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Background and Purpose: ATB‐346 is a hydrogen sulfide (H2S)‐releasing anti‐

inflammatory and analgesic drug. Animal studies demonstrated negligible gastrointes-

tinal (GI) damage despite marked inhibition of COX activity and significant analgesic

and anti‐inflammatory effects. In humans, ATB‐346 (250 mg once daily) was found

to inhibit COX to the same extent as naproxen (550 mg twice daily).

Experimental Approach: Two hundred forty‐four healthy volunteers completed a

2‐week, double‐blind study, taking either ATB‐346 (250 mg once daily) or naproxen

(550 mg twice daily), with upper GI ulceration being examined endoscopically.

Key Results: Forty‐two per cent of the subjects taking naproxen developed at least

one ulcer (≥3‐mm diameter), while only 3% of the subjects taking ATB‐346

developed at least one ulcer. The two drugs produced comparable and substantial

(>94%) suppression of COX activity. Subjects in the naproxen group developed more

ulcers per subject than ATB‐346‐treated subjects and a greater incidence of larger

ulcers (≥5‐mm diameter). The incidence of dyspepsia, abdominal pain, gastro‐

oesophageal reflux, and nausea was lower with ATB‐346 than with naproxen.

Subjects treated with ATB‐346 had significantly higher plasma levels of H2S than

those treated with naproxen.

Conclusions and Implications: This Phase 2B study provides unequivocal evidence

for a marked reduction of GI toxicity of the H2S‐releasing analgesic/anti‐

inflammatory drug, ATB‐346, as compared to the conventional dose of naproxen that

produced equivalent suppression of COX.

LINKED ARTICLES: This article is part of a themed section on Hydrogen Sulfide in

Biology & Medicine. To view the other articles in this section visit http://onlinelibrary.

wiley.com/doi/10.1111/bph.v177.4/issuetoc
SAID, nonsteroidal anti‐inflammatory drug
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What is already known

• In animal studies, hydrogen sulfide‐releasing NSAIDs have

been shown to be effective in reducing pain/inflammation

without causing significant gastrointestinal (GI) damage.

What this study adds

• This human study demonstrates that at an effective anti‐

inflammatory dose of ATB‐346 given to healthy human

subjects for 2 weeks does not cause significant upper

gastrointestinal ulceration.

What is the clinical significance

• NSAIDs are among the most commonly used drugs, but

they can cause life‐threatening ulceration and

bleeding. Through the release of hydrogen sulfide ATB‐

346 can provide effective pain relief without causing

significant GI damage.
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1 | INTRODUCTION

Nonsteroidal anti‐inflammatory drugs (NSAIDs) are among the most

widely used drugs because they are very effective at reducing pain,

fever, and inflammation. The ability of NSAIDs to cause gastrointestinal

(GI) damage and bleeding has been recognized for almost a century, and

many drugs have been developed with the aim of reducing the inci-

dence and severity of this damage. For example, histamine H2 receptor

antagonists and proton pump inhibitors, which suppress gastric acid

secretion, have been shown to significantly reduce the incidence of

NSAID‐induced damage in the stomach and proximal duodenum (Gold-

stein et al., 2003; Yeomans et al., 1998). The key mechanism underlying

the ability of NSAIDs to cause gastro‐duodenal ulceration is inhibition

of the COX enzymes (Vane, 1971). COX enzymes play key roles in

the production of prostaglandins, which contribute significantly to

maintaining the integrity of the lining of the GI tract (Robert, 1979;

Wallace, 2008). There are two forms of COX, referred to as COX‐1

and COX‐2. They produce the same prostaglandin (PGH2) from arachi-

donic acid. Selective inhibitors of COX‐2 were developed in the 1990s

and were promoted as a solution to the NSAID‐gastropathy problem

(Silverstein et al., 2000). However, their use was found to be associated

with significant adverse cardiovascular events, resulting in the with-

drawal of several selective COX‐2 inhibitors from the market.

