) of at least 10 uM, at least 20 uM,
at least 40 uM, or at least 1 mM. Toxicity can be assessed by any method known in the art
such as, for example, viability of human umbilical vein endothelial cells (HUVEC, first
passage) using the MultiTox-Fluor assay (Promega) or Live/Dead® assay (Invitrogen). Of
course, agents selected as pharmaceutical agents for the treatment of presbyopia should
exhibit both antioxidant efficacy (reducing power) as well as a desirable safety profile (low
toxicity). Accordingly, in one embodiment, a screening method is provided whereby dithiol
compounds or derivatives are tested for reducing power and/or toxicity. In another
embodiment, a method includes screening dithiol compounds or dithiol derivatives for their

ability to increase lens elasticity either in vitro or in vivo.

[0051] The agents described herein preferably exhibit favorable membrane permeability,
specifically corneal permeability. Corneal penetration can be measured by methods known in
the art, such as, for example, those disclosed in Kim et al. (2005) "Aqueous penetration and

biological activity of moxifloxacin 0.5% ophthalmic solution and gatifloxacin 0.3% solution
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in cataract surgery patients" Ophthalmology 112(11):1992-96. In one embodiment, the agent
enters the lens epithelial cells using a naturally occurring transport mechanism. For example,
lipoic acid and cystine enter lens cells via specific plasma membrane symporters and
antiporters. By using lipoic acid, cystine, or derivatives thereof, one can utilize a naturally

occurring transport mechanism to deliver the agents to the lens cells.

[0052] In another embodiment, a pharmaceutical composition includes an agent as
described herein and a pharmaceutically acceptable carrier. The pharmaceutical composition
may also contain one or more excipients as is well known in the art of pharmaceutical
formulary. In one embodiment, the pharmaceutical composition is formulated for ocular use.
That is, the pharmaceutically acceptable carrier and/or other excipients are selected to be
compatible with, and suitable for, ocular use. Such carriers and excipients are well known in
the art. The excipients may also be selected and/or formulated to improve the solubility of
the compound. For example, the pharmaceutical composition can include one or more of
emulsifiers, buffers, salts, preservatives, lubricants, polymers, solvents, and other known
excipients for ocular pharmaceutical formulations. In one embodiment, the pharmaceutical
composition includes an emulsifier and a buffered carrier such as Polysorbate 80 in HBSS

(Hank's Balanced Salt Solution).

[0053] In another embodiment, the agents are employed in a method for treating ocular
disease, e.g., presbyopia, by administering an effective amount of the agent. In another
embodiment, the agents are employed in a method for preventing or reversing oxidative
damage to cells, e.g., lens cells. The agents can be applied to lenses or cells in vitro or in

Vivo.

[0054] The term "effective amount” means an amount that is capable of preventing,
reducing, reversing, and/or slowing the rate of oxidative damage. For ocular applications, a
therapeutically effective amount may be determined by measuring clinical outcomes

including, but not limited to, the elasticity, stiffness, viscosity, density, or opacity of a lens.

[0055] Lens clasticity decreases with age and is a primary diagnostic and causative factor
for presbyopia. Lens elasticity can be measured as accommodative amplitude in diopters (D).
Fig. 1 depicts the average elasticity in diopters of an untreated human lens as a function of
age in years. The lower the value of D, the less elastic the lens. In one embodiment, the
agents described herein can decrease and/or maintain D at a value that is greater than the D

value exhibited by an untreated lens of about the same age. In other words, the agents can

15



10

15

20

25

30

WO 2009/111635 PCT/US2009/036181

keep accommodative amplitude "above the line" depicted in Fig. 1 (the solid line is mean
accommodative amplitude). In one embodiment, D is increased and/or maintained at a value
about 2, 5, 7, 10, 15, 25, 50, 100, 150, or 200 percent above the line. However, as individual
lenses may differ with respect to average values, another embodiment provides any increase
in accommodative amplitude, maintenance of accommodative amplitude, or reduction in the
rate of decline of accommodative amplitude (i.c., reduction in the rate of decrease in diopters)
for an individual lens compared to the accommodative amplitude of the same lens before
treatment. Accordingly, in another embodiment, the methods provide an increase in
accommodative amplitude of about 0.25 to about 8 diopters, or at least about 0.1, 0.2, 0.25,

0.5,1,1.2,1.5,1.8,2,2.5, 3, 5, or 8 diopters compared to the same lens before treatment.

