
Abstract. – OBJECTIVE: Hydrogen sulfide
(H2S) is rapidly gaining ground as a physiologi-
cal mediator of inflammation, but there is no
clear consensus as to its precise role in inflam-
mation. Therefore, this study was undertaken to
evaluate the effects of ATB-346 as a novel H2S-
releasing naproxen compared to naproxen, as a
traditional non-steroidal anti-inflammatory drug
on zymosan induced mono-arthritis in rats.

MATERIALS AND METHODS: Male Wistar
rats (n=48) were randomly assigned to four
main groups: normal control, untreated arthri-
tis, Naproxen and ATB-346 treated groups.
Mono-arthritis was induced by intra-articular in-
jection of zymosan into the knee joints. Me-
chanical hypernociception and joint swelling
were evaluated at 6 hours and 5 days. Inflam-
matory cellular recruitment and adherence, tu-
mor necrosis factor alpha, nuclear factor kappa
ββ, total sulfide levels, and histological changes
were evaluated in knee lavages, blood or joint
tissues at selected time points.

RESULTS: Zymosan injection evoked knee in-
flammation and pain as characterized by me-
chanical hypernociception, impaired gait, joint
swelling with inflammatory exudation and his-
tological changes. Treatment with ATB-346 at-
tenuated nociceptive responses, inflammatory
cellular and biochemical changes in compari-
son to naproxen. Only ATB-346 was able to
suppress neutrophil adherence and to preserve
normal articular structure. 

CONCLUSIONS: H2S releasing naproxen rep-
resents an advancement over the parent drug,
naproxen. Apart from the superior anti-inflam-
matory and anti-noceiceptive activity, ATB-346
offered a distinguished chondroprotective ef-
fect and is almost devoid from naproxen dele-
terious effects on articular cartilage.
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Introduction

The inflammatory response involves the acti-
vation of several biochemical mediators and
cytokines1,2. Commonly used chemical models
of inflammatory mono-arthritis include the zy-
mosan-induced arthritis. The zymosan arthritis
is characterized by an acute phase (within
hours) of increased vascular permeability, ede-
ma formation, neutrophil infiltration and exu-
dation, whereas the chronic phase (days to sev-
eral weeks) resembles chronic rheumatoid syn-
ovitis3. 
Physiological gaseous mediators have been

proposed to induce, inhibit and regulate the in-
flammatory process. Recently, an endogenous
gas, hydrogen sulfide (H2S), has been recognized
as an inflammatory mediator. H2S is synthesized
in the human body from the amino acids cys-
tathionine, homocysteine, and cysteine by the ac-
tion of two main enzymes: cystathionine-γ-lyase
(CSE) and cystathionine-β-synthase (CBS)4. Ex-
ogenous or altering endogenous H2S may have
unanticipated effects since H2S plays a role in
regulation of chemokines, cytokines and adhe-
sion molecule expression5. However, the role of
H2S in inflammation is still a matter of debate6.
In some studies, H2S has been shown to be pro-
inflammatory, while others have reported an an-
ti-inflammatory effect of H2S7,8. The mechanisms
of such effects have not yet been fully investigat-
ed. Activation of nuclear transcription factor-κβ
(NF-κβ) with subsequent intracellular adhesion
molecule (ICAM)-1 upregulation has been re-
ported to explain the H2S pro-inflammatory ac-
tivity9. Other researches on the other hand had
demonstrated numerous anti-inflammatory ef-
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fects of H2S by reducing adhesion and rolling of
circulating leukocytes in inflamed microvascula-
ture10.
Non-steroidal anti-inflammatory drugs

(NSAIDs) remain the most commonly used
drugs for treating arthritis. To generate more ef-
fective anti-inflammatory drugs, there is a need
to target more elements of inflammation than just
prostaglandin synthesis. Hydrogen sulfide releas-
ing derivative might provide an answer because
it has recently been shown to exert several anti-
inflammatory effects and to increase the resis-
tance of the stomach to injury11.
Therefore the aim of this work was to study the

effect of exogenous H2S in modifying knee joint
inflammation; evaluating the role of tumor necro-
sis factor-α and NF-κβ in mediating the proposed
pro- or anti-inflammatory effect of exogenous H2S
in arthritis. It was also designed to examine
whether H2S releasing NSAIDs would be superior
to traditional NSAIDs in reducing the inflammato-
ry reaction in a rat model of zymosan arthritis.

