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similar role for H2S in the regulation of aqueous humor 
dynamics in animals and humans. H2S donors, NaHS and 
Na2S, inhibited field-stimulated [3H]NE release from por
cine isolated iris-ciliary bodies and produced relaxation of 
pre-contracted iris muscle strips indicating a pharmacologi
cal role for H2S in the anterior uvea. The observation that 
donors of H2S can alter sympathetic neurotransmission and 
induce an inhibitory action on iris smooth muscle suggests 
that this gas has the potential to influence several physiologi- 
cal/pathological processes in the eye. The ability of NaHS or 
Na2S to inhibit [3H]NE release mimics the well-established 
action some antiglaucoma drugs (e.g. a2-adrenoceptor ago
nists, prostaglandins) on sympathetic neurotransmission in 
the anterior uvea and can be used to reduce IOP in animals and 
humans.
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USE OF HYDROGEN SULFIDE IN THE 

TREATMENT OF EYE DISEASES
RELATED APPLICATION

This application claims priority to U.S. Provisional Patent 
Application, Ser. No. 60/675,983, entitled “USE OF 
HYDROGEN SULFIDE IN THE TREATMENT OF EYE 
DISEASES,” filed on Apr. 29, 2005, the entire content of 
which is hereby incorporated by reference.

GOVERNMENTAL SPONSORSHIP
None.

BACKGROUND
The present invention relates generally to treatment of eye 

diseases and more particularly to the treatment of eye dis
eases, such as glaucoma, with hydrogen sulfide (H2S) con
taining solution or a salt solution capable or generating 
hydrogen sulfide in situ.

Glaucoma is a blinding disease of the eye that affects 
approximately three million people in the United States, with 
more than 120,000 blind due to the condition. Glaucoma is 
the 2”'i-leading cause of blindness in the United States. Else
where in the world, glaucoma treatment is less available, and 
glaucoma ranks as a leading cause of blindness just about 
everywhere. Even if people with glaucoma do not become 
blind, vision can be severely impaired. When the pressure in 
the eye (intraocular pressure—IOP) increases to dangerous 
levels, it damages the optic nerve. This can result in decreased 
peripheral vision and, eventually, blindness. Glaucoma is 
similar to ocular hypertension but with accompanying optic 
nerve damage and vision loss.

Several attempts have been made to decrease the intraocu
lar pressure in the eye as a treatment for glaucoma. One 
method (the present invention) uses an unlikely substance— 
hydrogen sulfur (H2S).

H2S is a colorless gas with a pungent odor that is produced 
endogenously in mammalian tissues from L-cysteine. H2S is 
generated from L-cysteine in a reaction catalyzed by two 
pyridoxal-5'-phosphate dependent-enzymes, cystathionine 
(3-synthase (CBS; EC 4.2.1.22) and cystathionine y-lyase 
(CSE; EC 4.4.1.1). Both CBS and CSE are enzymes of the 
trans-sulfuration pathway that inter-converts L-methionine 
and L-cysteine but can also use L-cysteine as an alternative 
substrate to form H2S. Both CBS and CSE are needed for the 
production of H2S in tissues. The expression of CBS and/or 
CSE is dependent on the tissue under study. For instance, 
several mammalian cells including those from the brain, liver, 
kidney, skin and blood have been reported to possess CBS as 
well as CSE activities.

No activity or expression of CBS was detectable when 
testing human atrium and ventricles, internal mammary arter
ies and saphenous veins indicating that this enzyme may not 
play a major role in generating H2S in these tissues under 
physiological conditions.

In contrast, CSE is the main H2S generation enzyme that 
has been identified, cloned and expressed in the rat vascular 
bed and heart. In 1995, Watanabe and co-workers (Proc.Natl. 
Acad. Sci. USA, 92: 1585-1589) produced a CBS knock-out 
mouse model that represented the disease, homocysteinemia. 
Using CBS knock-out mice, Eto and coworkers (2002; Bio- 
chem. Biophys. Res. Commun. 293: 1485-1488) also showed 
evidence that CBS produced the endogenous H2S in the brain.

1
In 1989, Goodwin and colleagues (J. Anal. Toxicol. 13: 

105-109) developed a highly sensitive method for the mea
surement of H2S concentrations in tissues. With the highly 
sensitive and accurate methodology, the concentration of H2S 
has been determined in some biological tissues and fluids. For 
instance, the physiological concentration of H2S in brain 
tissue has been shown to be in the range of 50 pM to 160 pM. 
In rat and human blood, concentrations of H2S have been 
reported to be 50 pM and 10-100 pM.

