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Supersulfides are rising stars in regulating redox. Their COOH

distinctive redox biological functions are becoming increasingly 5.asa HO
evident with the advancement of supersulfide donors. However, )
most existing donors are limited to releasing hydropersulfide (RSSH)  Colitis — ('_\

only, and in addition, there is still a knowledge gap in translating ';l|
supersulfides into therapeutic molecules. To this end, in this work, we \ N

devised and synthesized a supersulfide donor—drug conjugate, RSSS— S‘Ip

ASA, containing an azo moiety. This bifunctional prodrug enables the e"s‘, o
production of hydrotrisulfide (RSSSH) catalyzed by intestinal ’}O’es S

azoreductase, accompanied by the release of the anti-inflammatory
molecule S-aminosalicylic acid (ASA). Notably, the corelease of the
supersulfides with ASA exhibited colonic-targeting attributes, thereby
synergistically contributing to the potent anti-inflammatory and antioxidant activities observed in cellular and animal models. This
prodrug design is worthy of further development and translation in donor development and disease treatment.
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maintaining cellular redox homeostasis. Supersulfides have
recently been recognized as fascinating molecules that play
various regulatory and protective roles in redox-mediated
cellular dysfunction and pathological processes relative to
oxidative stress.”” "’

The term “supersulfides” has recently been proposed for
species containing catenated sulfur atoms (Figure 1b)." These

:2 Hf::persumde:on:rs e D (b)supersumd:s\sﬁm) Targe.ted and corlltrolled. delivery of supersulﬁde's into‘ tisgues
o mw o > sLS)R_> San " or cells is an emerging topic that warrants further '1nvest1gat1on.
mb‘g ) /@A HN} ety e . Hydropersulﬁde (RSSH) donors have been. designed for t}.le
LA <& s direct release of RSSH, the most representative supersulfide, in

(© Stucture o SASP @ @ourwork 1 response tol‘l%aious Physiological conditions (pH, esterases,
SN s5s®  Inflammation thiols, etc.) or biomarkers upregulated in disease (ROS,
“°°°j©/“~*m/©/ ) ”°°°]©/"~‘N T RNS, NQOI, etc.) (Figure 1a).”> >’ These donors have
Ho AzoR-triggered correlease > HO ”OOCU””2 emerged as potent regulators of supersulfide homeostasis,

HO’ ASA

demonstrating superior antioxidant and cytoprotective effects,
particularly distinct biofunctions specific to supersulfides. In
certain instances, these donors are more effective than H,S
donors.”™*  Furthermore, an increasing body of research
indicates that supersulfides, rather than H,S, play a significant
role in numerous biological events.””~'>***” Consequently,
supersulfide donors will be a pivotal tool along with H,S

Figure 1. Design of supersulfide donor—drug conjugates based on
1,6-N,S-relay and AzoR-mediated activation.

sulfur atoms, particularly those with oxidation states of 0 and
—1, are highly reactive and labile.> They are currently referred
to as “sulfane sulfur atoms” embedded in and readily
transferred between persulfide and polysulfide species,” >
which endows supersulfides with unique structural and
functional properties, facilitating the quenching of reactive
oxygen species (ROS)/reactive nitrogen species (RNS) and
the conversion to hydrogen sulfide (H,S) for cellular sulfur
recycling.’~® Their central and versatile role enables super-
sulfides to construct a buffer system indispensable for
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Scheme 1. Synthesis of Prodrugs RSS—ASA and RSSS—ASA
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Figure 2. Activation of the prodrugs with the corelease of ASA and supersulfides. (a) AzoR-mediated corelease of ASA and supersulfides. ASA can
undergo metabolic conversion to N-acetyl-S-ASA (Ac-ASA, an inactive metabolite of ASA), and supersulfides (RSSH and RSSSH) can be
converted to 11 and 12, respectively, in the presence of HPE-IAM. (b) Degradation of prodrugs (S #M) in a rat colonic content solution (0.1 mg/
mL in PBS). (c) Azoreductase (AzoR) inhibitor DPI (0, 1, 10, and 100 #M) blocked the degradation of RSSS—ASA (25 uM) in the rat colonic
content solution. (d—f) Generation of ASA, Ac-ASA, and supersulfides from S uM RSS—ASA (d), RSSS—ASA (e), or SASP (f) in the rat colonic
content solution (0.1 mg/mL in PBS) containing HPE-IAM (S0 uM). (g) Supersulfides potentially blocked the metabolic inactivation of ASA. The
levels of ASA and Ac-ASA generated from prodrugs (S #M) was measured following incubation within rat colonic contents (0.1 mg/mL PBS) for

