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Abstract

Hydrogen sulfide (H2S) is the youngest member of the gasotransmitters family consisting
of nitric oxide (NO) and carbon monoxide (CO). This signalling molecule is implicated in the
regulation of a wide range of processes, such as inflammation, pain, and tissue repair, and has an
important role in signalling processes affecting cardiovascular health, either as an independent
effector or as an enhancer of the NO system.

With the discovery of the H,S role in the pathogenesis of many diseases, the development
of new pharmaceuticals that could be useful in conditions with disturbed levels of endogenous
H>S began. Today, the development of H,S-releasing drugs has reached the level of clinical
studies. Drugs such as SG1002, aimed at the treatment of heart failure, and ATB-346, aimed at
the treatment of arthritis, have been tested in Phase I/11 clinical studies and have shown significant
therapeutic potential. Additionally, it has been shown that some already known drugs, such as
zofenopril, produce part of their beneficial effects by releasing H.S.

Evidence from clinical studies presented in this paper encourages further clinical testing of
H,S-based therapeutics and the possibility of their application in a wide range of diseases, such
as hypertension, diabetes and chronic kidney disease.
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Introduction

Gaseous mediators or gasotransmitters are endogenously generated gaseous
molecules with a proven role in signal transduction, involved in the regulation of both
intracellular processes and intercellular interactions. Hydrogen sulfide (H2S) is the
youngest member of this gasotransmitters family consisting of nitric oxide (NO) and
carbon monoxide (CO) (1). All three mediators were initially considered to be only toxic
and poisonous gases, until it was discovered that mammals, in addition to many other
organisms, possess specific enzymes for their synthesis, and that they have specific
physiological functions. These gaseous transmitters regulate, often through similar
molecular processes, vasodilation, energy metabolism, apoptosis, neural and many other
functions, and disturbances in the metabolism and/or levels of these gaseous mediators
are associated with several pathophysiological conditions, from cardiovascular and
neurodegenerative, to diabetes and cancer (2).

HYDROGEN SULFIDE

The toxic nature of H2S has been known for more than three centuries. In 1700, an
Italian physician Bernardino Ramazzini, in his book De Morbis Artificum Diatriba
(Disease of Workers), described the painful eye irritation and inflammation in sewer
workers induced by a “sewer gas”, later identified as H2S. The first evidence that H2S can
be synthesized in mammalian tissue came from the work of biochemist Vincent Du
Vigneud, who described in 1942 that liver homogenate synthesized H2S from sulfur-
containing amino acids (3).

During 1989 and 1990, in primarily toxicological studies, the concentrations of H2S
in the brain tissue of animals and humans have been measured after exposure to
exogenous H2S. However, the findings that brain tissue contained a certain amount of this
gas, even without exposure to an exogenous source, were more significant. It was then
assumed, for the first time, that H.S may play a role in physiological, as well as
pathophysiological processes in the brain (3). Inspired by these discoveries, scientists Abe
and Kimura proved for the first time that H2S could be synthesized in mammalian tissue
(in the brain) and that it serves as a biological signalling molecule (4). The work they
published in 1996 represents the most cited original work in the field of H2S biology and
it is often considered to be a starting point for all subsequent research of endogenous H2S
significance (3).

Hydrogen sulfide is a colourless, flammable gas. While in small concentrations it
has a characteristic smell of rotten eggs, in large concentrations it causes paralysis of the
olfactory nerve (5). It is a weak acid and in an aqueous solution exists in equilibrium with
hydrogen sulfide (HS") and sulfide (5% anions. The chemical nature of the molecules
responsible for the biological activity of H2S still remains partly unclear: it has been
shown that H2S itself, HS  anion, polysulfides, but also S/N hybrid species, affect different
signalling pathways causing biological responses (6). It is believed that the primary
mechanism by which H2S affects the activity of signalling proteins is persulfidation or
sulfhydration, post-translational modification of cysteine residues (RSH) and persulfide
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formation (RSSH), analogous to S-nitrosylation under the influence of NO (7).
Depending on the target protein, the effect of H2S could be manifested within seconds
(e.g. persulfidation of Kate channels leading to hyperpolarization and relaxation of
smooth muscle cells), but could also require several hours or days (e.g. persulfidation of
Keap-1 protein leading to increased antioxidant genes expression) (6).

Synthesis of H.S

In mammalian cells, endogenous H2S is generated in enzyme-catalysed reactions,
as well as in non-enzymatic pathways. Enzymatic synthesis includes action of 4 enzymes
in 3 enzymatic pathways: cystathionine y-lyase (CSE, E.C. 4.4.1.1), cystathionine -
synthase (CBS, E.C. 4.2.1.22) and the combined action of 3-mercaptopyruvate
sulfurtransferase (3-MST, E.C. 2.8.1.2) and L-cysteine:2-oxoglutarate aminotransferase
(CAT, E.C. 4.4.1.13) (8). Additionally, HzS could be produced by the reduction of
thiosulfates and sulfites, as well as from inorganic polysulfides and protein persulfides.
So far, the exact contribution of enzymatic and non-enzymatic sources has not been
determined in biological systems (9).

Examination of the distribution of enzymes involved in the H2S synthesis showed
that CSE is the main source of H2S in peripheral tissues, with minimal contribution to the
synthesis in the central nervous system, where CBS is dominantly present. CSE has been
detected in the cardiovascular and respiratory systems, liver, kidney, and other peripheral
organs (9). In addition to the nervous system, the CBS enzyme is also found in the liver,
kidneys, pancreas, and recently it was also proven in blood vessels (2, 10). The 3-MST
expression has been demonstrated in all mammalian tissues, but its levels can vary
significantly (9).