Because of its high lipid solubility, H2S easily diffuses 
across biological membranes. When oxidized, H2S yields 
sulfur oxide, elemental sulfur and sulfates and can be hydro
lyzed to form a hydrosulfide anion and sulfide ion. Approxi
mately 30% of H2S exists as the undissociated form while 
about 60% is in the dissociated form as the hydrosulfide anion 
at a pH of 7.4.

In the environment, H2S is the predominant sulfur con
taminant of natural gas and is a by-product of sewage treat
ment and paper pulp mills. H2S is a component of foodstuffs 
such as dairy products, cooked meats and human feces and is 
a product of bacterial and helminth metabolism. The toxic 
effect of acute or chronic exposure of vertebrates and inver
tebrates to H2S is well known.

In the eye, toxicity associated with exposure to lethal con
centrations of H2S is mostly at the mucus membrane level 
leading to keratoconjunctivitis. Until recently, most studies of 
the biological actions of this gas have focused on its toxicity. 
Because there is evidence for in situ formation of H2S by 
mammalian cells, attention has now been focused on the 
potential physiological role of this gas. Based on the rela
tively high concentrations of H2S in the brain, this gas has 
been hypothesized to play a physiological role in the brain 
and indeed, could be involved in some of the diseases of the 
central nervous system.

For example, the observation that physiological concentra
tions of H2S enhance the activity of NMDA receptors and 
alter the induction of long term potentiation in the hippocam
pus led Abe and Kimura (1996; J. Neurosci. 16: 1066-1071) 
to conclude that endogenous H2S serves as a neuromodulator 
in the brain. H2S has also been implicated in some diseases 
with an overproduction reported in patients with Downs Syn
drome. Eto and coworkers (2002; Biochem. Biophys. Res. 
Commun. 293: 1485-1488) showed that brain H2S is signifi
cantly reduced in patients with Alzheimer’s disease indicat
ing the role of this gas in the pathophysiology of this disease. 
Apart from the brain, H2S has been reported to produce 
pharmacological effects on the cardiovascular system and a 
direct relaxant action on vascular and non-vascular smooth 
muscles (reviewed by Moore et al., 2003; TIPS, 24: 609).

Unlike the central nervous and cardiovascular systems, no 
study has addressed the pharmacological effects of H2S on 
intraocular pressure, its potential action on the release and/or 
availability of neurotransmitters in the anterior uvea or on the 
direct action of this gas on ocular smooth muscle function. 
Observation of a significant regulatory action of H2S on 
intraocular pressure or its presence in physiological concen
trations in the anterior uvea opens up new opportunities in 
glaucoma and other eye treatment.

It is, therefore, an object of the present invention to provide 
a method of reducing interocular pressure in the eye by using 
H2S.

It is well known that exposure to high concentrations of 
H2S is lethal in both human and experimental animals. How
ever, by using much lower concentrations, H2S has been 
reported to produce a wide range of physiological effects in 
several species. For instance, H2S produced negative inotro
pic effects in rats in both in vivo and ill vitro experiments, an
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effect that was blocked by glibenclamide, an KATP channel 
antagonist. Pharmacological studies of the effect of HIS have 
utilized sodium sulfide (Na2S) and/or sodium hydrosulfide 
(NaHS) because of their ability to generate this gas in vivo. 
There is evidence that at a physiological pH of 7.4, about 30% 
of sulfide whether derived from gaseous H2S or one of its 
alkali salts will exist in the form of H2S, with the anion HS- 
consisting of the balance. For instance, NaHS dissociates to 
form Na+ and HS_ in solution, and then HS_ combines with 
H+ to form H2S. The use of NaHS as a source of H2S has been 
reported to accurately and reproducibly define the concentra
tion of this gas in solution than bubbling H2S gas. Conse
quently, both NaHS and Na2S were employed to generate 
H2S in vivo and in vitro.