Materials and Methods 

The experiments were approved and performed
according to the guidelines of the Ethics Commit-
tee of Alexandria Faculty of Medicine-Ethical
Animal Code. Permit number: 000075555.
Forty eight adult male Wistar rats (180-200 g)

were used in the study; the animals were housed
in standard plastic cages with food and water
available ad libitum. 

Induction of Arthritis
Arthritis was induced by injecting 1 mg zy-

mosan (Sigma, St. Louis, Mo, USA), in 50 µl
sterile saline into the right knee joint through the
lateral margin of the patella tendon in each ani-
mal in a deep knee-flexed position under ether
anesthesia using a 29-gauge needle12. An equiva-
lent amount of sterile saline was injected into the
left knee as a negative control for assessment of
the knee circumference. Control rats received in-
tra-articular (i.a.) saline injection in both knees to
serve as a control for all other parameters.

Experimental Design 
The animals were divided into 4 experimental

groups (12 rats/group): Group I: Normal control;
Group II; Arthritis group; rats in both groups re-
ceived gum acacia orally as a vehicle; Group III;
Naproxen treated group receiving naproxen

(Naprofen®; 10 mg/kg) orally; Group IV; ATB-
346 treated group receiving the H2S releasing
naproxen derivative in equimolar dose (ATB-346-
Antibe Therapeutics Inc, 15.9 mg/kg) orally13.
All groups were then subdivided into 2 sub-

groups A and B (6 rats each). The A subgroups
received only single drug or vehicle treatment
one hour prior to induction of arthritis and were
used for studying the acute phase of arthritis. Af-
ter 6 hours of induction, pain behavior and gait
score were assessed; then, all animals were anes-
thetized and joint swelling was evaluated by
measuring the knee circumference at marked
points using a flexible tape in accordance with
the procedure reported by Yu et al14 and ratios of
arthritic to normal joints circumferences were
calculated. Animals were then euthanized and
the synovial cavities of the knee joints were
washed with 0.4 mL saline containing 10 mM
EDTA. The synovial exudate was aspirated for
determination of cell count and assay of neu-
trophil adherence. B subgroups, on the other
hand, were studied for 5 days after induction of
arthritis during which drug dose or vehicle was
given twice daily. At the end of the study period,
pain behavior, gait score and joint swelling were
also evaluated as mentioned above. Blood was
then collected by cardiac puncture; aliquoted
with subsequent plasma, serum or peripheral
blood neutrophils isolation for estimation of total
sulfide, TNF-α and NF-κB respectively. After
euthanization, knee joints were surgically isolat-
ed for histopathological examination. 

Assessment of Pain Behavior by 
Pin Prick Test
Rats were tested for the presence of pain-like

behaviors or secondary hyperalgesia using pin
prick test as indirect measure in knee monoarthri-
tis. Rats were placed in specialized cages with a
metal mesh floor allowing access to the plantar
surface of the hindpaw. The pin prick test was
done by pressing the plantar surface of the hind-
paw with the point of safety pin, at intensity suffi-
cient to produce a reflex withdrawal response in
normal animal, but without skin penetration. Me-
chanical stimuli were given ten times to the
arthritic limb through the wire mesh floor. The
occurrence of paw withdrawal in each of these
ten trials was expressed as percent withdrawal
frequency [(number of paw withdrawals/number
of trials) × 100]. Avoidance responses such as
lifting, shaking or licking the paw, and running
away were regarded as positive responses15.
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TNF-α (pg/ml) was measured by using ELISA
(Quantikine Rat TNF- alpha Immunoassay e-
Labscience, Carugate, MI, Italy) according to the
manufacturer’s instructions21. NF-κβ was detect-
ed in peripheral blood neutrophils by western
blotting22. Briefly, neutrophils (95-98% purity)
were isolated using Ficoll-Paque centrifugation
and were subsequently purified by dextran sedi-
mentation and hypotonic lysis of residual ery-
throcytes. Cayman’s nuclear extraction kit was
used to isolate nuclear protein according to the
manufacturer’s instructions. A modification of
Lowry et al23 method was then used for determi-
nation of protein. Protein (50 µg) was separated
by 15% sodium dodecyl sulphate-polyacrylamide
gel electrophoresis, transferred to a nitrocellulose
membrane, and immunoblotted with primary rab-
bit polyclonal anti-NF-κB/p65 antibody (1:100
Santa Cruz Biotechnology Inc, Santa Cruz, CA,
USA). Equal loading was confirmed by reprob-
ing the membranes with secondary antibody
(Horse Radish Peroxidase). DAB (3, 3´-di-
aminobenzidine tetrahydrochloride) chromogenic
substrate solution then hydrogen peroxide 30%
were added. Detection was performed using the
Corel paint shop pro X2 software, the color in-
tensity of each band was converted to a number
with red green blue (RGB) unit and divided by
the protein concentration in each sample to be
represented finally with RGB unit/mg protein24.