PHYSIOLOGICAL AND PATHOPHYSIOLOGICAL ROLES OF H2S

Hydrogen sulfide was first identified as an endogenous neuromodulator and
modulator of vascular tone and blood pressure (4, 11), while further studies revealed
much broader H2S functions, such as a role in angiogenesis, glucose metabolism, energy
production, nociception, cardioprotection, inflammation, penile erectile function,
anticancer effect, and many others (9, 12). Studies from our group and a few others have
demonstrated a direct vasorelaxant effect of H2S on isolated human blood vessels. The
discovered mechanisms of action, including interaction with the NO signalling pathway,
the activation of ion channels (for K* and Ca?") and the stimulation of cyclooxygenase,
indicated a significant role of H2S in regulating endothelium-dependent signalling events
(13-17).

The importance of endothelium was first recognized by its effect on vascular tone,
which is regulated through the production of vasoactive substances. Among them, NO
has a pivotal role due to the fact that impaired NO bioavailability is the main mechanism
leading to endothelial dysfunction, a key predictor of cardiovascular diseases. As a result
of endothelial dysfunction, a disorder of key cellular processes and functions, such as
vasodilation, platelet aggregation, apoptosis, smooth muscle cell proliferation occurs, as
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well as the development of hypertension, atherosclerosis and atherosclerotic vascular
diseases (18, 19). However, current literature clearly demonstrated that H2S has an
important role in signalling processes affecting cardiovascular health, either as an
independent effector or as an enhancer of the NO system. Cardiovascular effects of H2S
often require preservation of the NO signalling pathway, so the effects may be partially
(in the case of vasodilation) or largely (in the case of angiogenesis) diminished in the
absence of NO (20).

There are multiple levels of the NO pathway where H2S has been shown to exert its
effects (reviewed in Szabo, 2017 (21)).

o At the level of biochemical interactions, H2S and NO (and their metabolites) can
react to give biologically active S/N hybrid molecules. Moreover, it has been
shown that H2S can stimulate the release of NO from cellular “depots™, such as
nitrites, peroxynitrites and nitrosothiols (21).

e Endothelial NO synthase (eNOS). Hz2S could stimulate eNOS by acting on the
mechanisms that regulate the activity of this enzyme: by increasing the level of
intracellular Ca?* (22), by stimulating Akt-dependent phosphorylation of eNOS
(20), or by direct sulfhydration of cysteine residues (Cys443), which stimulates
NO synthesis (23).

e Guanylate cyclase (GC). It was shown that H2S could, by reducing iron in the
heme of NO-dependent GC, maintain the enzyme in an active form that reacts
with NO. The significance of this effect is probably the greatest in states of
oxidative stress (20, 21).

e Cyclic guanosine monophosphate (cGMP). Hz2S can generate 8-SH-cGMP,
which, compared to “regular” cGMP, is more resistant to the action of cGMP-
specific phosphodiesterase (PDE) 5, while retaining the ability to activate
cGMP-dependent protein kinases (PKG) (24).

e PDE. By inhibiting PDE5 (H2S can also act on other isoforms, but has the most
potent effect on PDES5), H2S increases the level of intracellular cGMP and thus
enhances the vascular effects of NO (20).

e PKG. Polysulfides, generated from H2S in the cell, could directly activate
PKGla by catalysing the formation of an intramolecular disulfide bond (21).

All of these indicate that interactions between HzS and NO signalling pathways are
substantially involved in cardiovascular protection.

Parallel with investigations of the physiologic roles of H2S, its role in the
pathogenesis of multiple diseases has been demonstrated. Low levels of blood or tissue
H2S have been correlated with disease states triggered by oxidative cell damage, chronic
inflammation, immune dysfunction, endoplasmic reticulum stress, dysregulation of
mitochondrial  bioenergetics, hyperproliferation. These so-called *“H2S-poor”
pathological conditions include: ischemia, cardiac hypertrophy, heart failure,
hypertension, atherosclerosis, endothelial dysfunction, diabetic complications, liver
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disease, preeclampsia, aging, Alzheimer’s disease, Huntington’s disease. H2S
supplementation could be beneficial in their correction/amelioration. Additionally, there
is evidence that H2S-based intervention could also be useful in conditions not strictly
related to low H2S levels, and support the therapeutic potential of H2S drugs in cancer,
autoimmune pathologies, Duchenne muscular dystrophy/cardiomyopathy, allergic
diseases, osteoarthritis, kidney diseases, male subfertility, erectile dysfunction,
periodontitis and so on (Figure 1) (25).

Heart failure Osteoarthritis

Hypertension \ / Kidney disease
Diabetes k—bz {// Periferial arterial disease

Acute Ml // ~—— Alzheimer’s disease

Atherosclerosis / \\ Male subfertiity

Cancer  Erectile dysfunction

Figure 1. Therapeutic targets for hydrogen sulfide
Slikal.  Terapijski ciljevi vodonik-sulfida

H-S and cardiovascular diseases

Cardiovascular diseases are the leading cause of mortality worldwide, causing over
17 million deaths annually. Today, there is a significant number of studies showing that
reduced production of H2S contributes to vascular and cardiac dysfunction in various
animal models of cardiovascular pathophysiology. Still, the role of H2S in clinical
cardiovascular diseases is less studied, and some available data follows.

A decrease in Hz2S levels has been shown, for example, in the plasma of patients
with hypertension (26), diabetes (27) and ischemic heart disease (28), compared to
healthy individuals. Furthermore, among patients with ischemic heart disease, lower
plasma H2S levels were reported in patients with occlusion, compared to those with only
arterial stenosis (28). A similar finding was also shown in hemodialysis patients, among
whom those with advanced atherosclerosis had lower H2S levels compared to patients
with less pronounced vascular disease (29).

Additionally, heart failure patients have marked reductions in circulating HzS levels
compared to age-matched controls (30).

In a study that evaluated the role of H2S in the etiology of atrial fibrillation, it has
been shown that patients with atrial fibrillation had significantly reduced plasma sulfide
levels compared to patients without atrial fibrillation. In addition, patients with persistent
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atrial fibrillation showed lower plasma free sulfide levels compared to patients with
paroxysmal atrial fibrillation. These findings demonstrate the important role of H2S
bioavailability in regulating electrical remodelling and susceptibility to atrial
fibrillation (31).