Celecoxib and meloxicam, which are among the least selective of the

COX‐2 inhibitors, have remained on the market. Patients taking

celecoxib are often prescribed low‐dose aspirin to counteract the detri-

mental cardiovascular effects of that drug. However, co‐administration

of aspirin with selective COX‐2 inhibitors has been shown to abolish

any beneficial GI effects of the COX‐2 inhibitor (Silverstein et al.,

2000). Some recent studies suggest that detrimental cardiovascular

effects may be encountered with conventional NSAIDs as frequently

as with the selective COX‐2 inhibitors (Nissen et al., 2016). However,

on the basis of several Phase 4 randomized controlled trials of NSAIDs

to date, a relatively low dose of celecoxib administered to low‐risk sub-

jects was found to be associated with approximately the same cardio-

vascular risk as NSAIDs with less COX‐2 inhibitory activity but at the

cost of not controlling arthritic pain as effectively (Antman, 2017).

Hydrogen sulfide (H2S) is a gaseous mediator produced through-

out the body and by some of the bacteria that reside within the GI

tract (see reviews by Kimura, 2015, and Wallace & Wang, 2015). Over

the past 20 years, a substantial body of evidence has been generated

to demonstrate that H2S plays key roles in regulating numerous

physiological processes. In the GI tract, H2S has been shown to reduce

inflammation 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

(Blackler, De Palma, et al., 2015; Blackler, Motta, et al., 2015; Blackler,

Syer, Bolla, Ongini, & Wallace, 2012; Flannigan, Ferraz, Wang, &

Wallace, 2013; Motta et al., 2015; Wallace, Dicay, McKnight, &

Martin, 2007; Wallace, Vong, McKnight, Dicay, & Martin, 2009).

Several years ago, we began to test the hypothesis that linking an

H2S‐releasing molecule to an NSAID would reduce the GI toxicity of

the NSAID without reducing the ability of the drug to reduce
inflammation and pain. Extensive studies in laboratory animals demon-

strated that the delivery of H2S from these experimental drugs did

indeed reduce or completely prevent GI ulceration and bleeding, while

still exerting anti‐inflammatory and analgesic effects (Blackler, De

Palma, et al., 2015; Wallace, Caliendo, Santagada, & Cirino, 2010).

The GI safety of these “H2S‐NSAIDs” was maintained even in animal

models in which the integrity of the GI tract was intentionally and

drastically impaired (Blackler et al., 2012; Wallace et al., 2010; Wal-

lace, Vaughan, Dicay, MacNaughton, & de Nucci, 2018).

Since 2013, Antibe Therapeutics Inc. (“Antibe”) has been develop-

ing H2S‐releasing NSAIDs for treatment of a variety of human

diseases, including arthritis. ATB‐346 is an H2S‐releasing derivative

of naproxen. Naproxen is among the most widely used NSAID for

treatment of arthritis and other conditions characterized by inflamma-

tion and pain. In animal studies, ATB‐346 was observed to inhibit

COX‐2 significantly more than an equimolar dose of naproxen (Wal-

lace et al., 2010). In a Phase 1 clinical trial, ATB‐346 was again found

to be much more potent (approximately sixfold) as an inhibitor of COX

than naproxen, as well as suppressing COX activity for much longer

than was observed with naproxen. In 2016, Antibe performed a Phase

2 clinical trial, in osteoarthritis patients, to test the hypothesis that

ATB‐346 was more potent and long acting than naproxen. The study

involved 12 osteoarthritis patients taking ATB‐346 (250 mg) once

daily for 10 days, with measurements of the patients' level of pain dur-

ing the 10‐day period. The amount of naproxen in a once daily dose of

ATB‐346 is one sixth the amount of the usual daily dose of naproxen.

The study demonstrated that ATB‐346 produced a substantial and

statistically significant (P < 0.001) reduction in pain (Wallace et al.,

2018). The degree of pain relief observed after 4 days of treatment

was comparable to what has been observed in clinical trials with

naproxen and celecoxib in osteoarthritis patients (Boucher, 2008;

Wittenberg et al., 2006), and pain relief was further reduced after

10 days of treatment with ATB‐346 (Wallace et al., 2018). COX
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enzyme activity was substantially inhibited (by ~85%) following

administration of ATB‐346 (Wallace et al., 2018).