Statistical Analysis
Using one sample Lilliefors test for normality,

the distribution of each set of data was tested for
normality before analysis. Data were expressed
as mean ± SEM. Tests of significance were two
tailed and p < 0.05 was considered statistically
significant. Multiple variables were evaluated by
one-way ANOVA test, followed by multiple
comparison test using least significance differ-
ence procedure. Results for gait score were ex-
pressed as median values and analyzed by
Kruskal-Wallis test followed by Mann Whitney
U test for comparison. Analysis was conducted
using Statistical Toolbox for the MATLAB (Ma-
trices Laboratory software version R2008b).

Results

Gait Score and Pain Behavior
Zymosan injection resulted in significant im-

pairment of the normal walking pattern (as
shown by the increased gait score) and increased

Gait Score
Knee joint pain was evaluated by the function-

al measurement of animal behavior using a mod-
ified gait score based on walking pattern. In a
quiet, dimmed room, each rat was placed on an
open bench that enabled the animal to walk
freely. The severity of disturbances of walking
was graded as score 0 (normal; rat runs and
walks normally), score 1 (mild disability; rat runs
and walks with difficulty), score 2 (rat walks
with difficulty due to intermittent loading of in-
flamed joint) or score 3 (rat stands on only three
paws i.e. total joint immbolity)16.

Cell Isolation and Preparation and 
Neutrophil Adherence Assay
Joint lavage fluids were centrifuged at 200 × g

for 10 min at room temperature, and the pelleted
cells were suspended in PBS. The viability of re-
covered cells was found to be more than 97% as
detected by trypan blue dye exclusion test. The to-
tal cell yield was estimated using a Neubauer
haemocytometer. Microscopic examination of a
leishman stained film confirmed neutrophil pre-
dominance. Cells were then resuspended in normal
rat serum and neutrophil adherence was assayed by
a modification of the method of MacGregor et al17
and Rodriguez et al18. Briefly, 1 ml of cell suspen-
sion was allowed to flow through the adherence
columns prepared by packing 70 mg of nylon fiber
into 23 cm pasteur pipettes at 37°C. After 10 min-
utes, the effluent fluid was collected and the per-
centage of neutrophil adherence is calculated by
the following equation: % of Neutrophil adherence
= 100-Neutrophil/ml in the effluent sample/Neu-
trophil/ml in the original sample × 100.

Preparation of Histological Sections 
of the Knee Joint
Knee joints were dissected and fixed in 10%

paraformaldehyde. After dehydration with a gra-
dient ethanol series and decalcification with 20%
EDTA (pH 7.4), they were embedded in paraffin,
and 5 µm-thick sagittal sections were prepared
with a cutting plane. Whole knee joints were
stained with hematoxylin and eosin (H&E) and
examined by light microscopy to evaluate joint
inflammation19.

Biochemical Assay
Aliquots of plasma (100 µl) were immediately

assayed for total sulfide as described previously
using the zinc trap colorimetric assay20. Serum
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paw withdrawal frequency % (PWF%) in ani-
mals 6 hours and 5 days in comparison to the
saline injected subgroup. ATB-346 was able to
significantly improve gait score following both
treatment periods in comparison to arthritis sub-
groups. Treatment with naproxen or ATB-346
was associated with a significant decrease in
PWF% compared to the arthritis subgroups in
both study periods. ATB-346 treatment in either
the 6 hour or the 5 days subgroups was associat-
ed with significant decrease in PWF% compared
to naproxen treatment (Figure 1a, b, c).