On the other hand, in children with vasovagal (neurocardiogenic) syncope, a
significantly higher level of H2S in plasma was shown compared to the control group (32).

In addition, polymorphism of genes encoding enzymes involved in the H2S
synthesis is associated with various pathophysiological conditions in humans. The
polymorphism could potentially affect the enzymatic activity of these proteins and,
therefore, the level of H2S in the tissue. For example, there are estimated 150 mutations
of CBS loci, about 20 of which lead to altered enzyme activity. The result is most often
homocysteinuria, but certain variants are associated with early ischemic heart disease,
essential hypertension and increased risk of stroke. In addition, polymorphism of the CSE
gene has been described in patients with increased levels of homocysteine in the plasma,
cystathionuria, but it is also associated with preeclampsia and the development of chronic
hypertension (10).

H2S DONORS

The focus of current research is the potential therapeutic application of Hz2S donors
in order to correct conditions with its deficiency, as well as the mechanisms of their
pharmacological effects (9). Evidence on the H2S role in physiological and
pathophysiological conditions indicates that pharmacological interventions aimed at
increasing H2S levels using different donors may be a significant therapeutic option in
the prevention and treatment of such conditions. However, the development of an
effective therapeutic agent requires comprehensive research and understanding of both
the effects of H2S and the mechanisms underlying them, which helps in identifying the
tissues that could be affected and the pathological conditions that respond best to H2S
therapy. Today, the development of Hz2S-releasing drugs has reached the level of clinical
studies.

Over the last decades, a number of approaches have been used for H2S
investigation, including inhalation of H2S as a gas, the use of so-called “fast” donors (H2S
salts) or “slow” donors (the prototype of which is GYY4137 (morpholin-4-ium 4
methoxyphenyl phosphinodithioate)). Recent works also include donors with regulated
HaS release, for example, by oxidation, pH change, and esterase. Additionally, one of the
approaches involves the addition of H2S-donating groups to already existing drugs (for
example, non-steroidal anti-inflammatory drugs (NSAID)). Some researchers have also
used natural H2S donors, such as garlic containing allicin (diallyl thiosulfonate) that
rapidly degrades into diallyl polysulfides acting as H2S donors in the presence of
endogenous thiols (33).

Sulfide salts (sodium hydrosulfide, sodium sulphide, calcium silfide) were the first
H2S donors used in biomedicine. They provided a good base to clarify the roles of H2S in
physiological and pathophysiological processes, but there are significant drawbacks to
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these donors as potential therapeutics. Their administration results in rapid and
uncontrollable rise and decline of Hz2S concentration in circulation or tissue, which is
unsuitable for use in chronic conditions, and may result in adverse or toxic effects. On
the other hand, the limitations of natural Hz2S donors for clinical application include a
predisposition to generate numerous by-products unrelated to sulfide release that could
lead to unknown biological effects. For instance, diallyl-trisulfide releases H2S and then
transforms into an allyl-perthiol anion, which can bind to cysteine residues and modify
protein function. Consequently, there is a need for novel, synthetic H2S donors with
favourable pharmacokinetics and safety (34).

In this article, we described selected HzS-releasing drugs for which clinical data are
available. Drugs such as SG1002, aimed at the treatment of heart failure, and ATB-346,
aimed at the treatment of arthritis, have been tested in clinical studies and have shown
significant therapeutic potential. Additionally, it has been shown that some already
known drugs, such as zofenopril, produce part of their beneficial effects by releasing H2S,
although they were not essentially designed with the aim of delivering H2S.

SG1002

Heart failure is a clinical syndrome that occurs due to structural and/or functional
disorders of the heart, and is manifested by the heart's inability to pump blood at a rate
commensurate with the requirements (at rest and during exertion). The causes of heart
failure are numerous, but the most common are ischemic heart disease (myocardial
infarction) and untreated or inadequately treated hypertension. Despite the advances in
therapy, heart failure is still a diagnosis with a poor prognosis and high mortality.

SG1002 (sodium polysulthionate) is a synthetic H2S donor which is about 99% a-
sulfur, with additional traces of ionic substances (sodium sulfate, sodium thiosulfate, and
sodium polythionates) that influence its physicochemical properties. The
physicochemical and therapeutic profiles of this H2S systemic prodrug display safety, oral
activity, and a unique ability to efficiently generate H2S in a slow and sustained manner,
dose- and enzyme-independently and with no by-products (25).

Preclinical studies conducted in different animal models of heart failure/cardiac
dysfunction demonstrated decreased H2S levels in the setting of heart failure, as well as
sulfide levels restoration and cardioprotection by H2S therapy with SG1002. In these
studies, H2S therapy attenuated cardiac dysfunction via suppression of cardiac
endoplasmic reticulum stress (35), upregulation of eNOS and increased NO
bioavailability (36) or adenosine monophosphate-activated protein kinase (AMPK)
activation (37).

Furthermore, the safety and tolerability of SG1002 were investigated in the Phase I
clinical trial (NCT01989208) which included seven healthy and eight heart failure
subjects who received placebo or increasing doses of SG1002 (200 mg, 400 mg, 800 mg,
twice a day) for 7 days. The study results showed that SG1002 was safe and well tolerated
at all doses in both healthy subjects and heart failure patients. Gastrointestinal adverse
effects were observed and categorized as “mild”, even though not all of them were proven
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to be SG1002-induced. Moreover, study data demonstrated an increase in blood H2S
levels and circulating NO bioavailability, as well as attenuation of B-type natriuretic
peptide increase in heart failure patients by SG1002 (38). Based on the promising results
from the Phase I trial, 800 mg twice-daily dose of SG1002 was chosen for further testing.
The randomised, double-blind, placebo-controlled Phase 11 clinical trial (NCT02278276)
was designed to investigate the safety and benefits of SG1002 in heart failure patients,
including improvement in levels of circulating H2S and nitrate and with additional focus
on improving clinical endpoints. The current status of this study is unknown (39).