One of the most extensively studied biological actions of 
H2S has been within the central nervous system. Chronic 
contact of neonatal rats with low concentrations of H2S has 
been reported to increase serotonin and norepinephrine con
centrations in the cerebellum and frontal cortex. Dello Russo 
and co-workers (2000; J. Endocrinol. 12: 225-233) found that 
although NaHS had no effect on basal secretion of corticotro- 
phin-releasing hormone (CRH) from rat hypothalamic 
explants, H2S consistently inhibited KCl-stimulated release 
of CRH. Physiological concentrations of H2S have also been 
shown to facilitate hippocampal long term potentiation (LTP) 
in rats by enhancing the N-methyl-D-aspartate (NMDA)- 
induced inward current. There is evidence that cyclic AMP 
may mediate the effect of H2S on NMDA receptors. In sum
mary, evidence from literature confirms an effect of H2S on 
neuronal function

A review of the literature revealed that most of the phar
macological studies of the postjunctional actions of H2S have 
been on smooth muscles. For example, H2S has been shown 
to cause relaxation of pre-contracted rat aortic and uterine 
smooth muscles, in vitro. In uterine smooth muscle, both 
L-cysteine and NaHS (used as potential H2S donors) inhib
ited spontaneous contractions whereas other related amino 
acids had no such effect. Zhao and coworkers (2001; EMBO 
J. 20: 6008-6016) found that a small portion of H2S induced 
relaxation in the aorta was dependent on the presence of the 
endothelium and nitric oxide (NO) and could be mediated by 
KATP channels. In gastrointestinal and urogenital smooth 
muscles, Teague and colleagues (2002; Br. J. Pharmacol. 137: 
139-145) showed that NaHS caused a concentration-related 
relaxation of isolated rabbit ileum and rat vas deferens. NaHS 
also inhibited the contractile response of the guinea pig and 
rat ilea preparations to electrical stimulation of intramural 
nerves. Furthermore, Teague et al. found that effects caused 
by NaHS were blocked by inhibitors of CSE and CBS con
firming that H2S formed from this compound was responsible 
for these responses.

In rats, an intravenous bolus injection of H2S caused a 
transient decrease in blood pressure, a response that was 
blocked by pretreatment of animals with KATP channel 
antagonists. In a study to establish whether an impaired H2S 
pathway was associated with hypertension, Zhong and 
coworkers (2003; J. Hypertension 21: 1879-1885) induced 
this disease by treating rats with the NO synthase inhibitor, 
L-NAME and then administered NaHS or vehicle to two 
groups of animals. Treatment with NaHS effectively pre
vented the development of hypertension suggesting that a 
dysfunction of vascular H2S pathway was involved in 
L-NAME induced hypertension. Geng and colleagues (2004; 
Biochem. Biophys. 313: 362-364) also reported that an intra
venous bolus injection of NaHS produced a decrease in cen
tral venous pressure in rats. In spontaneously hypertensive 
rats, Yan and coworkers (2004; Biochem. Biophys. Res.

3
Commun. 313: 22-27) found that exogenous administration 
of H2S attenuated the elevation of blood pressure and reduced 
the structural remodeling of the aorta associated with the 
development of hypertension. Clearly, the evidence available 
supports a role for H2S in the pathogenesis of hypertension in 
rats.

It is, therefore, an object of the present invention to estab
lish a new therapeutic strategy that applies hydrogen sulfide 
to the eye to cause a lowering of intraocular pressure.

SUMMARY
A method of treating an eye having an elevated level of 

intraocular pressure comprising applying topically to the eye 
an effective amount of a solution, wherein the solution com
prises dissolved hydrogen sulfide or a dissolved salt of sul
fide, hydrogen sulfide, or a mixture thereof, in a liquid carrier.

Topical administration of a generator of H2S in biological 
tissues, NaHS (1%) caused a time-dependent decrease in 
intraocular pressure in normotensive, conscious albino rab
bits indicating a similar role for H2S in the regulation of 
aqueous humor dynamics in animals and humans.

H2S donors, NaHS and Na2S inhibited field-stimulated 
[3H]NE release from porcine isolated iris-ciliary bodies and 
produced relaxation of pre-contracted iris muscle strips indi
cating a pharmacological role for H2S in the anterior uvea. 
The observation that donors of H2S can alter sympathetic 
neurotransmission and induce an inhibitory action on iris 
smooth muscle suggests that this gas has the potential to 
influence several physiological/pathological processes in the 
eye. Indeed, the ability of NaHS or Na2S to inhibit [3H]NE 
release mimics the well-established action some antiglau
coma drugs (e.g. a 2-adrenoceptor agonists, prostaglandins) 
on sympathetic neurotransmission in the anterior uvea and 
can be used to reduce IOP in animals and humans.