Having established that once daily administration of ATB‐346 at a

dose of 250 mg could produce substantial relief of pain in osteoarthri-

tis patients, we then undertook the present study to determine if

there was a significant increase in GI safety of this dose of ATB‐346

versus an equi‐effective dose of naproxen. This involved endoscopic

examination of the upper GI tract in healthy volunteers before and

after a 14‐day course of treatment with ATB‐346 or naproxen. To

participate in the study, the volunteers had to be healthy, ≥18 to

≤65 years of age, with no prior history of significant GI disease,

arthritis, or bleeding disorders. The main exclusion criteria were sub-

jects with abnormal baseline laboratory values deemed to be clinically

significant; subjects with a history GI ulcers, GI bleeding, or any

clinically significant GI disease; use of NSAIDs within 14 days prior

to study entry; subjects taking gastroprotective drugs or drugs affect-

ing GI motility; and subjects positive for Helicobacter pylori. Those sub-

jects meeting these inclusion and exclusion criteria were randomized

to the two groups, with drugs/placebo taken orally: ATB‐346

(250 mg) in the morning and placebo in the evening, or sodium

naproxen (550 mg) in the morning and in the evening.
2 | METHODS

2.1 | Primary objective

The primary objective of this study was to evaluate the GI safety of a

14‐day dosing regimen of ATB‐346 in comparison to naproxen in

reducing endoscopically detected gastric and/or duodenal ulcers of

at least 3‐mm diameter with unequivocal depth.

2.2 | Secondary objectives

The secondary objectives of this study were to determine

• the incidence of one or more gastric and/or duodenal ulcers of at

least 5‐mm diameter with unequivocal depth;

• the number of ulcers or erosions in the stomach/duodenum

(erosions are very small breaks in the lining of the stomach and

small intestine that are superficial and widely deemed as “clinically

insignificant.” However, they remain a common endpoint in endos-

copy trials of NSAIDs, so they were evaluated in this trial);

• the incidence of dyspepsia leading to discontinuation of study

treatment;

• changes from baseline haematocrit; and

• changes from baseline in ex vivo whole blood TxB2 synthesis.

2.3 | Clinical trial design

Healthy volunteers (male and female) were recruited by Topstone

Research Ltd., initially to a single clinic, but later expanded to three

additional clinics in Ontario, Canada (to increase the rate of
recruitment). The study consisted of three phases: a screening, pre-

treatment phase of 21 days, a blinded treatment phase of 14 days,

and a follow‐up visit 14 days after the end of treatment.

For the screening, pretreatment phase, subject eligibility was

determined, and those who consented to participate in the study

underwent medical history and physical examinations, clinical labora-

tory evaluations, and a screening endoscopy to confirm the absence

of erosions and ulcers in the gastroduodenal mucosa. Additional exclu-

sion criteria included subjects with abnormal baseline laboratory

values deemed to be clinically significant by the investigator, as well

as abnormal laboratory values related to clinically significant GI,

hepatic or renal disease, or any other conditions known to significantly

impact or interfere with the absorption, distribution, metabolism, or

elimination of the drugs being investigated. Also, any subject positive

for H. pylori (urea breath test) at the screening visit was excluded from

participation in the study.

At randomization, blood samples were obtained from eligible sub-

jects for whole blood thromboxane and haematocrit analyses. The

drugs were administered in capsules that were physically identical so

that neither the subject nor the physician knew which drug the subject

was taking. The subjects took the drug they were assigned for 14 days.

The second endoscopy was performed on the 14th day of the study.

The endoscopist (blind to which drug the subject was taking) looked

for ulcers in the stomach and duodenum. The number of ulcers with

a diameter of greater than 3 mm was recorded, as was the number

of ulcers with a diameter of greater than 5 mm. The number of ero-

sions in the stomach and duodenum was also recorded. Blood samples

were taken for measurement of haematocrit prior to and upon com-

pletion of the 14‐day treatment period. Additional blood samples were

taken prior to the first dose and on Days 7 and 14 of dosing for

measurement of plasma naproxen levels (measured by LC‐MS).