Knee Joint Swelling
Examination of knee joints six hours after zy-

mosan injection, revealed a significant increase
in the ratio of joints circumferences as compared
to control rats. With prolonged period of inflam-
mation up to 5 days, this increase was still signif-
icant as compared to the control indicating a pos-
itive inflammatory reaction at different time
point. Treatment of animals with ATB-346 in ei-
ther the 6 hours or the 5 days subgroups resulted
in significant reduction in the joint circumference
ratio compared to the arthritis group. However,
the naproxen treated rats showed a significant re-
duction of knee joint swelling only in the acute
arthritis subgroup (Figure 2).

Leukocyte Adherence and Recruitments
in Synovial Fluid 
As shown in Table I, intra-articular injection

of zymosan resulted in early leukocytic recruit-
ment into the synovial cavity in all zymosan in-
jected subgroups, while nearly no cells could be
harvested from synovial lavage of saline injected
control subgroup. Single treatment of the animals
with naproxen or ATB-346 prior to arthritis in-
duction resulted in a significant reduction in
leukocytic count in the synovial fluid. Moreover,
H2S-releasing naproxen was found to significant-
ly decrease neutrophil adherence from 74.9% in
arthritic group to 50.3%, the latter effect was not
observed with naproxen treatment. 

Biochemical Estimates
Treatment of the arthritic rats with ATB-346

for 5 days resulted in a significant rise of plasma
total sulfide concentration (38.2 ± 0.73 µM)
compared to all other subgroups (Figure 3a).
Conversely, naproxen treatment was associated
with a significant total sulfide reduction.
Intra-articular injection of zymosan was asso-

ciated with a significant increase in both TNF-α

and NF-κβ after 5 days following induction of
arthritis as compared to control rats.
The zymosan induced elevation of TNF-α was

found to be significantly reduced after 5 days of
treatment with either naproxen or ATB-346;

Figure 1. Effect of pretreatment with Naproxen and ATB-
346 on Zymosan induced impairment on walking pattern and
nociceptive responses. (A) Walking behavior or gait was
scored on a scale from 0 (normal) to 3 (total joint
immobility), 6 hours and (B) 5 days following intra-articular
injection of zymosan. In (A) and (B) data are presented as a
scatter plot of n=6 with the median values for each
experimental group. Median value after 6 hours for arthritis
subgroup is 2.5. *p = 0.001 versus normal control subgroup;
**p = 0.001 versus arthritis subgroup after 6 hours and **p =
0.02 after 5 days. (C) Pain like behavior evaluated by pain
prick test and expressed as paw withdrawal frequency percent
in arthritic limb in all subgroups, 6 hours and 5 days after
induction of arthritis. Data represent the mean ± SEM.*p =
0.001 significant versus normal control group; **p = 0.001
compared to arthritis group. *** p = 0.02 after 6 hours and p
= 0.001 after 5 days compared to naproxen treated subgroup.



however, ATB-346 treatment achieved more re-
duction in TNF-α level compared to naproxen
treatment. It is worth mentioning that H2S-releas-
ing naproxen treatment was able to almost nor-
malize the serum level of TNF-α (p = 1.0).
Western blotting of NF-κB revealed a signifi-

cant reduction after 5 days of drug treatment by
68% and 41% for ATB-346 and Naproxen, re-
spectively (p = 0.001 for both). ATB-346 was
significantly superior to naproxen in reducing
NF-κβ (p = 0.001) (Figure 3b,c).

Histological Finding
Examination of H&E-stained histological

sections of normal non-arthritic knee joints
(Figure 4a-c) revealed normal histological ap-
pearance with a clear joint space, intact syn-
ovial membrane and normal articular cartilage.
Zymosan injection resulted in a pronounced in-
flammatory response as shown by prominent
mononuclear cellular infiltration and prolifera-
tion with areas of increased vascularization. In
addition, thickening of the synovial membrane
and joint capsule, thinning of articular carti-
lage with areas of ragged articular surfaces
were observed. The articular surface also ex-
hibited densely-stained basophilic matrix with
proliferating chondrocytes forming cell nests
(Figure 4d-i). Rats treated with naproxen for 5
days had a tendency to exhibit less intense cel-
lular infiltration in some specimens but still
with thin articular cartilage with mild surface
irregularity and chondrocytes showing dark
pyknotic nuclei. Other specimens showed
prominent cellular infiltration of the joint cap-
sule that even extened into the joint space and
covered the surface of the articular cartilage
(Figure 4j-o). In contrast, treatment with ATB-
346 for 5 days resulted in amelioration of most
these structural derangements as evidenced by
intact joint space, normal joint capsule with
minimal cellular infiltration. The articular car-
tilage appeared with normal thickness and rel-
atively smooth surface. Some proliferating
chondrocytes were observed within their lacu-
nae forming cell nests; however, the articular
hyaline cartilage restored the pale basophilic
staining of its matrix (Figure 4p-r).
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Arthritis
(vehicle Naproxen ATB-346