BRIEF DESCRIPTION OF THE FIGURES
FIG. 1 shows the effect of a generator of H2S in biological 

tissues, NaHS on intraocular pressure (IOP) in normotensive, 
conscious albino rabbits. A 1% dose of NaHS was applied 
topically to one eye and the saline vehicle to the other eye. 
Vertical bars represent means± standard error of the mean 
(SEM) of data obtained from six rabbits. ***P<0.001, sig
nificantly different from baseline IOP. This data shows that a 
H2S donor can cause a drop in IOP in an experimental animal 
model. It was concluded that pharmacological doses of H2S 
can alter aqueous humor dynamics leading to a fall in IOP.

FIGS. 2a and 2b show the effect of NaHS on field-stimu
lated [3H]NE release from the isolated, superfused porcine 
iris-ciliary body. Trains of field stimulation (5 Hz, 2 msec, 
pulse duration, 12 V, 60 s) were applied at fraction 4 (Sj) and 
fraction 12 (S2). Top Panel, FIG. 2a, control (no agents 
present). Bottom Panel, FIG. 2b, NaHS (1 pM) applied 8 
minutes before and during S2. Fractions of the superlusate 
containing [3H]NE were collected at 4 minute intervals and 
analyzed for radioactivity by liquid scintillation spectrom
etry. These data illustrate that a H2S donor can alter the 
release of norepinephrine from sympathetic nerves in the 
anterior uvea.

FIGS. 3a and 3b show the effect of NaHS (top panel, FIG. 
3a) and Na2S (bottom panel, FIG. 3b) on field-stimulated 
[3H]NE release from isolated, superfused porcine iris-ciliary 
bodies: control and in the presence of NaHS (0.1-10 pM) or 
Na2S (1-100 pM). Vertical bars represent means±S.E.M. 
Number of observations is in parenthesis. *P<0.05, 
**P<0.001, significantly different from untreated control.
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These data compare the effect different concentrations of two 
H2S donors on the release of norepinephrine from sympa
thetic nerves in the anterior uvea.

FIG. 4 shows the effect of a propargylglycine (PAG) on 
NaFIS induced inhibition of electrically evoked [3F1]NE 
release from isolated, superfused porcine iris-ciliary bodies: 
control and in the presence of NaFIS (1 pM), PAG (1 mM) and 
NaFIS plus PAG. Vertical bars represent means±S.E.M. 
**P<0.001, significantly different from untreated controls. 
These data show that an inhibitor of one of the biosynthetic 
enzymes of F12S, cystathionine y-lyase, PAG can reverse the 
inhibitory action on NaFIS on norepinephrine release from 
sympathetic nerves in the anterior uvea. It confirms that 
effects caused by NaFIS is partially due to biosynthesis of the 
gas.

FIG. 5 shows the effect of a aminooxyacetic acid (AOA) on 
NaFIS induced inhibition of electrically evoked [3F1]NE 
release from isolated, superfused porcine iris-ciliary bodies: 
control and in the presence of NaFIS (1 pM), AOA (1 mM) and 
NaFIS plus AOA. Vertical bars represent means±S.E.M. 
*P<0.01, significantly different from untreated controls. 
These data show that an inhibitor of one of the biosynthetic 
enzymes of F12S, cystathionine (3-synthase, AOA can reverse 
the inhibitory action on NaFIS on norepinephrine release 
from sympathetic nerves in the anterior uvea. The data con
firm that effects caused by NaFIS is partially due to biosyn
thesis of the gas.

FIG. 6 illustrates the concentration-dependent relaxation 
of carbachol-induced tone in the isolated porcine iris by 
NaFIS andNa2S. Filled circle=NaFlS; Filled diamond=Na2S. 
Vertical bars represent means±S.E.M. Number of observa
tions is 6-8. These data show that F12S donors can cause 
relaxation of porcine iris smooth muscle. NaFIS is more 
potent than Na2S in eliciting relaxation of tone.

FIG. 7 illustrates the concentration-dependent relaxation 
of carbachol-induced tone in the isolated porcine iris by 
NaFIS. Filled square=NaF!S only; Filled circle=NaHS in the 
presence of propargylglycine (PAG, 1 mM). Vertical bars 
represent means±S.E.M. Number of observations is 6-8. 
*P<0.05, significantly different from NaFIS alone. These data 
show that an inhibitor of one of the biosynthetic enzymes of 
F12S, cystathionine y-lyase, PAG can block the relaxation of 
porcine iris smooth muscle caused by NaFIS. The data con
firm that effects caused by NaFIS is partially due to biosyn
thesis of the gas.