This clinical trial was registered with ClinicalTrials.gov

(NCT03291418).

2.4 | Plasma H2S

Plasma sulfide levels were determined using monobromobimane

(MBB) derivatization followed by HPLC separation and fluorescent

quantification of the sulfide‐dibimane product. All procedures were

carried out in the dark to avoid photo‐induced decomposition of

MBB derivatives. Twenty‐five microlitres of a plasma sample were

mixed with 66 μl of the MBB working solution (10 μl of 100 mM

MBB in acetonitrile mixed with 650 μl of 200 mM HEPES buffer,

pH 8.2). The derivatization proceeded at 20°C for exactly 10 min.

The reaction was stopped by adding 5 μl of 50% trichloroacetic acid

to the samples, followed by vigorous vortex mixing. The samples were

then centrifuged (3,000 g for 5 min), and the supernatants were stored

in the autosampler in vials at 5°C.

A Thermo Ultimate 3000 HPLC system equipped with fluorescent

detector was used with a Phenomenex Luna C18(2) column

(200 × 4.6 mm, 3 μm) for the separation of the analytes. The

fluorescence detector was set at 390 nm (excitation wavelength) and

475 nm (emission wavelength). The derivatized sample (10 μl) was

http://ClinicalTrials.gov
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injected and eluted using a 15‐min gradient profile consisting of 0.1%

trifluoroacetic acid in water (A) and 0.1% trifluoroacetic acid in acetoni-

trile (B) at a 1‐ml·min−1 flow rate. The gradient profile began with 15%

B followed by a linear increase to 35% B over 3 min and an isocratic

step with 35% B for 6 min. The linear gradient was continued with a

rapid increase to 90% B over 2 min and an isocratic wash for 1 min

before returning to the initial composition of 15% B. The column was

then regenerated for another 2 min before the next injection.

Concentrations of H2S were estimated based on calibration curves

that were established using derivatized sodium sulfide solutions in

water. A 50 μM derivatized stock solution was used to make the cal-

ibration standards by a serial dilution using the calibration blank solu-

tion, which was deionized water treated the same way as the

standards. Plasma H2S levels were measured in the Day 7 samples

from all subjects treated with ATB‐346 and from 10 subjects (selected

using a random number generator) from the naproxen‐treated group

(Day 7 samples). The demographics of this subset of naproxen‐treated

subjects were six female/four male, of whom seven were categorized

for race as “White,” one was “Asian,” one was “Black or African

American,” and one was “Other: West Indian.” The mean age was

41.7, and the mean body weight was 62.5 kg.

2.5 | Data and statistical analysis

For the primary endpoint of the study, the sample size was powered to

obtain a significant difference in endoscopically observed gastric or duo-

denal ulcers between the two study groups (n = 120 subjects per group)

at the end of 2 weeks of daily treatment. The study was powered based

on a predicted incidence of ulceration in 30 (25%) of the naproxen‐

treated subjects based on a review of several similar endoscopic clinical

trials of naproxen that have been published (Bias, Buchner, Klesser, &

Laufer, 2004; Goldstein, Aisenberg, Zakko, Berger, & Dodge, 2008;

Goldstein, Johanson, Hawkey, Suchower, & Brown, 2007; Goldstein

et al., 2003; Goldstein, Lowry, Lanza, Schwartz, & Dodge, 2006; Moberly

et al., 2007; Scheiman et al., 2004; Simon et al., 1998; Wilder‐Smith,

Jonzon, Fornstedt‐Wallin, Hedman, & Karlsson, 2006).

The study employed a safety analysis set, which included all subjects

who had received at least one dose of the drug being investigated.

The primary endpoint was analysed using the conventional

chi‐squared test with a significance level of P < 0.05 to determine
FIGURE 1 Subjects treated with naproxen developed significantly mo
incidence of ulceration was markedly higher in the naproxen group than in
naproxen group was >50 times that in the ATB‐346 group. (c) Ulcers great
subjects (average of 2.5 large ulcers per affected subject), while none wer
any difference between naproxen and ATB‐346 in the incidence of

endoscopically detected gastric or duodenal ulcers of at least 3‐mm

diameter with unequivocal depth. The data and statistical analysis

comply with the recommendations of the British Journal of Pharmacol-

ogy on experimental design and analysis in pharmacology.