24 h. Data represent the average = SD (n = 3).

donors in future sulfur biology research, guiding novel
therapeutic breakthroughs for preventing and treating diseases
with disturbed redox homeostasis.

However, existing supersulfide donors are limited to
releasing RSSH. Compared to RSSH, hydrotrisulfide
(RSSSH) is a more mysterious molecule that harbors an
additional zerovalent sulfur atom, which is an alternative
avenue to reprogram the supersulfide pool and potentially
more beneficial in combating oxidative stress damage.
However, delivering RSSSH more directly remains a challenge.
Reported RSSH donors often bear self-immolation linkers
undergoing a 1,4- or 1,6-elimination or an intramolecular
cyclization. In light of these linkers, we designed RSSSH

643

donors capable of releasing RSSSH through 1,6-elimina-
tion*>***?°133 (Figure 1d).

On the other hand, pursuing more diversified supersulfide
donors is ultimately aimed at elucidating their biological
activities and applying them in disease treatment. Inspired by
the fact that donors of gaseous signaling molecules have
demonstrated enhanced clinical therapeutic eflicacy when
coupled with another drug (e.g, the nitric oxide-donatin
latanoprostene bunod and the H,S-donating ATB-429),*%°
we designed supersulfide donor—drug conjugates (DDCs)
(Figure 1d), a novel class of prodrugs capable of coreleasing
supersulfides accompanied by a second pharmacologically
active molecule. We also validated their pharmacological
activity at both the cellular and the animal levels.
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Figure 3. Anti-inflammatory and antioxidant activities of prodrugs on LPS-stimulated RAW 264.7 macrophage cells. (a—d) Effects of SASP, RSS—
ASA (RSS), and RSSS—ASA (RSSS) on the LPS-induced inflammatory response. RAW264.7 cells were pretreated with different concentrations of
prodrugs (S, 25, and 125 uM) and LPS (1 pug/mL) for 24 h. IL-1§ (a) and IL-6 (b) secretion in the culture supernatant were measured using
ELISA. NO production (c) and MPO activity (d) in the culture supernatant were measured. (e) The fluorescent probe Pz—Py was utilized as a
sensor of endogenous hypochlorous acid (HCIO). (f, g) Representative fluorescent images (f) and quantitative analysis (g) of intracellular HCIO.
RSS—ASA and RSSS—ASA attenuated the cellular HCIO accumulation induced by LPS. Fluorescence intensity is depicted as a ratio compared to
the control group; scale bars = 200 ym. Data represent the mean + SD of independent experiments (n = 6). **¥p < 0.001, **p < 0.01, and *p <
0.0S versus the model group; ##Hp < 0.001 and ##p < 0.01 versus the control group; ns, not significant.