Subgroups treated) treated treated

Leukocytes 6.24 ± 0.13 4.65 ± 0.15* 1.56 ± 0.15*,**
count 
(x 106/cavity) 
Neutrophil 74.9% ± 0.3 76.2% ± 0.6 50.3% ±  0.7*,**
adherence % 

Zymosan injected animals were pretreated with either
naproxen (10 mg/kg) or ATB-346 (15.9 mg/kg), or with a
vehicle. Total cell counts in synovial exudate were deter-
mined 6 hours post injection and neutrophil adherence was
assayed and expressed as percentage of adherent cells. Al-
most no cells could be harvested from joints of normal con-
trol rats. Data is presented as mean ± SEM of 6 rats per
subgroup. One way ANOVA was conducted and the results
of post hoc least significance difference comparison were
shown. *p = 0.001 versus arthritis subgroup, **p = 0.001
versus naproxen treated subgroup.

Table I. Effect of pretreatment with Naproxen and ATB-
346 on cell count and adherence of leukocytes recovered
from synovial lavage 6 hours after intra-articular injection
of zymosan.

Figure 2. Effect of pretreatment with
Naproxen and ATB-346 on zymosan
induced knee joint swelling. Right knee
joints received i.a. injection of zymosan
(1mg/50µl saline), while left Knee joints
were injected with saline. Control rats
received i.a. of saline in both knee joints.
Joint circumferences were measured 6
hours and 5 days after induction of arthritis
and ratios of right to left joints
circumferences were calculated. Data are
presented as means ± SEM *p < 0.05
compared to control subgroup; **p < 0.001
compared to arthritis subgroup. ***p <
0.05 compared to naproxen treatment.
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Discussion

The administration of the H2S releaser ATB-
346 for five days was found to result in signifi-
cant increase in the plasma total sulfide concen-

tration in comparison to all other groups. Thus,
the currently observed effects of ATB-346 over
naproxen can be primarily attributed to the sulfide
moiety and not to the parent drug naproxen. Since
blood sampling was almost done around 3 hours
after the last dose of administered drugs, we spec-
ulate that similar to the other S-N bond contain-
ing H2S donors25, ATB-346 slowly released H2S
from its carbamoylic moiety, an assumption that
yet needs to be confirmed. Naproxen administra-
tion was associated with a significant decrease in
plasma total sulfide. However, this finding may
be explained by previous report that H2S synthe-
sis was significantly reduced following adminis-
tration of NSAIDs, apparently through suppres-
sion of the expression and activity of cystathion-
ine γ-lyase (CSE), one of the key enzymes for
conversion of L-cysteine into H2S26.
In the present study we have demonstrated that