[0056] Lens clasticity can also be measured by the unit of elasticity E. The higher the
value of E, the less elastic the lens. Fig. 2 depicts the average elasticity (E) of an untreated
human lens as a function of age in years. In one embodiment, the agents described herein can
decrease and/or maintain E at a value that is less than the E value exhibited by an untreated
lens of about the same age. In other words, the agents can keep lens elasticity "below the
line" depicted in Fig. 2. In one embodiment, E is decreased and/or maintained at a value
about 2, 5, 7, 10, 15, 25, 50, 100, 150, or 200 percent below the line. However, as individual
lenses may differ with respect to average values, another embodiment provides any increase
in elasticity, maintenance of elasticity, or reduction in the rate of decline of elasticity (i.c.,
reduction in the rate of increase in E value) for an individual lens compared to the elasticity

of the same lens before treatment.

[0057] Therapeutic efficacy can also be measured in terms of lens opacity. Lens opacity
increases with age and is a primary diagnostic and causative factor for cataract. Fig. 3 depicts
the average opacity of an untreated human lens as a function of age in years. In one
embodiment, the agents described herein can decrease and/or maintain opacity at a value that
is less than the opacity value exhibited by an untreated lens of about the same age. In other
words, the agents can keep lens opacity "below the line" depicted in Fig. 3. In one
embodiment, lens elasticity is decreased and/or maintained at a value about 2, 5, 7, 10, 15,
25, 50, 100, 150, or 200 percent below the line. However, as individual lenses may differ
with respect to average values, another embodiment provides any decrease, maintenance, or
reduction in the rate of increase of opacity for an individual lens compared to the opacity of

the same lens before treatment.
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[0058] Therapeutic efficacy can also be measured as a reduction in the rate of cell
proliferation, particularly lens epithelial cell proliferation. Thus, in some embodiments,

therapeutic efficacy can be measured by cytostatic effect.

[0059] Some agents described herein exist naturally in the untreated eye. Lipoic acid and
cystine, for example, occur naturally in eye tissue. In general, a therapeutically effective
amount of the exogenously administered agent is often at least about 1 or 2 orders of
magnitude larger than the natural level of the agent. In one embodiment, the lipoic acid or
derivative thereof is administered in a dose amount of up to about 1 mM. In one
embodiment, the dose amount of lipoic acid or a derivative thereof is about 1 uM up to 1
mM, preferably about 0.25 mM to about 0.75 mM, or about 0.5 mM. In another
embodiment, the dose amount of lipoic acid or derivative thereof is no more than 0.5 mM,
250 uM, 100 puM, 50 uM, 20uM, or 10uM. In another embodiment, cystine or a derivative
thereof is administered in a dose amount of about 1 uM to about 20 uM. In yet another
embodiment, the dose amount of cystine or a derivative thereof is no more than 20 uM, the
limit of cystine solubility in aqueous solution, or no more than 15 uM, 12 uM, 10 uM, 7 uM,
or 5 uM. The dose amount will depend on the route of administration as well as the age and
condition of the patient. Similarly, the frequency of dosing will depend on similar factors as

can be determined by one of ordinary skill in the art.

[0060] Efficacy has been demonstrated in vitro for specific exemplary dosing. Fig. 2
shows that the inelasticity increases by a factor of nearly 20 during the critical period from
age 40 to 55 years. From current data, a 10 uM dose can decrease the inelasticity over 95%
within a millimeter volume element (voxel). Extrapolation of these results to a volume
element in the human lens suggests that using this treatment dose on a 55 year old person
with a 10 kPA lens starting modulus value (see Fig. 2) could be reduced after treatment to a
value of about 0.5 kPA (which then corresponds to a value typically seen with a 40 yr old
person). Fig. 1 permits a conversion of these modulus values to optical amplitude:
accommodative amplitude is normally reduced to almost 0 above 55 years, while a person at

40-45 years still exhibits around 4-5 diopters of accommodation.