Besides testing for heart failure, SG1002 was tested for men’s subfertility treatment.
Nowadays, infertility is a global problem, and it is estimated that approximately 50% of
cases are associated with male infertility. In a randomized controlled Phase Il trial,
SG1002 was tested on men presenting with idiopathic oligoasthenozoospermia
(alterations in sperm concentration, motility and/or morphology) that represents a major
cause of male infertility. The study was performed on 54 subjects divided into three
cohorts and administered resveratrol, SG1002 or placebo. The results demonstrated the
beneficial effect of SG1002 on idiopathic oligoasthenozoospermia (higher sperm
concentration and motility; lower percentage of morphologically abnormal spermatozoa).
Furthermore, this study provided additional data on SG1002 safety usage during a period
of 75 consecutive days at a dosage of 750 mg/day (40).

Zofenopril

Zofenopril is a sulfhydrylic angiotensin-converting enzyme (ACE) inhibitor,
clinically available for the treatment of hypertension and acute myocardial infarction. The
positive impact of the cardioprotective effect of zofenopril on clinical outcomes has been
extensively documented by the SMILE project, including several clinical trials in patients
with different conditions of myocardial ischemia treated with zofenopril (41-45).

This prodrug is unique in producing a long-lasting inhibition of heart tissue ACE,
probably determined by the high efficiency with which it is taken by the heart tissue and
promptly hydrolyzed by cardiac esterases to the sulfhydryl-containing active metabolite
zofenoprilat (46). In both preclinical (47, 48) and clinical (49, 50) studies, zofenopril has
been demonstrated to exert cardioprotective and vasculoprotective effects beyond those
achieved by ACE inhibition, and independently of the blood pressure lowering effect.

In several studies it has been proposed that zofenopril works as a H2S donor (51,
52), and that H2S contributes to its beneficial cardiovascular effects. For example,
Donnarumma et al. (53), in in vivo murine and swine models of ischemia-reperfusion
injury, showed that preconditioning with zofenopril reduced myocardial infarct size and
levels of cardiac troponin I. They demonstrated that levels of both H2S (sulfane sulfur)
and NO were elevated in myocardial tissue and plasma, i.e., zofenopril potentiated H2S
and NO bioavailability. They also demonstrated that zofenopril-mediated release of H2S
and NO can scavenge reactive oxygen species (ROS) directly and/or indirectly via
upregulation of antioxidant defence. Thus, the authors concluded that ACE inhibition, but
also H2S and an increase in NO (via eNOS activation by H2S or enhance releasing caused
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by increased levels of bradykinin due to ACE inhibition), probably account for the
cardioprotective effects of zofenopril.

In a recent study, Makabrey et al. (51) tested the preventive effect of zofenopril on
intimal hyperplasia in a mouse model of carotid artery stenosis, as well as in human vein
segments, and therefore supported the idea that zofenopril limits the development of
intimal hyperplasia via HzS release, independently of its ACE inhibition activity. They
showed that zofenopril was superior to enalapril in reducing intimal hyperplasia in mice
(even in the normotensive condition, where other ACE inhibitors have no effect) and in
a model of intimal hyperplasia in human vein segments ex vivo. The effects of zofenopril
were in correlation with a decrease in mitogen activated protein kinase (MAPK) and
mammalian target of rapamycin (mTOR) pathway activity, followed by reduced vascular
smooth muscle cells proliferation and migration.

Sodium thiosulfate

Sodium thiosulfate is a stable H2S donor with known safety and efficacy in the
treatment of cyanide poisoning, calciphylaxis and renal toxicity induced by chemotherapy
(54). Furthermore, this compound has potential in treating cardiovascular diseases. In
various experimental animal models, HzS has been shown to protect the heart from
ischemia-reperfusion injury (reduced infarct size and apoptosis and improved cardiac
function) with an underlying mechanism including the inhibition of leukocyte endothelial
cell interactions, mitochondrial preservation, ROS neutralization and the reduction of
inflammation and apoptotic signalling (54).

In a Phase | clinical study conducted on 18 patients presenting with acute coronary
syndrome, sodium thiosulfate was well tolerated even with concomitant use of
antihypertensive drugs (55). Furthermore, the safety and efficacy of sodium thiosulfate
were evaluated in a Phase Il double-blind, randomized, placebo-controlled, multicenter
trial (NCT02899364), which enrolled 380 patients with a first STEMI. However,
according to the results presented at the American College of Cardiology's Annual
Scientific Session & Expo 2022, sodium thiosulfate showed no benefits in reducing
infarct size, although the drug was safe and major adverse cardiovascular events were
comparable with placebo. Still, the investigators did not exclude the possibility that the
usage of different H2S donors or administration strategies may have a greater impact, and
that it is still early for a conclusion about HzS being wholly ineffective in ischemia-
reperfusion injury (56).

GIC-1001

Trimebutine 3-thiocarbamoylbenzenesulfonate (GIC-1001) is a HzS-releasing salt
of a spasmolytic drug trimebutine, developed to be used as a colon analgesic drug
alternatively to parenteral sedation in patients undergoing full colonoscopy (57). Because
of the previously demonstrated antinociceptive effects of H2S (58), it has been proposed
that the analgesic effect of trimebutine could be enhanced by in vivo H2S release.
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In a mouse model of colorectal distension, it has been shown that orally
administrated GIC-1001 significantly reduced nociceptive response to all noxious stimuli.
The results demonstrated that GIC-1001 antinociceptive properties were increased in
comparison with equimolar doses of its parent compound trimebutine (59).