both naproxen and ATB-346 decreased pain in the
inflamed joint throughout the early and late phases
of zymosan arthritis. These effects may be related
in part to the inhibition of prostaglandins synthesis
by both drugs. However, a possible role for H2S
release can be assumed since a better gait score
was achieved by ATB-346 treatment in compari-
son to naproxen. A possible protective effect of
H2S against nociception is controversial, since an-
ti-nociceptive, pro-nociceptive, and even no ef-
fect, were previously reported16,27,28. The cause of
this controversy is not known; however, different
animal models, different hydrogen sulfide donors,
timing and method of pain assessment may be
considered. The anti-nociceptive effect of H2S
may be related, at least in part, to the currently
demonstrated inhibitory effect on acute joint in-
flammation, local tissue swelling and edema for-
mation. Since trafficking of inflammatory cells is
the key component of any tissue based response to
injurious agents, the reduction of cellular infiltra-
tion seems to be the primary mechanism by which
the ATB-346 modulates joint arthritis. In the earli-
est stages of inflammation, neutrophils are partic-
ularly prevalent, but later, monocytes and lympho-
cytes also migrate towards the site of injury29. The
inhibitory effect of H2S donor on leukocyte infil-
tration was previously explained by a local vaso-
constrictor effect of H2S28. Herein, we attribute it
to the inhibitory effect of ATB-346 on neutrophil
adherence as it is the initial step for inflammatory
cellular recruitment to the site of inflammation.
Since leukocyte adherence is known to increase
after NSAIDs administration26, the currently
shown inhibitory effect on cellular adherence and
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Figure 3. A, Plasma total sulfide. B, Serum TNF-α and pe-
ripheral blood neutrophil NF-κβ levels in the studied groups
5 days after induction of arthritis. Data are presented as
means ± SEM *p < 0.001 compared to control group; **p <
0.001 compared to arthritis group. ***p < 0.001 compared to
naproxen treatment. C,Western blot analysis of NF-κB in the
studied groups using rabbit anti-NF-κB/p65 antibody. The
color intensity of each band was converted to a number with
red green blue (RGB) unit and divided by the protein concen-
tration in each sample to be represented finally with RGB
unit/mg protein as in (B).
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Figure 4. Representative photomicrographs of H&E stained sections of rat knee joints 5 days after receiving i.a. injections.; light
microscopy with low (x40, column I); medium (x100, column II) and high magnification (x400, column III). A-C, Micrographs of
knee joint of control rats showing clear joint space with intact joint capsule. The inner synovial layer (S) is formed of low
cuboidal cells with small amount of adipose tissue (*) seen between the 2 layers of the joint capsule. The articular cartilage
(arrow) appears with smooth surface and pale basophilic matrix. The chondrocytes (CH) are seen in their oval lacunae with
flattened nuclei. D-I, Micrographs of knee joints of untreated arthritic group, showing thickened joint capsule with prominent
cellular proliferation (P). Mononuclear cellular infiltration and increased vascularization (arrowheads) were also observed within
the synovial membrane, extending into the joint space and towards the peripheral boundary of the articular cartilage. Thinning of
the articular cartilage with evident irregularity of its surface is seen (arrows). Notice the densely-stained irregular cartilage matrix
and proliferating chondrocytes in cell nests (N). J-O, Micrographs of knee joints of Naproxen treated rats showing prominent
thick joint capsule with cellular infiltration extending into the joint space and the articular surface (arrowheads). The articular
cartilage is thin with some ragging (arrows) and darkly-stained chondrocytes with pyknotic nuclei (N). P-R,Micrographs of knee
joint of ATB-346 -treated rats, showing almost normal joint capsule and articular cartilage (arrow). Minimal cellular infiltration is
observed in the cellular layer of the capsule (arrow head). Some proliferating chondrocytes are seen insides their cell nest (N).
Notice the normal pale staining of the articular cartilage matrix.
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recruitment represents an improvement of ATB-
346 over the parent compound naproxen. 
Several days after intra-articular injection of

zymosan, the induced arthritis is known to resem-
ble chronic rheumatoid synovitis30. Administra-
tion of either naproxen or ATB-346 was associat-
ed with decreased joint inflammation. However,
ATB-346 further decreased synovial membrane
thickenings with almost normal articular cartilage
and clear joint space. Thus, the early modulation
of acute inflammatory process by ATB-346 could
significantly affect resolution of inflammation
and ameliorate joint damage. A novel finding in
this study is the modulatory effect of ATB-346 on
cartilage matrix and chondrocyte survival in con-
trast to the observed negative effects of naproxen
treatment. It seems that with naproxen treatment,
the early adaptive response of increased chondro-
cyte proliferation and matrix formation in re-
sponse to injury, turned maladaptive as evidenced
by presence of pyknotic nuclei. Such response
was enhanced towards repair with the use of
ATB-346. Given the unique report that NSAIDs
use in osteoarthritis accelerates articular cartilage
breakdown31, the possible role of H2S-releasing
naproxen in preventing chondrocyte apoptosis
and matrix degradation needs further evaluation
in different models of joint injury. The superior
anti-inflammatory and antinociceptive effect of
ATB-346 compared to naproxen may be also a
consequence to its more inhibitory effect on TNF-
α production. The ability of ATB-346 to totally
mitigate the zymosan induced TNF-α rise is
strongly supported by the finding of Li et al32.
According to their work, H2S inhibited the TNF-
α-converting enzyme (TACE), which converts
membrane-bound pro-TNF-α to mature and solu-
ble TNF-α. Since TACE is a zinc-containing met-
alloproteinase, it was suggested to be a target for
H2S which has a high affinity for zinc, a property
widely exploited for the measurement of H2S lev-
els. TNF-α is considered a pivotal cytokine in in-
flammatory arthritis whose antagonism signifi-
cantly reduced both joint hypernociception and
cell influx33. Taken together the fact that TNF-α
is a principle cytokines initiating catabolic re-
sponses in chondrocytes31, we assume that the
ability of ATB-346 to totally abrogate TNF-α rise
accounts for its chondroprotective activity. 
It is also likely that inhibition of gene tran-