The azo bond introduced in the prodrugs could be cleaved
reductively by azoreductase (AzoR) from colonic bacteria,*>*!
liberating the therapeutic molecule S-aminosalicylic acid
(ASA) and an aniline scaffold. The latter undergoes 1,6-
elimination, resulting in the release of supersulfides (RSSH or
RSSSH) (Figure 1). Our AzoR-responsive prodrugs were
derived from the metabolism of the therapeutic drug
sulfasalazine (SASP) (Figure 1c), which releases ASA into
the inflamed colon in a spatially selective manner. However,
the metabolic byproduct sulfapyridine is responsible for some
side effects of SASP.**** In light of these considerations, the
newly designed prodrugs, while acquiring colon-targeting
properties, also attempt to exert an additive or synergistic
effect in inhibiting inflammation through the additional release
of supersulfides. Furthermore, this locally acting mode would
be more reasonable and practical for exploring the in vivo
therapeutic effects of supersulfides, which could circumvent
their metabolic stability.

The initial step involved the synthesis of two prodrugs
(Scheme 1). Following the diazotization reaction, p-amino-
benzyl alcohol was coupled to the para-position of the
phenolic hydroxyl group of salicylic acid to yield benzyl
alcohol 7, which contains an azo structure. Subsequently, after
bromination, thiourea substitution, and hydrolysis, thiol 10 was
synthesized. The reaction of compound 10 with different active
forms of thiols produced prodrugs with varying structures. The
reaction with compound 4 yielded the disulfide compound
RSS—ASA (1), whereas the reaction with compound 6 gave
rise to the trisulfide compound RSSS—ASA (2).
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After obtaining the prodrugs, the feasibility of the corelease
of supersulfide and ASA was verified. The prodrugs (S uM)
were incubated with rat colonic contents (0.1 mg/mL) for 12
h, during which the azo bond was cleaved by bacterial AzoR,
producing ASA and triggering supersulfide release (hydro-
persulfide in the case of RSS—ASA; hydrotrisulfide in the case
of RSSS—ASA). In addition, acetylated ASA (Ac-ASA), a
compound considered an inactivated metabolite detrimental to
potency, was also examined (Figure 2a).** To detect reactive
RSSH and RSSSH, the thiol-trapping reagent f-(4-
hydroxyphenyl)ethyl iodoacetamide (HPE-IAM) was added
to generate derivatives 11 and 12 (Figure 2a), facilitating the
stabilization and quantification of the supersulfides (Scheme
SS). The release process was quantitatively outlined by liquid
chromatography-tandem mass spectrometry (LC-MS/MS) for
each of the aforementioned product. Prodrugs RSS—ASA and
RSSS—ASA degraded at rates comparable to that of the
control drug SASP (Figures 2b and S1, S2), which was blocked
by the AzoR inhibitor diphenyleneiodonium chloride (DPI)
(Figure 2c), indicating that AzoR is essential for the prodrug
activation in a reaction system containing colonic contents.
Along with prodrug decomposition, the accumulation of both
supersulfide species and ASA was observed (Figure 2d—f). All
three prodrugs exhibited comparable yields of ASA over time.
Notably, after 12 h of coincubation, RSSS—ASA released
RSSSH in 13% yield, which was 0.7 times that of ASA (19%
yield), and this release efficiency was superior to that of RSS—
ASA for RSSH (6% vyield, which was only 0.27 times that of
ASA release). The lower release efficiency of RSSH/RSSSH
than that of ASA is partly due to the immediate formation of
ASA after azo bond cleavage, whereas supersulfide release
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requires a 1,6-elimination process, which is the rate-limiting
step from the experimental results and available reports.”>** In
the case of similar ASA yields, the higher yield of RSSSH
reflected that the trisulfide may be more susceptible to 1,6-
elimination than the disulfide, but this intriguing result needs
to be further investigated in subsequent experiments. Overall,
the low yields of both ASA and RSSSH may be due to the
complexity of the colonic contents, which contain metabolic
enzymes and thiols that may affect the stability of the prodrugs
and their metabolites.