2.6 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to PHARMACOL-

OGY (Harding et al., 2018), and are permanently archived in the Concise

Guide to PHARMACOLOGY 2017/18 (Alexander et al., 2017).

3 | RESULTS

3.1 | Demographics

Of the 258 subjects enrolled, 244 (94.6%) completed the study: 126

subjects in the naproxen group and 118 subjects in the ATB‐346 group.

In the ATB‐346 group, the mean age of trial subjects was 42.7 years,

and 53.5% were female; 51.9% of the subjects were Caucasian, 29.5%

were Asian, 14% were Black or African American, 0.8% were American

Indian or Alaska Native, and 3.9% were “other.” With respect to ethnic-

ity, 12.4% of subjects identified themselves as “Hispanic or Latino,” and

87.6% identified themselves as “Not Hispanic or Latino.”

In the naproxen group, the mean age of trial subjects was

40.7 years, and 55.8% were female; 54.3% of the subjects were

Caucasian, 27.9% were Asian, 14% were Black or African American,

0.8% were American Indian or Alaska Native, and 3.1% were “other.”

With respect to ethnicity, 9.3% of subjects identified themselves as

“Hispanic or Latino,” and 90.7% identified themselves as “Not

Hispanic or Latino.”
3.2 | Primary endpoint

Of the 126 subjects treated with naproxen, 53 had at least one ulcer

greater than 3 mm in diameter. Of the 118 subjects treated with

ATB‐346, three had at least one ulcer greater than 3 mm in diameter.
re gastroduodenal ulcers than those treated with ATB‐346. (a) The
the ATB‐346 group (P < 0.05). (b) The total number of ulcers in the
er than 5 mm in diameter were observed in 24% of naproxen‐treated
e observed in the ATB‐346‐treated subjects

http://www.guidetopharmacology.org


WALLACE ET AL. 773BJP
The incidence of ulcers between the two groups was significantly

different (P < 0.05; Figure 1).

There were also far more gastric ulcers (50‐fold) in the naproxen

group than in the ATB‐346 group. There was a total of 210 gastric

ulcers observed in the 53 subjects that developed ulcers, while in

the ATB‐346 group, there was a total of only four gastric ulcers in

the three subjects that developed ulcers.

Ulceration of the duodenal mucosa was also observed in seven of

the subjects treated with naproxen (with an average of 3.4 duodenal

ulcers per subject), while duodenal ulcers were not observed in any

of the subjects treated with ATB‐346.
3.3 | Secondary endpoints

3.3.1 | Large ulcers

Twenty‐four per cent of the naproxen‐treated subjects had gastric

ulcers larger than 5 mm in diameter (with an average of 2.5 large

ulcers per subject). There were no large gastric ulcers in the ATB‐

346 group (Figure 1).
3.3.2 | Erosions

These are small, superficial lesions (not penetrating through the

muscularis mucosae) which are considered much less clinically signifi-

cant than ulcers (Greaves, 2012). In the ATB‐346 group, there was an

average of 1.7 erosions per subject versus 12.7 erosions per subject in

the naproxen group.
3.3.3 | Haematocrit

There were no significant changes in haematocrit (from baseline)

between the two treatment groups at the end of the 2‐week treat-

ment period. The mean haematocrits in the naproxen‐treated and

ATB‐346‐treated groups were the same at the beginning and end of

the trial (0.41 ± 0.04).