FIG. 8 illustrates the concentration-dependent relaxation 
of carbachol-induced tone in the isolated porcine iris by 
NaFIS. Filled square=NaF!S only; Filled circle=NaHS in the 
presence of (3-cyano-L-alanine (BCA, 1 mM). Vertical bars 
represent means±S.E.M. Number of observations is 4-6. 
***P<0.001, significantly different from NaFIS alone. These 
data show that an inhibitor of one of the biosynthetic enzymes 
of F12S, cystathionine y-lyase, BCA can block the relaxation 
of porcine iris smooth muscle caused by NaFIS. The data 
confirm that effects caused by NaFIS is partially due to bio
synthesis of the gas.

FIG. 9 illustrates the concentration-dependent relaxation 
of carbachol-induced tone in the isolated porcine iris by 
NaFIS. Filled square=NaF!S only; Filled circle=NaHS in the 
presence of aminooxyacetic acid (AOA, 30 pM). Vertical bars 
represent means±S.E.M. Number of observations is 6-8. 
***P<0.001, significantly different from NaFIS alone. These 
data show that an inhibitor of one of the biosynthetic enzymes 
of F12S, cystathionine (3-synthase, AOA can block the relax
ation of porcine iris smooth muscle caused by NaFIS. The data 
confirm that effects caused by NaFIS is partially due to bio
synthesis of the gas.

5
FIG. 10 illustrates the concentration-dependent relaxation 

of carbachol-induced tone in the isolated porcine iris by 
NaFIS. Filled square=NaF!S only; Filled circle NaFIS in the 
presence of S-adenosyl-L-methionine (SAM, 100 pM). Ver
tical bars represent means±S.E.M. Number of observations is 
6-8. ***P<0.001, significantly different from NaFIS alone. 
These data show that an activator of one of the biosynthetic 
enzymes of F12S, cystathionine (3-synthase, SAM can 
enhance the relaxation of porcine iris smooth muscle caused 
by low concentrations of NaFIS. The data confirm that effects 
caused by NaFIS is partially due to biosynthesis of the gas.

FIG. 11 illustrates the concentration-dependent relaxation 
of carbachol-induced tone in the isolated porcine iris by 
NaFIS. Filled square=NaF!S only; Filled circle=NaHS in the 
presence of glibenclamide (GLIBEN 300 pM). Vertical bars 
represent means±S.E.M. Number of observations is 6-8. 
*P<0.05, **P<0.001, significantly different from NaFIS 
alone. These data confirm that relaxation of porcine iris 
smooth muscle caused by NaFIS involves the activation of 
KATP channels. These channels have been implicated the 
pharmacological action of F12S gas on biological tissues.

FIG. 12 shows the effect of NaFIS on norepinephrine level 
from isolated porcine iris-ciliary body. Vertical bars represent 
means±S.E.M. Numbers of observations is in parenthesis. 
*P<0.05, **P<0.001 significantly different from untreated 
control. These data confirm that a donor of F12S can reduce the 
norepinephrine pool in sympathetic nerves from porcine 
anterior uvea. The data support results obtained from neu
rotransmitter release studies which show a decrease in nore
pinephrine output.

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS

The hydrogen sulfide, H2S, used for this invention can be 
generated in several ways. One way is to bubble hydrogen 
sulfide gas into a liquid medium or carrier (such as water, 
saline, or a physiologically acceptable buffer solution) until 
saturation. Another way, and the preferred way, is to generate 
the hydrogen sulfide in situ using a sulfide salt, preferably a 
water soluble sulfide salt, such as a Group IA salt, including 
NaHS, Na2S, or its respective K salt, dissolved in a carrier. 
These salts will dissolve in water readily, and under physi
ological conditions, H2S is generated in situ.

Before a carrier solution saturated with gaseous H2S can be 
used for this invention, a roughly 10 fold dilution is needed. 
After this dilution, the effective amount used per eye would be 
roughly about one drop, which is roughly about 100 microli
ter. As for the H2S generated in situ from a salt, the concen
tration of the final salt solution should range from about
0.01% (weight/volume) to about 4% (weight/volume). The 
preferred final concentration of the salt solution is about 1% 
(weight/volume). The effective amount of this 1% (weight/ 
volume) salt solution is about 1 drop per eye.