The conversion of ASA to Ac-ASA is mediated by N-
acetyltransferases (NATSs) in bacterial or intestinal tissues and
is closely linked to the efficacy of ASA.** All three prodrugs
yielded the inactive metabolite Ac-ASA over the course of the
12 h reaction, with the SASP group producing the highest
amount. Upon extending the coincubation period to 24 h, the
ratio of ASA to Ac-ASA generated by SASP was close to 1:1. In
stark contrast, prodrugs RSS—ASA and RSSS—ASA yielded
markedly higher proportions of ASA (Figure 2g), indicating
that the supersulfides may be responsible for the observed
reduction in metabolic inactivation. The NAT-mediated
acetyltransfer depends on a crucial cysteine residue in the
catalytic center of acetyltransferase.”® As supersulfides may
covalently modify sulfhydryl groups in proteins,*’ we
postulated that the RSSH or RSSSH released from the
prodrug might covalently inhibit the NAT enzyme activity,
thereby blocking ASA acetylation.

The in vitro anti-inflammatory and antioxidant activities of
the prodrugs were evaluated after confirming the corelease of
two bioactive molecules. LPS-stimulated macrophage
RAW264.7 cells were used as a cellular model of inflammation,
wherein the levels of the inflammatory factors IL-1f, IL-6, and
NO were elevated in the cell supernatants (Figure 3a—c). The
secretion of these factors was minimally inhibited by SASP. In
contrast, prodrugs RSS—ASA and RSSS—ASA provided
substantial relief from the LPS-induced overproduction of
inflammatory factors without cytotoxicity (Figure S4).
Myeloperoxidase (MPO) is a critical enzyme found in
neutrophils and macrophages, responsible for hypochlorous
acid (HCIO) production from hydrogen peroxide and chloride
ions.” Excessive HCIO, as a powerful ROS, often results in
uncontrolled inflammation.” Our findings demonstrate that
the two supersulfide donors effectively suppressed MPO
activity within cellular supernatants, while SASP exhibited no
inhibitory effect (Figure 3d). Subsequently, the fluorescent
probe PZ—Py was employed as an indicator of intracellular
HCIO (Figure 3e).”” Consistent with the observed reduction
in the extracellular MPO activity, intracellular HCIO was also
significantly scavenged following the administration of the
supersulfide donors (Figure 3fg). The cellular anti-inflamma-
tory and antioxidant activities of the two prodrugs are
significantly superior to those of SASP. The prodrugs can be
activated by the mammalian AzoR contained in RAW264.7
cells.** However, the azo structure alone is insufficient to
produce an adequate anti-inflammatory effect. The disulfide or
trisulfide structures of the prodrugs contribute significantly to
the observed activity.

The intracellular generation of supersulfides was charac-
terized (Figure 4). Following a 2 h prodrug treatment with
RAW?264.7 cells, methanol containing HPE-IAM was used to
extract and simultaneously stabilize intracellular supersulfides.
The results showed the absence of supersulfide derivatives (11
or 12) in the untreated and SASP groups. RSS—ASA exhibited
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Figure 4. (a, b) Intracellular supersulfide release. RAW 264.7 cells
were pretreated with (a) prodrugs (150 uM for 2 h) or (b) RSSS—
ASA (150 uM for 0, 2, 4, 6, and 8 h). (¢, d) Changes in the
endogenous thiol (GSH, CysSH, and H,S) and supersulfide (GSSH,
CysSSH, and HSSH) contents triggered by the exogenous super-
sulfides supplied in (b). The supersulfides were analyzed by LC-MS/
MS followed by extraction with methanol containing HPE-IAM. Data
represent the average + SD (n = 4). (e, f) Brief mechanism of
generation of supersulfides by RSSS—ASA (e) and RSS—ASA (f).