GI disorders were reported more frequently in subjects treated

with naproxen (n = 36, 28%) than in subjects receiving ATB‐346

(n = 20, 15%). Twenty‐two subjects (17.5%) receiving sodium naproxen

experienced GI/dyspepsia‐related symptoms during the study period
FIGURE 2 Treatment with ATB‐346 was associated with lower rates of
reflux, and nausea, than was observed with naproxen treatment
compared to 10 subjects (8.5%) receiving ATB‐346. The other principal

adverse events reported were abdominal pain/distension (6.2% in the

naproxen group and 1.6% in the ATB‐346 group), gastro‐oesophageal

reflux disease (4.7% naproxen and 0% ATB‐346), and nausea (3.1%

naproxen and 0% ATB‐346; Figure 2). There was no significant

difference in the incidence of constipation/diarrhoea in the two groups

(7.0% ATB‐346 and 5.5% naproxen).
3.4 | COX inhibition

Thromboxane is a substance produced mainly by blood platelets, via

the enzyme COX. COX is the main target enzyme for the anti‐

inflammatory and analgesic effects of NSAIDs, so measuring the

effects of naproxen and ATB‐346 on whole blood Tx generation is a

good index of the extent of inhibition of COX that has been achieved

after administration of an NSAID (Vane, 1971). As mentioned above,

COX‐1 and COX‐2 produce the same PG (PGH2). As shown in

Figure 3, both ATB‐346 and naproxen profoundly suppressed COX

activity (>94%) after 1 and 2 weeks of treatment, with no significant

differences between the two groups.
3.5 | Plasma naproxen levels

After 1 and 2 weeks of administration of naproxen to healthy subjects,

the mean plasma naproxen concentrations were 59.7 and 52.1 μg·ml−1,

respectively (Figure 3). At the same time points in the group treated

with ATB‐346, the mean plasma naproxen concentrations were 16.9

and 14.2 μg·ml−1, respectively. This difference was anticipated since

the 250 mg dose of ATB‐346 contains approximately one sixth the

amount of naproxen as the 550 mg, twice‐daily dose of naproxen. Also,

the pharmacokinetics of naproxen derived from ATB‐346 differ sub-

stantially from that following administration of naproxen itself (Wallace

et al., 2018).
3.6 | Plasma H2S levels

Plasma levels of H2S levels in subjects treated with ATB‐346 were

significantly greater (P < 0.05) than those in subjects treated with

naproxen (Figure 4). Plasma H2S levels were measured by a modified

MBB method (see Section 2), which has been extensively optimized
gastrointestinal symptoms, such as abdominal pain, gastro‐esophageal



FIGURE 3 (a) Treatment with naproxen or ATB‐346 produced
substantial (>95%) inhibition of whole blood thromboxane (TxB2)
synthesis—an assay for COX activity. There were no significant
differences between the two groups at any time point. (b) Plasma
levels of naproxen were substantially lower in the subjects treated
with ATB‐346 than in the subjects treated with naproxen. Results are
shown as mean ± SEM

FIGURE 4 Plasma levels of hydrogen sulfide (H2S) were significantly

higher in subjects treated with ATB‐346 (n = 122) than in subjects
treated with naproxen (n = 10, randomly selected). Results are shown
as mean ± SEM
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and validated in the laboratory of Dr. Peter Nagy, by dissecting all

potential parameters that could influence the values measured (Ditrói

et al., unpublished observations). It is important to emphasize that

because sulfide is irreversibly alkylated during this protocol (as with

most other techniques used to measure sulfide concentration), only

a part of the values measured represents free sulfide. The other part

is a small fraction (small under our tightly controlled conditions) of

the biomolecule‐bound sulfide pool, which is captured during incuba-

tion of the samples with MBB (Bogdandi et al., 2019). As we proposed
and demonstrated experimentally (Nagy et al., 2014), all procedures

that irreversibly bind or consume free sulfide from biological samples

will trigger the liberation of sulfide from the endogenous sulfide pool.