The application of H2S can be given to an eye once a day, 
or up to two to three times a day. The treatments can be 
repeated the following days if needed. The treatment regi
ment can consist of: measuring the intraocular pressure after 
application of the solution; comparing the measured intraocu
lar pressure with the desired level of intraocular pressure; and 
repeating the applying, measuring and comparing steps until 
the measured intraocular pressure is at or below the desired 
intraocular pressure.

The effect of a generator of H2S in biological tissues 
(NaHS) on intraocular pressure in normotensive, conscious 
albino rabbits was examined. In the eyes of a rabbit, the 
desired intraocular pressure is around 20 mm Hg. While in
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human, the desired intraocular pressure in the eye is in the 
range of from about 12 mm Hg to 15 mm Hg. Ranges of about 
18 to 24 mm Hg in a human eye are generally considered 
elevated. Two baseline intraocular pressure measurements 
were made in nine rabbits using a pneumatonometer 
(Medtronic, Model 30 Classic, Jacksonville, Fla.) at -1, and 0 
hour after topical application of proparacaine 0.5%. NaHS 
(1%, dissolved in sterile saline solution) was applied topically 
to one eye of each animal while the saline vehicle was admin
istered to the other (control) eyes. Intraocular pressures were 
measured in both eyes at +0.5, +1, +3, and +6 hours after 
instillation of the drug and vehicle. No hyperemia and/or 
papillary changes were observed in both experimental and 
control eyes of rabbits at all tines tested. A dose of NaHS (1 %) 
caused a time-dependent significant (p<0.001) reduction in 
intraocular pressure in the treated eyes that reached a maxi
mum at 3 hours and remained depressed after 6 hours (FIG. 
1). A parallel (but smaller) decrease in intraocular pressure 
was observed in eyes treated with only the saline vehicle (no 
drug) suggesting that this compound can produce contralat
eral effects.

The possibilities that H2S may alter intraocular pressure by 
reducing the release of norepinephrine from sympathetic 
nerves supplying the anterior uvea was tested. Currently used 
anti-glaucoma drugs of the a 2-adrenoceptor agonist (e.g. 
ALPHAGAN) class also decrease the release of norepineph
rine from sympathetic nerves in the anterior uvea. The effect 
of the H2S generators, NaHS and Na2S on field-stimulated 
[3H]-norepinephrine ([3H]NE) release from isolated, super- 
fused porcine iris-ciliary bodies was also studied. The meth
odology utilized for measuring [3H]NE release was essen
tially the same employed by Ohia and coworkers (1997; 
Invest. Ophthalmol. Vis. Sci. 38: 842-847).

Isolated porcine ICBs were incubated for 60 min. at 37° C. 
in carbogen-gassed Krebs buffer containing 2.5 pCi/ml [3H] 
NE. Release of [3H]NE was elicited by 300 d.c. electrical 
pulses (5 Hz, 2 msec p.d., 60 s, supramaximal voltage). Frac
tions of the superfusate were collected at 4-minute intervals 
and analyzed for radioactivity by liquid scintillation spec
trometry. All tissues received two stimulations (Sx and S2) 30 
min. apart and NaHS or Na2S was added 8 min. before and 
during the S2 stimulation period. As illustrated in the example 
in FIG. 2, application of NaHS (1 pM) 8 minutes before the 
second train of field stimulation (S2) elicited a marked inhi
bition of stimulation-evoked [3H]NE release from isolated 
porcine iris-ciliary bodies. Application of NaHS (0.1-100 
pM) caused a concentration-dependent inhibition of electri
cally-evoked [3H]NE overflow (FIG. 3, top panel).

The pharmacological actions of H2S using Na2S as a donor 
was investigated. Na2S (1-100 pM) caused a concentration- 
dependent inhibition of electrically-evoked [3H]NE release 
without affecting basal tritium efflux (FIG. 3, bottom panel). 
Data obtained from these studies show that both NaHS and 
Na2S can inhibit the release of electrically-evoked [3H]NE 
from porcine iris-ciliary bodies suggesting that in pharmaco
logical concentrations, H2S can have a negative regulatory 
action on sympathetic neurotransmission in this tissue.