The safety, tolerability and pharmacokinetics of GIC-1001 were evaluated in a
Phase | randomized, double-blinded, placebo-controlled, integrated study
(NCT01738425). Single and multiple increasing oral doses or placebo were orally
administered to 80 healthy subjects. The study results demonstrated that GIC-1001 was
safe and well tolerated, with the most frequently reported adverse events related to the
nervous and gastrointestinal system (headache, somnolence and nausea) (57).

A Phase lla randomized, double-blind, placebo-controlled, dose-ranging clinical
study (NCT01926444) was conducted to provide clinically and statistically significant
evidence of GIC-1001 safety and effectiveness in managing visceral pain in patients
undergoing sedation-free, full colonoscopy for preventive purposes. The study included
262 patients who received one of 3 doses (250, 375 or 500 mg, three times a day) of GIC-
1001 or its matching placebo for 3 consecutive days prior to colonoscopy (60). During
this study, a clinically significant pain reduction (26.6%) was detected after the
application of 375 mg GIC-1001 versus placebo (p = 0.082). However, it was stated that
better statistical significance (p = 0.061, N: 213) was observed when rescued patients
(those who required sedation in addition to study treatment) were excluded from the
analysis, since no pain score was reported after rescue sedation, and this underestimated
the overall pain experience of the rescued patients (59). The study results are accessible
at ClinicalTrials.gov (60), but there are no available publications related to this Phase Ila
study.

ATB-346

Nonsteroidal anti-inflammatory drugs, very effective in treating pain, high fever
and inflammation, are known for their risk of developing gastrointestinal (Gl) ulceration
and bleeding. On the other hand, H2S has been shown to reduce inflammation in the Gl
tract and accelerate healing of damaged tissue (such as ulcers), while suppression of H2S
production in the GI tract results in impaired healing of tissue injury and exacerbation of
inflammation. With that in mind, H2S-releasing NSAIDs have been developed. Testing
in animal studies showed that these drugs are effective in reducing pain/inflammation
without causing significant GI damage (61).

ATB-346 is an H2S-releasing derivative of naproxen, an NSAID widely used in the
management of arthritis and other inflammatory and painful conditions. Preclinical
testing of ATB-346 revealed more effective inhibition of COX-2 induced by ATB-346
compared to an equimolar dose of naproxen, but with substantially reduced Gl toxicity
(62). A Phase I clinical trial (NCT03220633) showed the safety and tolerability of single
ascending doses of ATB-346 orally administered in healthy subjects. The study results
suggested that ATB-346 inhibited COX more potently than naproxen, and for a much
longer period of time (61). Further testing was performed in a Phase 11 clinical trial in
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patients with osteoarthritis of the knee taking ATB-346 (250 mg) once daily for 10 days.
This daily dose of ATB-346 contains naproxen, which is one-sixth of the naproxen
amount in its usual daily dose. The results demonstrated significant pain relief, as well as
a decrease in other aspects of the arthritis index (stiffness and difficulty performing daily
activities). On the first day of treatment, ATB-346 produced a profound inhibition of
whole blood COX activity, which remained consistently and profoundly suppressed
throughout the treatment period (63).

An additional Phase Il clinical study (NCT03291418) was conducted in order to
examine the gastrointestinal safety of ATB-346 compared with naproxen in healthy
subjects. Among 244 subjects taking naproxen (550 mg twice daily) or ATB-346 (250
mg once daily), 52% in naproxen group and only 3% in ATB-346 group developed at
least one ulcer (>3-mm diameter). The subjects taking ATB-346 also had a lower
incidence of other GI symptoms (dyspepsia, abdominal pain, gastroesophageal reflux,
nausea) and significantly higher plasma levels of H2S. This study demonstrated a
significant reduction of GI toxicity of ATB-346, H2S-releasing NSAID, in comparison to
the usual dose of naproxen that produced equivalent COX suppression (61).

Although a reduction in Gl toxicity was the primary goal, cardiovascular safety of
NSAID-H:S drugs was also important. Here, naproxen was selected as a “base drug” in
ATB-346 because of its relative cardiovascular safety compared to other NSAIDs. During
Phase | and Phase Il clinical trials in osteoarthritis patients, no significant changes in
systolic or diastolic pressure were detected (63).

According to the authors’ statement, future studies will be conducted to test the
effectiveness of lower GIC-1001 doses in the reduction of pain and inflammation related
to osteoarthritis (61).

Conclusion

Research of H2S-based therapeutics is a rapidly developing field with high potential
and with a lot of new compounds reaching preclinical studies. Despite promising data,
comprehensive studies are still required. Optimization of H2S donors, further
understanding of H2S effects and their underlying mechanisms, as well as selection of
optimal animal disease models for testing H2S-releasing drugs could help in the
confirmation of drug safety and efficacy and facilitate their translation into clinical
settings. Evidence from clinical trials presented in this paper encourages further clinical
testing of H2S-based therapeutics and the possibility of their application in a number of
indications.

183



10.

11.

12.

13.

14,

15.

16.

17.

18.

References

Beltowski J, Jamroz-Wisniewska A. Hydrogen sulfide and endothelium-dependent vasrelaxation.
Molecules. 2014;19:21183-99.

Giuffré A, Vicente JB. Hydrogen Sulfide Biochemistry and Interplay with Other Gaseous Mediators
in Mammalian Physiology. Oxid Med Cell Longev. 2018;2018:6290931.

Szabo C. A timeline of hydrogen sulfide (H2S) research: From environmental toxin to biological
mediator. Biochem Pharmacol. 2018;149:5-19.

Abe K, Kimura H. The possible role of hydrogen n sulfide as an endogenous neuromodulator. J
Neurosci. 1996;16:1066-71.

Wu D, Hu Q, Zhu Y. Therapeutic application of hydrogen sulfide donors: the potential and
challenges. Front Med. 2016;10(1):18-27.

Kanagy NL, Szabo C, Papapetropoulos A. Vascular biology of hydrogen sulfide. Am J Physiol Cell
Physiol. 2017;312(5):C537-49.