[0061] The methods include preventative methods that can be performed on patients of any
age. The methods also include therapeutic methods that can be performed on patients of any
age, particularly patients that are at least 20, 25, 30, 35, 40, 45, 50, 52, 55, 57, 60, 70, 75, or
80 years of age.
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[0062] The agents described herein can be formulated to achieve any delivery system
known in the art such as immediate or sustained release delivery; systemic, ocular, or
localized delivery; topical or injection delivery; prodrug or caged delivery systems, e.g.,

coumarin cages (as described, for example, in co-pending application USSN 12/267,260), etc.

[0063] The agents can be linked to, co-administered with, and/or co-formulated with other
therapies such as other pharmaceutically active ingredients and/or energy sources (as
described, for example, in co-pending application USSN 11/946,659). In one embodiment,
the agent is co-administered with chemical energy, such as, for example glucose-6-phosphate
(G6P), NADPH, or glucose. In one embodiment, the agent is activated by an endogenous
chemical energy, ¢.g., endogenous glucose. For example, endogenous glucose can activate
lipoic acid or a derivative thereof to dihydrolipoic acid (DHLA) or a corresponding derivative

thereof.
[0064] The agents can be formulated as a pharmaceutically acceptable salt.

[0065] The agents can be administered to a lens by any route of administration including,
but not limited to, topical, subtenons, subconjunctival, intracameral, intravitreal, or
iontophoresis routes. In one embodiment, the agent can be delivered topically, e.g., via an
eye drop, gel, ointment, or salve. In other embodiment, the compound can be delivered via
an acute delivery system, ¢.g., using nanotubes, local injection, micro-injection, syringe or

scleral deposition, or ultrasound.

[0066] The disclosures of all references and publications cited above are expressly

incorporated by reference in their entireties.

[0067] Any numerical values recited herein include all values from the lower value to the
upper value in increments of any measurable degree of precision. For example, if the value
of a variable such as age, amount, time, percent increase/decrease and the like is 1 to 90,
specifically from 20 to 80, and more specifically from 30 to 70, it is intended that values such
as 15 to 85,22 to 68, 43 to 51, 30.3 to 32, etc., are expressly enumerated in this specification.
In other words, all possible combinations of numerical values between the lowest value and
the highest value enumerated are to be considered to be expressly stated in this application in

a similar manner.

[0068] Although particular features have been described with respect to particular

embodiment as illustrative, one of ordinary skill in the art would recognize that any particular
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feature could be applied to any of the embodiments described herein. Various modifications
and variations of the described agents, compositions, and methods will be apparent to those
skilled in the art without departing from the scope and spirit of the invention. To further
illustrate particular embodiments of the invention, we provide the following non-limiting

examples.

EXAMPLES

[0069] Example 1: In vitro efficacy studics

[0070] Increase in Elasticity: Pairs of mouse lenses were incubated in medium 200
supplemented with an antibiotic, an antimycotic, in the presence or absence of lipoic acid
(concentrations ranging from 0.5 uM to 500 uM) for 8-15 hours. Each lens was removed
from medium, weighed, and photographed on a micrometer scale. A coverslip of known
weight (0.17899 £ 0.00200 g) was placed on the lens, and the lens was photographed again
on the micrometer scale. The diameter of each lens with and without the coverslip was
determined from the photographs. The change in lens diameter produced by the force
(coverslip) was computed AD = (Dyjithcoverstip — Dwithoutcoverstip). 1he results (Fig. 4, 1) indicate
that lipoic acid at concentrations > 9.6 uM caused a statistically significant increase in AD, p

<0.0001.

[0071] Decrease in disulfide bonds: Lipoic acid at concentrations > 9.6 uM caused a
statistically significant decrease in protein disulfides in the mouse lenses where there was a
significant increase in AD (Fig. 4). Mouse lenses were homogenized in a denaturing buffer
containing a fluorescent alkylating agent to modify the free SH groups. After removing the
alkylating agent homogenates were reduced and alkylated with a different fluorescent
alkylating agent. Absorption spectra of the modified proteins were used to calculate free

protein SH and protein SS groups. The results are shown in Fig. 5.
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WHAT IS CLAIMED I8S:

1. A method of treating presbyopia comprising administering an agent
including at least two components independently selected from a sulfur atom, a selenium

atom, and a sulfonic group.

2. The method of claim 1, wherein the agent comprises at least one

selenium atom.

3. The method of claim 1, wherein the agent is a five- or six-membered
heterocycle having two members independently selected from a sulfur atom and a selenium

atom.