Both propargylglycine (PAG, 1 mM; inhibitor of cys
tathionine y-lyase) and aminooxyacetic acid (AOA, 1 mM; 
inhibitor of cystathionine (3-synthase) blocked the inhibitory 
response elicited by NaHS on evoked [3H]NE release (FIGS. 
4 and 5). Taken together, these results suggest that the phar
macological action of NaHS on sympathetic neurotransmis
sion in porcine iris-ciliary bodies is dependent, at least in part, 
on the endogenous biosynthesis of H2S. From the results of 
these tests, it is concluded that both NaHS and Na2S can 
inhibit the release of electrically-evoked [3H]NE from por
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cine iris-ciliary bodies, an effect that is dependent on the 
production of H2S in this tissue.

In another series of experiments, the hypothesis that H2S 
can produce a direct relaxant action on iris smooth muscle in 
vitro was tested. The effect of NaHS on relaxation of tone 
induced by the muscarinic receptor agonist, carbachol in the 
isolated porcine irides was examined. The methodology 
employed for measuring contractile/relaxant activity of the 
isolated porcine iris was essentially the same employed by 
Ohia and colleagues (2000; J. Ocul. Pharmacol. Ther. 16: 
429-438).

NaHS (30 nM-100 pM) produced a concentration-related 
relaxation of tone induced by a submaximal concentration of 
carbachol in the isolated porcine iris (FIG. 4). Isolated por
cine iris muscle strips were set up in organ baths containing 
oxygenated Krebs buffer solution at 37° C. Longitudinal iso
metric tension was recorded via a grass FT03 Force-displace
ment Transducer and analyzed using the Polyview computer 
software. An initial load of 150 mg was placed on each tissue 
after which they were allowed to equilibrate for one hour. The 
relaxant action of NaHS or Na2S on carbachol-induced tone 
was studied in the absence and presence of inhibitors of 
cystathionine y-lyase (propargylglycine, PAG, (3-cyanolala- 
nine, BCA), an inhibitor of cystathionine (3-synthase (AOA), 
an activator of cystathionine (3-synthase (S-adenosyl-L-me- 
thionine, SAM) and KATP channel antagonist (glibencla- 
mide).

In the concentration range, 30 nM to 300 pM, both NaHS 
and Na2S caused relaxations of tone induced by a submaxi
mal concentration of carbachol yielding IC50 values of 7 pM 
and 70 pM, respectively (FIG. 6). Both PAG (1 mM) and BCA 
(1 mM) shifted concentration-response curves to NaHS to the 
right (FIGS. 7 and 8). Likewise, AOA (30 pM) caused sig
nificant (P<0.001) rightward shifts of concentration-response 
curves to NaHS (FIG. 9). In contrast, the activator of cys
tathionine (3-synthase, SAM (100 pM) caused a significant 
leftward shift of NaHS concentration-response curve at H2S 
donor concentrations less than 3 pM (FIG. 10). The relax
ations induced by the higher concentration of NaHS were 
attenuated by SAM (FIG. 10). The KATP channel blocker, 
glibenclamide (300 pM) produced a significant rightward 
shift of concentration-response curves to NaHS (FIG. 11).

In conclusion, both NaHS and Na2S can elicit inhibitory 
response in isolated porcine irides, an effect that is dependent 
on the biosynthesis of H2S in this muscle. Furthermore, the 
inhibitory action of NaHS in porcine irides is mediated, at 
least in part, by KATP channels. Taken together, these results 
demonstrate that endogenous generation of H2S by NaHS or 
Na2S relaxes porcine iris smooth muscle, a response that 
confirms and extends earlier reports in vascular (Zhao et al., 
2001; EMBO J. 20: 6008-6016) and gastrointestinal (Teague 
etal., 2002; Br. J. Pharmacol. 137: 139-145) smooth muscles.

To determine the mechanism of action of H2S donors on 
sympathetic neurotransmitter pools in the anterior uvea, the 
direct effect of NaHS was studied on catecholamine (norepi
nephrine, epinephrine and dopamine) concentrations in por
cine iris-ciliary bodies using High Precision Liquid Chroma
tography techniques. NaHS (30-300 pM) caused a 
concentration-dependent decrease in norepinephrine concen
trations in the isolated porcine iris-ciliary body (FIG. 12). 
Data from this study supports the previous observation that 
H2S donors can reduce the release of [3H]NE from isolated 
porcine irides. It appears that by reducing the availability of 
the neurotransmitter (norepinephrine), H2S can attenuate 
sympathetic neurotransmission in porcine anterior uvea.