a limited capacity to release sufficient RSSH in cells.
Interestingly, RSSS—ASA generated both RSSH and RSSSH
intracellularly, with the concentration of the former approach-
ing 10-fold that of the latter (Figure 4a). Subsequently,
following the optimization of the sample collection and
extraction methods to address the suspension tendency of
RAW264.7 cells, an investigation was conducted into the
content of the two supersulfides produced intracellularly by
RSSS—ASA over time (Figure 4b). The intracellular
concentrations of RSSH and RSSSH demonstrated an initial
increase, followed by a subsequent decline. The highest
concentration of RSSH was observed at 2 h, while RSSSH
reached its maximum at 4 h. The maximum concentrations of
RSSH and RSSSH were approximately 2000 and 130 pmol/mg
of protein, respectively. Notably, the substantial introduction
of exogenous supersulfides into the cell altered the
composition of representative endogenous thiols and super-
sulfides (Figure 4c,d). The levels of glutathione (GSH) and
cysteine (Cys) exhibited a declining trend, which may be
attributed to the fact that the prodrugs or their metabolites
readily react with these two thiols intracellularly, resulting in a
depletion of thiols. Conversely, for H,S and supersulfides such
as glutathione persulfide (GSSH), cysteine persulfide
(CysSSH), and hydrogen persulfide (HSSH), the content of
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Figure 5. RSSS—ASA attenuated dextran sulfate sodium (DSS)-induced colitis in mice. (a—d) Changes in body weight (a), disease activity index
(DAI) (b), colon length (c), and spleen wet weight index (d) of C57BL/6 mice challenged with DSS (2.5%) during 10 days. (e) Histological
changes following oral administration of RSSS—ASA or SASP in the DSS-induced colitis mouse model. Colon tissue was paraffin-embedded and
analyzed by H&E staining. (f—m) Detection of inflammatory cytokines and MPO activity. The levels of IL-1/3 (f), IL-6 (g), TNF-a (h), and MPO
activity (i) in the colon tissue. The levels of IL-1/ (j), IL-6 (k), TNF-a (1), and MPO activity (m) in the serum. The mice were treated with DSS at
a concentration of 2.5% in drinking water for 8 days followed by 2 days of recovery with DSS-free water. RSSS—ASA (0.2 mmol/kg) or SASP (0.2
mmol/kg) was orally administered once a day for 10 days. Data represent mean + SD of independent experiments (1 = 6). ***p < 0.001, **p <
0.01, and *p < 0.05 versus the DSS group; "#p < 0.001 and *p < 0.05 versus the control group; ns, not significant.

prodrugs was significantly elevated to 4 to 10 times their
original content in the cell. The production of supersulfides
from RSSS—ASA can be divided into three main pathways
(Figure 4e). (1) GSH-mediated thiol-exchange reactions result
in the direct production of RSSH. (2) The prodrug undergoes
AzoR-catalyzed azo bond cleavage, which drives the direct
RSSSH release triggered by 1,6-N,S-relay. (3) The thiol-
exchange reactions between RSSH molecules result in the
indirect formation of RSSSH. In contrast, the classical RSS—
ASA scaffold is only present in pathway (2) (Figure 4f), and
the results suggest that this pathway does not contribute
significantly to the prodrug activation. This finding may be
attributed to the fact that the thiol-exchange reaction between
trisulfides and endogenous thiols occurred more readily,
whereas the intracellular AzoR activation was not dominant
due to enzyme abundance and reactivity. RSSS—ASA
demonstrated the capacity to directly deliver at least two
highly reactive sulfur species, representing the first instance of
intracellular RSSSH delivered at such a high concentration by
artificial donors.

To further investigate the therapeutic advantages of the
novel prodrugs, RSSS—ASA was evaluated in the DSS-induced
mouse colitis model with SASP serving as a control compound.
Mice were gavaged with equimolar doses of RSSS—ASA and
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SASP (0.2 mmol/kg) for 10 consecutive days. DSS (2.5%) was
added to drinking water, except for the control group. As
illustrated in Figure Sa, mice in the DSS group exhibited a
notable reduction in body weight from the sixth day of DSS
treatment in comparison to the control group. Conversely,
both RSSS—ASA and SASP demonstrated the capacity to
mitigate weight loss in mice, with RSSS—ASA exhibiting a
more pronounced effect on weight maintenance. The DSS-
induced colitis in mice was accompanied by diarrhea and rectal
bleeding, which were assessed using the disease activity index
(DAI). The DAI scores presented a gradual elevation as the
colitis modeling progressed in the DSS group. However, mice
that received the prodrugs exhibited milder symptoms and
lower DAI scores, particularly in the RSSS—ASA group (Figure
Sb). Compared to the control group, DSS-induced colitis in
mice is characterized by a shortened colon and splenic
enlargement. RSSS—ASA demonstrated superior efficacy in
mitigating pathologic alterations and promoting disease
recovery compared to SASP (Figure Sc,d).