Hence, this biomolecule‐bound sulfide pool serves as a sulfide buffer

system by responding to concentration changes via shifting chemical

equilibria (Nagy et al., 2014). Importantly, when sulfide is consumed

in a biological process, the sulfide pool will also likely serve as a slow

endogenous sulfide donor system and maintain steady‐state sulfide

levels via similar mechanisms. Therefore, the differences measured

by these methods are highly relevant and represent the sum of differ-

ences in (a) free sulfide levels and (b) the ability of the sulfide pool to

release sulfide.
3.7 | Liver‐related effects

Blood levels of liver enzymes (including alanine transaminase and

aspartate transaminase) were measured on Days 7 and 14 of treat-

ment and at 2 weeks post‐treatment (Day 28). Over the 14‐day treat-

ment period, clinically insignificant, treatment‐related transient

elevations in liver transaminases were observed in 7% of subjects

receiving ATB‐346 and 7% of subjects receiving naproxen. One sub-

ject receiving ATB‐346 had clinically significant, treatment‐related,

transient transaminase elevations during this period. At the 2‐week

post‐treatment assessment, 5.4% of the ATB‐346‐treated subjects

had clinically significant, treatment‐related, transient transaminase

elevations that had resolved or were resolving. Cumulative data from

the three clinical trials in which ATB‐346 has been administered at

250 mg once daily for 10–14 days reveal a 4.7% overall incidence

of clinically significant increases in liver transaminases. This is

comparable to what has been observed with the use of NSAIDs such

as diclofenac, naproxen, and piroxicam (~4%) and well below that

observed with acetaminophen (39%; National Institute of Health, n.

d.). One naproxen‐treated subject had clinically significant elevations

of alkaline phosphatase and total bilirubin at the end of treatment

(Day 14).
3.8 | BP effects

NSAIDs can cause significant elevations of systemic BP (hyperten-

sion), which is an important risk factor for stroke and cardiovascular

disease (Mackenzie & MacDonald, 2010). BP measurements were

made at various points throughout the study period. No significant

changes in systolic or diastolic BP were observed among subjects in

either treatment group (Figure 5).
4 | DISCUSSION

GI bleeding and ulceration continue to be the major limitation to the

use of NSAIDs for treating the pain and inflammation associated with

numerous disorders, including osteoarthritis, rheumatoid arthritis, and

gout. Despite the introduction of drugs that suppress gastric acid

secretion (e.g., proton pump inhibitors and histamine H2 receptor

http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2714
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=7273
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5239


FIGURE 5 Treatment with naproxen (550 mg twice daily; n = 126) or
ATB‐346 (250 mg daily; n = 118) did not significantly affect systolic or
diastolic BP. Subjects were treated from Day 1 to Day 14, with a 2‐
week follow‐up. Results are shown as mean ± SD
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antagonists) and NSAIDs that exhibit selectivity for the COX‐2

enzyme, NSAID gastroenteropathy remains the most common adverse

effect of this class of drugs. There are also significant and dangerous

polypharmacy issues surrounding the use of NSAIDs with low‐dose

aspirin and drugs that suppress gastric acid secretion (Lanas et al.,

2009; Wallace, 2013; Wallace et al., 2011).

ATB‐346 is a novel anti‐inflammatory drug developed by Antibe

Therapeutics Inc. that combines two key actions: suppression of COX

activity and release of H2S (Wallace et al., 2010). The latter provides

GI protection from the adverse effects of suppression of COX. The

ability of ATB‐346 to inhibit COX without causing significant GI dam-

age has been demonstrated in extensive laboratory studies (Blackler

et al., 2012; Blackler, De Palma, et al., 2015; Blackler, Motta, et al.,

2015; Flannigan et al., 2013; Motta et al., 2015; Wallace et al., 2007;

Wallace et al., 2010; Wallace et al., 2018). Importantly, the GI safety

of ATB‐346 was demonstrated in several models of impaired GI muco-

sal defence, which more closely approximate the susceptibility of

patients to the GI‐damaging effects of NSAIDs. However, until now,

the GI safety of ATB‐346 had not been directly examined in humans.

This randomized Phase 2 study demonstrated superior safety and GI

outcomes of ATB‐346, compared to naproxen, in healthy subjects. A

dramatic reduction in ulcer incidence (94%) was observed in subjects

treated with ATB‐346. Naproxen and ATB‐346 produced profound

and comparable suppression of COX activity. COX is the main target

for drugs of the NSAID class that are the primary medications used to

treat the symptoms of osteoarthritis. As observed previously (Wallace

et al., 2018), plasma naproxen levels in subjects treated with ATB‐346

were considerably lower than those in subjects treated with naproxen.