scription through the NF-κB pathway is central in
mediating the anti-inflammatory effect of exoge-
nous H2S. NF-κB is a key player in intracellular
signaling pathways in response to inflammatory

stimuli and is required for adhesion molecules and
many pro-inflammatory cytokines production34.
This is in accordance with previous reports that
other potential H2S donors, such as the garlic con-
stituent, diallysulfide, also inhibited NF-κB acti-
vation in primary cultures of human chondro-
cytes35. Nevertheless, Stuhlmeier et al36, failed to
demonstrate any effect of H2S on NF-κB neither
in-vitro on human fibroblast-like synoviocytes nor
in-vivo in mice. In contrast, several studies report-
ed a pro-inflammatory effect of H2S where inhibi-
tion of its production was associated with reduced
mRNA level of many inflammatory cytokines in-
cluding TNF-α coupled with reduced transloca-
tion and activation of NF-κB in lung, liver and
pancreas in different rat models of sepsis or acute
pancreatitis9,37,38. Beside the different inflammato-
ry models used in these studies, their data were
generated by either the use of H2S synthesis in-
hibitors such as DL propargylglycine (PAG) or
the H2S donor NaHS. These agents have been pre-
viously criticized as tools for H2S evaluation39,40.
The ideal H2S-donors for therapeutic purposes
should generate H2S with slow releasing rates
such as H2S-releasing organic polysulphide or H2S
releasing hybrid NSAIDs40. In our work the in-
crease in total sulfide level still falls within the
physiologic levels of H2S in rat blood which
ranges from 10-100 µM41. Accordingly we expect
that like the other H2S releasing hybrid com-
pounds, ATB-346 is also slowly releasing H2S.
This assumption may be emphasized by reports on
the biphasic effect of H2S on inflammatory signal-
ing in lipopolysaccharide (LPS)-treated murine
macrophages, where low concentrations of H2S
inhibited LPS induced synthesis of PGE2, NO, IL-
1β, IL-6 and NF-κB activity, while higher concen-
trations of NaSH promoted the synthesis of pro-
inflammatory mediators42. In addition, a compara-
tive study showing differences between fast and
slow-release H2S donors showed an increase in in-
flammatory markers with high concentrations of
NaHS compared to inhibitory effects of
GYY4137, a slow H2S donor43. Thus, the rate and
concentration of exogenously donated H2S should
be appreciated while analyzing and interpreting
the results of the different studies. 

Conclusions

This work provides preclinical evidence on the
superior anti-inflammatory and anti-nociceptive
effect of H2S releasing naproxen relative to
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naproxen in inflammatory arthritis. Apart from
reduction of joint pain, swelling and inflamma-
tion, an important finding is the ability of ATB-
346 to preserve cartilage chondrocyte and matrix
homeostasis. The study also showed that H2S re-
lease within physiologic ranges may be the key
of promoting such effects. Thus, H2S releasing
hybrid molecules could represent an attractive
therapeutic strategy to reduce the severity and
progression of acute and chronic inflammatory
joint diseases. Interestingly, ATB-346 nearly
abolished TNF-α release and regulated the im-
portant cellular transcriptional machinery NF-
κB, and so, it may have more therapeutic impli-
cations beyond its anti-inflammatory activity.
This paves the way for further anti-inflammatory
drug development, adding more therapeutic op-
tions in the clinical practice.
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