Subsequent pathological examination of the colon tissue was
performed by H&E staining (Figure Se). Colon sections from
control mice showed intact intestinal structures, and sections
from DSS-induced colitis mice showed severe mucosal damage
and inflammatory cell infiltration. Compared with the model
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Figure 6. RSSS—ASA (0.1 mmol/kg) enables the corelease of ASA with supersulfides in the mouse colon. (a, b) Intestinal distribution of ASA (a)
and the inactivated metabolite Ac-ASA (b) in the small intestine, colon, and colonic contents, as well as their exposure in plasma at different time
points (0.5, 2, 6, and 12 h). Tissue concentration is given in nmol/g; plasma concentration is given in nmol/mL. (c) Ratio of colonic sulfane sulfur
relative to small intestinal sulfane sulfur. N.D., not detected. Data represent the mean + SD of independent experiments (n = 4). (d—f) Time-
dependent changes in the intestinal (d, e) and plasma (f) levels of endogenous thiols (GSH, CysSH, and H,S) and supersulfides (GSSH, CysSSH,
and HSSH) after the administration of RSSS—ASA. The supersulfides were analyzed by LC-MS/MS followed by extraction with methanol
containing HPE-IAM. Data represent the average + SD (n = 4). **p < 0.01 and *p < 0.05 versus the 0 h group; ns, not significant.

mice, mice in the RSSS—ASA group showed only mild
mucosal damage and pathological changes, and mice in the
SASP group still showed some degree of tissue structure
damage and inflammatory cell infiltration. The production of
inflammatory factors in the colon was quantified by an
enzyme-linked immunosorbent assay (ELISA). DSS induction
significantly increased the secretion of inflammatory cytokines
IL-1p, IL-6, and TNF-¢ in the mouse colon compared to the
control group. RSSS—ASA intervention significantly inhibited
the production of these three inflammatory factors, whereas
the inhibitory effect of SASP was less pronounced (Figure Sf—
h).

In the serum, RSSS—ASA significantly inhibited the
secretion of inflammatory factors, while SASP was less effective
(Figure Sj—1). MPO is a newly identified biomarker of colitis,
and MPO-mediated oxidative damage exacerbates disease
progression.”*” DSS induction exacerbated MPO activity in
both the colon and serum, and the administration of both
SASP and RSSS—ASA effectively reduced the MPO activity,
with RSSS—ASA being more potent (Figure Sim).

The remarkable protection of the prodrug RSSS—ASA
against colitis may originate from the synergistic effect of
supersulfides and ASA. Accordingly, further investigation was
warranted to elucidate the in vivo prodrug activation in spatial
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and temporal dimensions. The degradation of RSSS—ASA was
not observed at different pH levels, indicating its chemical
stability in simulated gastrointestinal media (Figure S3).
RSSS—ASA was undetectable in both the intestine and plasma
following a single oral administration (0.1 mmol/kg),
suggesting that the prodrug was rapidly biotransformed in
the gut. The generation of ASA was detected in the small
intestine, colon, and colonic contents (Figure 6a). The time to
maximum concentration of ASA in the small intestine was 2 h,
while in the colonic site (both tissues and contents), the
concentration peaked at 6 h and then decreased. The absence
of ASA in plasma resulted in a specific tissue distribution with
an optimal intestinal/blood ratio. With regard to Ac-ASA, the
inactive metabolite, the trend in tissue distribution was
comparable to that observed for ASA, except that its exposure
was detectable in plasma (Figure 6b). Regrettably, RSS-AM-
HPE (11) and RSSS-AM-HPE (12) were not identified in
intestinal tissues, which was attributed to the rapid exchange of
the trisulfide structure with abundant endogenous thiols and
the generation of multiple sulfur-containing compounds, which
prevented the use of RSSH and RSSSH derivatives as
references for LC-MS/MS quantification. Furthermore, we
discovered that RSSS-AM-HPE (12) was unstable in each test
matrix, presenting a significant challenge in its detection.