Filipovic MR, Zivanovic J, Alvarez B, Banerjee R. Chemical Biology of H2S Signaling through
Persulfidation. Chem Rev. 2018;118(3):1253-337.

Billiar TR, Cirino G, Fulton D, Motterlini R, Papapetropoulos A, Szabo C. Hydrogen sulphide
synthesis (version 2019.4) in the IUPHAR/BPS Guide to Pharmacology Database. IUPHAR/BPS
Guide to Pharmacology CITE. 2019;2019(4). doi: 10.2218/gtopdb/F279/2019.4.

Szabo C, Papapetropoulos A. International Union of Basic and Clinical Pharmacology. ClI:
Pharmacological Modulation of H2S Levels: H2S Donors and H2S Biosynthesis Inhibitors.
Pharmacol Rev. 2017;69(4):497-564.

Rose P, Moore PK, Zhu YZ. H2S biosynthesis and catabolism: new insights from molecular studies.
Cell Mol Life Sci. 2017;74(8):1391-412.

Hosoki R, Matsuki N, Kimura H. The possible role of hydrogen sulfide as an endogenous smooth
muscle relaxant in synergy with nitric oxide. Biochem Biophys Res Commun. 1997;237:527-31.
Khattak S, Rauf MA, Khan NH, Zhang Q-Q, Chen H-J, Muhammad P, et al. Hydrogen Sulfide
Biology and Its Role in Cancer. Molecules. 2022;27(11):3389.

Marinko M, Hou HT, Stojanovic I, Milojevic P, Nenezic D, Kanjuh V, et al. Mechanisms underlying
the vasorelaxant effect of hydrogen sulfide on human saphenous vein. Fundam Clin Pharmacol.
2021;35(5):906-18.

Materazzi S, Zagli G, Nassini R, Bartolini I, Romagnoli S, Chelazzi C, et al. VVasodilator activity of
hydrogen sulfide (H2S) in human mesenteric arteries. Microvasc Res. 2017;109:38-44.

Kutz JL, Greaney JL, Santhanam L, Alexander LM. Evidence for a functional vasodilatatory role for
hydrogen sulphide in the human cutaneous microvasculature. J Physiol. 2015;593:2121-9.
Avriyaratnam P, Loubani M, Morice AH. Hydrogen sulphide vasodilates human pulmonary arteries:
a possible role in pulmonary hypertension? Microvasc Res. 2013;90:135-7.

Webb GD, Lim LH, Oh VM, Yeo SB, Cheong YP, Ali MY, et al. Contractile and vasorelaxant effects
of hydrogen sulfide and its biosynthesis in the human internal mammary artery. J Pharmacol Exp
Ther. 2008;324:876-82.

Naseem KM. The role of nitric oxide in cardiovascular diseases. Mol Aspects Med. 2005;26(1-2):33-
65.

184



19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Li Q, Youn JY, Cai H. Mechanisms and consequences of endothelial nitric oxide synthase
dysfunction in hypertension. J Hypertens. 2015;33(6):1128-36.

Coletta C, Papapetropoulos A, Erdelyi K, Olah G, Médis K, Panopoulos P, et al. Hydrogen sulfide
and nitric oxide are mutually dependent in the regulation of angiogenesis and endothelium-dependent
vasorelaxation. Proc Natl Acad Sci U S A. 2012;109(23):9161-6.

Szabo C. Hydrogen sulfide, an enhancer of vascular nitric oxide signaling: mechanisms and
implications. Am J Physiol Cell Physiol. 2017;312:C3-15.

Bauer CC, Boyle JP, Porter KE, Peers C. Modulation of Ca2+ signalling in human vascular
endothelial cells by hydrogen sulfide. Atherosclerosis. 2010;209(2):374-80.

Altaany Z, Ju Y, Yang G, Wang R. The coordination of S-sulfhydration, S-nitrosylation, and
phosphorylation of endothelial nitric oxide synthase by hydrogen sulfide. Sci Signal.
2014;7(342):ra87.

Nishida M, Sawa T, Kitajima N, Ono K, Inoue H, lhara H, et al. Hydrogen sulfide anion regulates
redox signaling via electrophile sulfhydration. Nat Chem Biol. 2012;8:714-24.

Gojon G, Morales GA. SG1002 and Catenated Divalent Organic Sulfur Compounds as Promising
Hydrogen Sulfide Prodrugs. Antioxid Redox Signal. 2020;33(14):1010-45.

Sun NL, Xi Y, Yang SN, Ma Z, Tang CS. [Plasma hydrogen sulfide and homocysteine levels in
hypertensive patients with different blood pressure levels and complications]. Zhonghua Xin Xue
Guan Bing Za Zhi. 2007;35(12):1145-8.

Jain SK, Bull R, Rains JL, Bass PF, Levine SN, Reddy S, et al. Low levels of hydrogen sulfide in
the blood of diabetes patients and streptozotocin-treated rats causes vascular inflammation? Antioxid
Redox Signal. 2010;12(11):1333-7.

Jiang HL, Wu HC, Li ZL, Geng B, Tang CS. Changes of the new gaseous transmitter H2S in patients
with coronary heart disease. Di Yi Jun Yi Da Xue Xue Bao. 2005;25(8):951-4.

Wang W, Feng SJ, Li H, Zhang XD, Wang SX. Correlation of Lower Concentrations of Hydrogen
Sulfide with Activation of Protein Kinase CBII in Uremic Accelerated Atherosclerosis Patients. Chin
Med J (Engl). 2015;128(11):1465-70.

Polhemus DJ, Lefer DJ. Emergence of hydrogen sulfide as an endogenous gaseous signaling
molecule in cardiovascular disease. Circ Res. 2014;114(4):730-7.

Watts M, Kolluru GK, Dherange P, Pardue S, Si M, Shen X, et al. Decreased bioavailability of
hydrogen sulfide links vascular endothelium and atrial remodeling in atrial fibrillation. Redox Biol.
2021;38:101817.