A 250‐mg tablet of ATB‐346 contains only one sixth the amount of

naproxen that was administered each day to the subjects treated with

naproxen. However, as demonstrated in a previous Phase 2 clinical trial,

this dose of ATB‐346, given only once a day, produced marked reduc-

tion of pain in osteoarthritis patients (Wallace et al., 2018). Also, as

shown in the present study and in the previous Phase 1 and Phase 2

clinical trials, once‐daily dosing with ATB‐346 produced profound sup-

pression of COX activity, comparable to what was observed with

twice‐daily dosing with 550‐mg sodium naproxen. The effectiveness
of once‐daily dosing of ATB‐346 is a favourable commercial character-

istic with respect to patient compliance.

In addition to the profound reduction in ulcer formation with ATB‐

346 versus naproxen, subjects treated with ATB‐346 exhibited signifi-

cantly lower incidences of several GI symptoms associated with the use

of conventional NSAIDs. For example, the incidence of GI/dyspepsia‐

related symptoms, abdominal pain, gastro‐oesophageal reflux disease,

and nausea was either markedly reduced or completely absent in the

subjects treated with ATB‐346 versus those treated with naproxen.

This is a significant finding because these types of symptoms can often

lead to patient non‐compliance. The reduced dyspepsia with ATB‐346

may be related to the ability of this drug to rapidly stimulate bicarbon-

ate secretion in the stomach and duodenum, as has been observed in

rats (Blackler, Gemici, Manko, & Wallace, 2014; Takeuchi et al., 2012).

A significant elevation of plasma H2S levels was observed in the

subjects treated with ATB‐346, versus those treated with naproxen.

Plasma levels of H2S in the naproxen‐treated subjects (on Day 7, when

steady‐state plasma naproxen levels would have been achieved) were

28 ± 2 nM. The finding that subjects treated with ATB‐346 exhibited

an increase in plasma H2S levels of ~50% (P < 0.05) serves as confir-

mation that the drug produced a biologically relevant elevation of this

mediator in humans, which could contribute to both its analgesic and

cytoprotective effects. Previous studies in animal models have demon-

strated significant analgesic effects of H2S donors (Cenac et al., 2016;

Fiorucci et al., 2007; Wallace et al., 2015).

Studies in rats (Wallace et al., 2010; Wallace et al., 2015) and

humans (unpublished) have shown that ATB‐346 is very rapidly metab-

olized after oral administration, and inhibition of COX activity can be

observed almost immediately. It is likely that there is rapid formation

of at least one active metabolite of ATB‐346. The blood concentrations

of naproxen generated from ATB‐346 are not sufficient to account for

the COX inhibition that is observed (with respect to both potency and

duration of inhibition). Analgesic effects of naproxen are observed with

plasma levels of >40 μg·ml−1 (typical steady‐state levels of naproxen

with 550 mg twice‐daily dosing are ~40–70 μg·ml−1; Sevelius, Runkel,

Segre, & Bloomfield, 1980). In the present studies, the plasma levels

of naproxen in the naproxen‐treated subjects were ~50–60 μg·ml−1.

With ATB‐346 treatment, steady‐state naproxen levels in plasma were

only ~14–17 μg·ml−1, well below the threshold to produce significant

analgesic effects (Sevelius et al., 1980). Analysis of ATB‐346 metabo-

lism in humans has revealed the presence of several naproxen‐like

structures with possible inhibitory effects on COX. These ATB‐346

metabolites are presently being characterized to establish a better

understanding of the mechanisms contributing to the substantial

increase in potency and duration of activity of the drug.

In summary, this Phase 2B endoscopy trial has demonstrated a

dramatic reduction in upper GI ulcer formation in subjects taking

ATB‐346 versus naproxen, the latter being among the most commonly

used drugs for treatment of osteoarthritis and other painful

conditions. The two drugs produced comparable suppression of COX

activity (a biomarker for pain relief and reduced inflammation). Plasma

H2S levels were significantly elevated in the subjects treated with

ATB‐346. Future studies will be aimed at determining if lower doses
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of ATB‐346 can produce significant reductions in osteoarthritis‐

associated pain and inflammation.
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