https://doi.org/10.1021/jacsau.4c00868
JACS Au 2025, 5, 642—652


https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00868/suppl_file/au4c00868_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00868?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00868?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00868?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00868?fig=fig6&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00868?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Consequently, indirect determination of changes in sulfane
sulfur and endogenous sulfur metabolomics triggered by the
prodrug is now required.

To examine the supersulfide production, the ratio of sulfane
sulfur levels in the colon and colonic contents relative to those
in the small intestine was respectively determined using the
sulfane sulfur probe SSP4 (Figure 6¢).>"°% This ratio,
indicative of the colon-targeting levels of supersulfides,
increased over time, reaching its peak at the sixth hour. The
ratios in colonic contents followed a similar trend but at lower
levels. Targeted metabolomics reveals more precise changes in
specific representative thiols as well as supersulfides than
fluorescence methods for imaging the entire sulfur sulfane
pool. After a single dose of RSSS—ASA, GSH and CysSH
concentrations basically stabilized, with the colonic site
showing a slight increase in GSH at 12 h postdosing, and
CysSH in the small intestine showed an increase at 0.5 h
postdosing. Notably, the administration significantly increased
the H,S levels in the small intestine, colon, and colon contents,
and this increase was observed only 0.5 h after administration
(Figure 6d). Similarly, the intestinal and colonic levels of
supersulfides (GSSH, CysSSH, and HSSH) demonstrated a
notable increase at 0.5 h, followed by a return to baseline levels
(Figure 6e). Plasma CysSH exhibited minimal fluctuations
throughout the administration period. Plasma GSH levels were
elevated after 6 and 12 h of administration, while H,S in
plasma mildly increased in the first 0.5 h (Figure 6f). The
detection of supersulfides in plasma proved particularly
challenging due to the instability of the reference compounds
in the matrix. Developing reliable methods would be beneficial
to revisiting the levels of these reactive sulfur species. The
results indicated that RSSS—ASA has the potential to deliver
the anti-inflammatory molecule ASA to the colon, while also
increasing thiol, H,S, and supersulfide levels throughout the
intestinal tract at a relatively rapid rate. This “two-pronged”
mode of action provides a more potent intervention in
intestinal inflammation.

In conclusion, this work developed a novel class of supersulfide
DDCs characterized by the colon-targeted corelease of
supersulfide with the anti-inflammatory molecule ASA. This
corelease was demonstrated to contribute to anti-inflammatory
and antioxidant activities in cells and animals, thereby
conferring highly promising therapeutic advantages to the
prodrug molecules. The present work provides novel insights
into donor design from tissue targeting and drug codelivery.
The novel DDC pattern will drive a new phase of donor
development, evoking the delivery of more diverse supersulfide
members and advancing the translation of supersulfides into
therapeutic molecules.

Full descriptions of experimental materials and reagents, chemical
syntheses (Schemes S1—S4), and analytical methods are provided in
the Supporting Information.