The ability of H2S donors, NaHS or Na2S to alter the 
release of norepinephrine from sympathetic nerves (in a man
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ner similar to a 2-adrenoceptor agonists) could account, at 
least in part, for the observed IOP lowering action of these 
compounds in experimental animals. Furthermore, the fact 
that inhibitors (or activators) of the biosynthetic enzymes for 
F12S are involved in the actions of NaFIS on both anterior 
uveal sympathetic nerves and smooth muscle indicates that 
this gas plays a role in the observed IOP response.

Glaucoma therapy is largely dependent upon the effect of 
drugs on primary messengers in the sympathetic and para
sympathetic nervous system of the anterior uvea. It is thus 
reasonable that modification of a neurotransmitter output 
from sympathetic nerves induced by F12S may account, at 
least, in part for an effect of this gas on aqueous humor 
dynamics. Furthermore, data obtained from experiments 
using F12S donors confirm that this gas can have a direct 
relaxant action on ocular smooth muscles that play a role in 
the regulation of IOP.

It appears that the presence of F12S in physiologically rel
evant concentrations in tissue of the anterior uvea can also be 
involved in the IOP lowering action of some antiglaucoma 
drugs. Based on the ocular hypotensive action of F12S, it 
appears that a new class of anti-glaucoma drugs is identified. 
Because of reported side effects of the different classes of 
currently used drugs for the treatment of glaucoma, there is a 
need to identify additional groups of compounds with specific 
and potent action on this disease.

This discovery can be applied to the use of F12S in the 
treatment of glaucoma and other diseases of the eye in ani
mals and humans.
Formulation of F12S for Lowering of Intracular Pressure

F12S can be applied to the eye in a topical formulation of gas 
dissolved in a liquid carrier or as agents that can release the 
gas in physiological medium (e.g., NaFIS). Liquid formula
tions containing different concentrations of the gas can be 
applied at different dosages until the desired drop in IOP is 
achieved.

The invention claimed is:
1. A method of treating an eye having an elevated level of 

intraocular pressure comprising:
applying topically to the eye an effective amount of a 

solution, wherein the solution comprises dissolved gas
eous hydrogen sulfide or a dissolved salt, wherein the
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salt is Na2S, NaFIS, K2S, KHS, or a mixture thereof, in 
a liquid carrier, and wherein the effective amount of the 
solution has a concentration that ranges from 0.01% to 
1% of the dissolved salt, by weight/volume, in the liquid 
carrier.

2. The method of claim 1, wherein the liquid carrier com
prises water, saline, or a physiologically acceptable buffer.

3. The method of claim 1, wherein the effective amount of 
the solution has a concentration of 1 % of the dissolved salt, by 
weight/volume, in the liquid carrier.

4. A method of treating an eye having an elevated level of 
intraocular pressure comprising:

applying topically to the eye an effective amount of a 
solution, wherein the solution has a concentration that 
ranges from 0.01% to 1% of a dissolved salt, by weight/ 
volume, wherein the salt is Na2S, NaHS, or a mixture 
thereof, in a liquid carrier.

5. A method of treating an eye having a level of intraocular 
pressure that is above a desired level, comprising:

applying topically to the eye an effective amount of a 
solution, wherein the solution comprises a dissolved 
gaseous hydrogen sulfide ora dissolved salt, wherein the 
salt is Na2S, NaHS, K2S, KHS or a mixture thereof, in a 
liquid carrier, and wherein the solution has a concentra
tion that ranges from 0.01% to 1% of the dissolved salt, 
by weight/volume, in the liquid carrier;

measuring the intraocular pressure after application of the 
solution;

comparing the measured intraocular pressure with the 
desired level of intraocular pressure; and

repeating the applying, measuring and comparing steps 
until the measured intraocular pressure is at or below the 
desired intraocular pressure.

6. The method of claim 5, wherein the salt is Na2S, NaHS, 
or a mixture thereof.

7. The method of claim 5, wherein the liquid carrier com
prises water, saline, or a physiologically acceptable buffer.

8. The method of claim 5, wherein the effective amount of 
the solution has a concentration of 1 % of the dissolved salt, by 
weight/volume, in the liquid carrier.
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