4. The method of claim 1, wherein the agent comprises a non-cyclical
backbone having two components independently selected from a sulfur atom and a selenium

atom.

5. An agent for treating presbyopia having a formula:
Rs Rs R, Rg

R4 R7 R4 )< Rs v R11
AN N U I W VA
Rg R27\X/VR13

R27\X/Y

Rj

wherein at least one of X and Y is sulfur, and the other is sulfur, selenium, or a
sulfonic group, and

each R group is independently selected from the group consisting of: -H,
-OH, -OAc, -OR, -SR, -CO;R, an electron withdrawing group, and a linear or branched C,.
13 alkane or alkene optionally substituted by one or more substituents selected from the group

consisting of ether, ester, carboxylic acid, phosphate, amide, and amine groups.
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1 6. The agent of claim 5, wherein X and Y are both sulfur.

1 7. The agent of claim 5, wherein one of X and Y is sulfur, and the other is

2 sulfur or selenium.

1 8. The agent of claim 5, wherein at least one of Ry141s -OH or -OAc.
1 9. The agent of claim 8 having the formula:
Rs Rs
R, Ry
Rs R
R, Y
7\X e
2 Ri1
1 10. The agent of claim 9 having a formula:
0O

1 11. The agent of claim 5, wherein at least one of Ry_14 is a linear

2 substituent selected from the group consisting of C,.1¢ alkane and Cj¢.15 alkene.
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12. The agent of claim 11, wherein the linear substituent has a distal

terminal that is -COOH, -NH,, -CO,CHs, or -CO,CH,CHs.

10C02H.

13. The agent of claim 12, wherein the linear substituent is -(CH3);.10NH,.

14. The agent of claim 12, wherein the linear substituent is -(CH,),.

15. The agent of claim 5 having a formula:

R27\X/Y

R1

or

The agent of claim 15 having a formula:

D00

17. A lipoic acid derivative agent for treating presbyopia having a formula:
Re
Y
Re
X
Rio

wherein at least one of X and Y is sulfur, and the other is sulfur, selenium, or a

sulfonic group, and

each R group is independently selected from the group consisting of: -H,

-OH, -OAc, -OR, -SR, -CO;R, an electron withdrawing group, and a linear or branched C,.

13 alkane or alkene optionally substituted by one or more substituents selected from the group

consisting of ether, ester, carboxylic acid, phosphate, amide, and amine groups.
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18. The agent of claim 17, wherein at least one of X and Y is sulfur, and
the other is sulfur or selenium.

19. The agent of claim 17, wherein at least one of Ry_j¢ is a linear

substituent selected from the group consisting of C, 19 alkane and C,_15 alkene.

20. The agent of claim 19, wherein the linear substituent has a distal

terminal that is -COOH, -NH,, -CO,CHs, or -CO,CH,CHs.
21. The agent of claim 20, wherein the linear substituent is -(CH3);.10NH,.

22. The agent of claim 20, wherein the linear substituent is -(CH,),.

10C02H.
23.  An agent for treating presbyopia having a formula:
R R
5 6 Re Ry
R, R,
E Rs R
R R
3 8 R,
Y_R16
R 7 Y.
2 \ \ R1
R1 | /
Ri1s or Ri1s

wherein at least one of X and Y is sulfur, and the other is sulfur, selenium, or a
sulfonic group, and

wherein each R group is independently selected from the group consisting of:
-H, -OH, -OAc, -OR, -SR, -CO;R, an electron withdrawing group, and a linear or
branched Ci.;3 alkane or alkene optionally substituted by one or more substituents selected
from the group consisting of ether, ester, carboxylic acid, phosphate, amide, and amine

groups.

24.  An agent for treating presbyopia having a formula:
X R1g
R, / \Y e

wherein at least one of X and Y is sulfur, and the other is sulfur, selenium, or a

sulfonic group, and
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each R group is independently selected from the group consisting of: -H,
-OH, -OAc, -OR, -SR, -CO;R, an electron withdrawing group, and a linear or branched C,.
13 alkane or alkene optionally substituted by one or more substituents selected from the group

consisting of ether, ester, carboxylic acid, phosphate, amide, and amine groups.

25. The agent of claim 24, wherein the agent is:

NN NS

NH, 0

or

HO X
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