Zhang F, Li X, Stella C, Chen L, Liao Y, Tang C, Jin H, Du J. Plasma hydrogen sulfide in differential
diagnosis between vasovagal syncope and postural orthostatic tachycardia syndrome in children. J
Pediatr. 2012;160(2):227-31.

Wang YZ, Ngowi EE, Wang D, Qi HW, Jing MR, Zhang YX, et al. The Potential of Hydrogen
Sulfide Donors in Treating Cardiovascular Diseases. Int J Mol Sci. 2021;22(4):2194.

Li Z, Polhemus DJ, Lefer DJ. Evolution of Hydrogen Sulfide Therapeutics to Treat Cardiovascular
Disease. Circ Res. 2018;123(5):590-600.

Barr LA, Shimizu Y, Lambert JP, Nicholson CK, Calvert JW. Hydrogen sulfide attenuates high fat
diet-induced cardiac dysfunction via the suppression of endoplasmic reticulum stress. Nitric Oxide.
2015;46:145-56.

185



36.

37.

38.

39.

40.

41,

42,

43.

44,

45,

46.

47,

48.

Kondo K, Bhushan S, King AL, Prabhu SD, Hamid T, Koenig S, et al. H2S protects against pressure
overload-induced heart failure via upregulation of endothelial nitric oxide synthase. Circulation.
2013;127(10):1116-27.

Shimizu Y, Polavarapu R, Eskla KL, Nicholson CK, Koczor CA, Wang R, et al. Hydrogen sulfide
regulates cardiac mitochondrial biogenesis via the activation of AMPK. J Mol Cell Cardiol.
2018;116:29-40.

Polhemus DJ, Li Z, Pattillo CB, Gojon G Sr, Gojon G Jr, Giordano T, et al. A novel hydrogen sulfide
prodrug, SG1002, promotes hydrogen sulfide and nitric oxide bioavailability in heart failure patients.
Cardiovasc Ther. 2015;33(4):216-26.

US National Library of Medicine [Internet]. ClinicalTrials.gov [cited 2023 May 24]. Available from:
https://clinicaltrials.gov/ct2/show/NCT02278276?term=NCT02278276&draw=2&rank=1

Morales Martinez A, Sordia-Hernandez L, Morales JA, Merino M, Vidal O, Garcia Garza M, et al.
A randomized clinical study assessing the effects of the antioxidants, resveratrol or SG1002, a
hydrogen sulfide prodrug, on idiopathic oligoasthenozoospermia. Asian Pac J Reprod.
2015;4(2):106-11.

Ambrosioni E, Borghi C, Magnani B. Early treatment of acute myocardial infarction with
angiotensin-converting enzyme inhibition: safety considerations. SMILE pilot study working party.
Am J Cardiol. 1991;68(14):101D-110D.

Ambrosioni E, Borghi C, Magnani B. The effect of the angiotensin-converting-enzyme inhibitor
zofenopril on mortality and morbidity after anterior myocardial infarction. The Survival of
Myocardial Infarction Long-Term Evaluation (SMILE) Study Investigators. N Engl J Med.
1995;332(2):80-5.

Borghi C, Ambrosioni E. Survival of Myocardial Infarction Longterm Evaluation-2 Working Party.
Double-blind comparison between zofenopril and lisinopril in patients with acute myocardial
infarction: results of the Survival of Myocardial Infarction Longterm Evaluation-2 (SMILE-2) study.
Am Heart J. 2003;145:80-7.

Borghi C, Ambrosioni E. Survival of Myocardial Infarction Longterm Evaluation Study Group.
Effects of zofenopril on myocardial ischemia in post-myocardial infarction patients with preserved
left ventricular function: the Survival of Myocardial Infarction Long-term Evaluation (SMILE)-
ISCHEMIA study. Am Heart J. 2007;153(3):445.e7-14.

Borghi C, Ambrosioni E, Novo S, Vinereanu D, Ambrosio G; SMILE-4 Working Party. Comparison
between zofenopril and ramipril in combination with acetylsalicylic acid in patients with left
ventricular systolic dysfunction after acute myocardial infarction: results of a randomized, double-
blind, parallel-group, multicenter, European study (SMILE-4). Clin Cardiol. 2012;35(7):416-23.
Subissi A, Evangelista S, Giachetti A. Preclinical profile of zofenopril: an angiotensin converting
enzyme inhibitor with peculiar cardioprotective properties. Cardiovasc Drug Rev. 1999;17(2):115-
33.

Bozcali E, Dedeoglu DB, Karpuz V, Suzer O, Karpuz H. Cardioprotective effects of zofenopril,
enalapril and valsartan against ischaemia/reperfusion injury as well as doxorubicin cardiotoxicity.
Acta Cardiol. 2012;67:87-96.

Evangelista S, Manzini S. Antioxidant and cardioprotective properties of the sulphydryl angiotensin-
converting enzyme inhibitor zofenopril. J Int Med Res. 2005;33:42-54.

186



49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

Cacciatore F, Bruzzese G, Vitale DF, Liguori A, de Nigris F, Fiorito C, et al. Effects of ACE
inhibition on circulating endothelial progenitor cells, vascular damage, and oxidative stress in
hypertensive patients. Eur J Clin Pharmacol. 2011;67:877-83.

Napoli C, Sica V, de Nigris F, Pignalosa O, Condorelli M, Ignarro LJ, et al. Sulfhydryl angiotensin-
converting enzyme inhibition induces sustained reduction of systemic oxidative stress and improves
the nitric oxide pathway in patients with essential hypertension. Am Heart J. 2004;148:e5.
Macabrey D, Deslarzes-Dubuis C, Longchamp A, Lambelet M, Ozaki CK, Corpataux JM, et al.
Hydrogen Sulphide Release via the Angiotensin Converting Enzyme Inhibitor Zofenopril Prevents
Intimal Hyperplasia in Human Vein Segments and in a Mouse Model of Carotid Artery Stenosis.
Eur J Vasc Endovasc Surg. 2022;63(2):336-46.

Bucci M, Vellecco V, Cantalupo A, Brancaleone V, Zhou Z, Evangelista S, et al. Hydrogen sulfide
accounts for the peripheral vascular effects of zofenopril independently of ACE inhibition.
Cardiovasc Res. 2014;102:138-47.

Donnarumma E, Ali MJ, Rushing AM, Scarborough AL, Bradley JM, Organ CL, et al. Zofenopril
Protects Against Myocardial Ischemia-Reperfusion Injury by Increasing Nitric Oxide and Hydrogen
Sulfide Bioavailability. J Am Heart Assoc. 2016;5(7):e003531.

De Koning ML, van Dorp P, Assa S, Hartman MH, Voskuil M, Anthonio RL, et al. Rationale and
Design of the Groningen Intervention Study for the Preservation of Cardiac Function with Sodium
Thiosulfate after ST-segment Elevation Myocardial Infarction (GIPS-1V) trial. Am Heart J.
2022;243:167-76.

De Koning MLY, Assa S, Maagdenberg CG, van Veldhuisen D, Pasch A, van Goor H, et al. Safety
and tolerability of sodium thiosulfate in patients with an acute coronary syndrome undergoing
coronary angiography: a dose-escalation safety pilot study (SAFE-ACS). J Interv Cardiol.
2020;2020:6014915.

American College of Cardiology [Internet]. GIPS-I1V: Sodium Thiosulfate Does Not Reduce Heart
Damage After MI [updated 2022 April 4; cited 2023 May 24]. Available from:
https://www.acc.org/Latest-in-Cardiology/Articles/2022/04/03/13/22/Mon-11am-GIPS-1V-acc-
2022

Distrutti E, Sediari L, Mencarelli A, Renga B, Orlandi S, Antonelli E, et al. (2006). Evidence that
hydrogen sulfide exerts antinociceptive effects in the gastrointestinal tract by activating KATP
channels. J Pharmacol Exp Ther. 2006;316:325-35.

Cenac N, Castro M, Desormeaux C, Colin P, Sie M, Ranger M, et al. A novel orally administered
trimebutine compound (GIC-1001) is anti-nociceptive and features peripheral opioid agonistic
activity and Hydrogen Sulphide-releasing capacity in mice. Eur J Pain. 2016;20(5):723-30.
Paquette JM, Rufiange M, lovu Niculita M, Massicotte J, Lefebvre M, Colin P, et al. Safety,
tolerability and pharmacokinetics of trimebutine 3-thiocarbamoylbenzenesulfonate (GIC-1001) in a
randomized phase | integrated design study: single and multiple ascending doses and effect of food
in healthy volunteers. Clin Ther. 2014;36(11):1650-64.

US National Library of Medicine [Internet]. ClinicalTrials.gov [cited 2023 May 24]. Available from:
https://clinicaltrials.gov/ct2/show/NCT01926444?term=NCT01926444&draw=2&rank=1

187



61.

62.

63.

Wallace JL, Nagy P, Feener TD, Allain T, Ditr6i T, Vaughan DJ, et al. A proof-of-concept, Phase 2
clinical trial of the gastrointestinal safety of a hydrogen sulfide-releasing anti-inflammatory drug. Br
J Pharmacol. 2020;177(4):769-77.

Wallace JL, Caliendo G, Santagada V, Cirino G. Markedly reduced toxicity of a hydrogen sulphide-
releasing derivative of naproxen (ATB-346). Br J Pharmacol. 2010;159(6):1236-46.

Wallace JL, Vaughan D, Dicay M, MacNaughton WK, de Nucci G. Hydrogen Sulfide-Releasing
Therapeutics: Translation to the Clinic. Antioxid Redox Signal. 2018;28(16):1533-40.

188



Lekovi koji oslobadaju vodonik-sulfid — dokle smo
stigli u klinickim studijama?

Marija Marinko*, Aleksandra Novakovié¢

Univerzitet u Beogradu — Farmaceutski fakultet, Katedra za farmakologiju,
Vojvode Stepe 450, 11221 Beograd, Srbija

*Autor za korespondenciju: Marija Marinko; e-mail: marija.marinko@pharmacy.bg.ac.rs

Kratak sadrzaj

Vodonik-sulfid (H2S) je najmladi ¢lan porodice gasovitih medijatora koju ¢ine azot-oksid
(NO) i ugljen-monoksid (CO). Ovaj signalni molekul ukljucen je u regulaciju Sirokog spektra
procesa, kao Sto su zapaljenje, bol, reparacija tkiva, i ima vaznu ulogu u signalnim procesima koji
uticu na zdravlje kardiovaskularnog sistema, bilo kao nezavisni efektor ili kao pojacivac¢ NO
signalnog puta.

Sa otkrivanjem uloge H,S-a u patogenezi mnogih bolesti, zapo¢eo je razvoj novih
farmaceutika koji bi mogli biti od koristi u stanjima sa poremecenim nivoima endogenog H>S-a.
Razvoj lekova koji oslobadaju H»S danas je dosegao nivo klinickih studija. Lekovi poput SG1002,
za terapiju sr¢ane insuficijencije, i ATB-346, za terapiju artritisa, ispitivani su u Fazi I/IT klini¢kih
studija i pokazali znacajan terapijski potencijal. Dodatno, pokazano je da neki ve¢ poznati lekovi,
poput zofenoprila, deo svojih korisnih efekata ostvaruju upravo oslobadanjem H,S-a.

Dokazi iz klinickih studija izneti u ovom radu ohrabruju dalja klinicka testiranja terapeutika
baziranih na H;S-u i moguénost njihove primene u Sirokom spektru bolesti, poput hipertenzije,
dijabetesa i hroni¢ne bolesti bubrega.

Kljuéne reci: vodonik-sulfid, klinicke studije, sréana insuficijencija, NSAIL
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