To a solution of NaNO, (1.4 g, 20 mmol) and concentrated HCI (5.5
mL, 150 mmol) was added dropwise a solution of (4-aminophenyl)
methanol (2.46 g, 20 mmol) in water (25 mL) at 0 °C for 30 min.
Then, the resulting diazonium salt solution was added dropwise into a
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solution of sodium hydroxide (400 mg, 10 mmol), sodium carbonate
(4.18 g, 30 mmol), and salicylic acid (2.76 g, 20 mmol) in water (S0
mL). The resulting slurry was stirred at 0 °C for 3 h, which was
further quenched with 1 M HCI (20 mL) to adjust the pH to 3—4 and
extracted with ethyl acetate (3 X 30 mL). The organic layers were
combined, dried over Na,SO,, and concentrated. The residue was
purified by trituration with dichloromethane to afford the title
compound 7 as an orange solid (2.43 g, 45%). 'H NMR (500 MHz,
DMSO) 6 8.33 (d, ] = 2.6 Hz, 1H), 7.86 (dd, ] = 8.8, 2.6 Hz, 1H),
7.80 (d, J = 8.2 Hz, 2H), 7.50 (d, J = 8.1 Hz, 2H), 6.86 (d, ] = 8.8 Hz,
1H), 4.60 (s, 2H).

A 50 mL flask was charged with alcohol 7 (272 mg, 1 mmol) in THF
(20 mL). To the flask was added dropwise phosphorus tribromide (76
uL, 0.8 mmol), and the resulting solution was stirred for 30 min,
which was further quenched with NaHCO; solution (20 mL).
Following the addition of NaHCOj; solution, the reaction was
extracted by ethyl acetate (S X 20 mL). The organic layers were
combined, washed with NaHCO; solution (10 mL) and brine (10
mL), dried over Na,SO,, and concentrated in a rotary evaporator.
The residue was purified by trituration with dichloromethane to
afford the crude product 8 as an orange solid (110 mg), which was
used for the next reaction without further purification.

A 20 mL flask was charged with bromine substitute 8 (330 mg, 1
mmol) and THF (S mL). To the flask was added thiourea (79 mg, 0.8
mmol), and the resulting mixture was stirred for 6 h at room
temperature. The solvent was evaporated, and the residue was purified
by trituration with dichloromethane to afford the title compound 9 as
a yellow solid (254 mg, 21% for two steps). '"H NMR (300 MHz,
DMSO) 6 9.17 (d, ] = 40.0 Hz, 4H), 8.35 (s, 1H), 8.14—7.97 (m,
1H), 7.88 (s, 2H), 7.63 (s, 2H), 7.13 (d, ] = 10.0 Hz, 1H), 4.62 (s,
2H). 3C NMR (126 MHz, DMSO) &: 171.4, 169.5, 169.1, 152.3,
142.9, 137.4, 130.4, 1272, 126.5, 122.7, 119.8, 118.2, 34.4. HRMS
(ESI) for C;sH;sN,O;S [M — Br]" calcd 331.0859, found 331.0848.

Thiourea salt 9 (413 mg, 1 mmol) was first suspended in degassed
THF (4 mL), to which a solution of Na,S,05 (776 mg, 4 mmol) in
H,0 (2 mL) was added in one portion. The reaction was vigorously
stirred at 80 °C for 4 h in a sealed tube. The aqueous layer was
extracted with EA (3 X S mL). The organic layers were combined,
washed with brine (10 mL), dried over Na,SO,, and concentrated.
The crude product was purified by silica gel chromatography
(dichloromethane/methanol = 30/1—10/1), affording the orange
solid 10. '"H NMR (500 MHz, DMSO) 6 8.30 (s, 1H), 7.85—7.80 (m,
1H), 7.77 (d, ] = 8.3 Hz, 2H), 7.52 (d, ] = 8.4 Hz, 2H), 6.81 (d, ] =
8.7 Hz, 1H), 3.83 (d, J = 7.8 Hz, 2H), 2.96 (t, ] = 7.8 Hz, 1H). The
crude product 10 was used directly in the next step as soon as possible
to avoid decomposition during purification.

A two-necked bottom flask was charged with crude thiol 10 (290 mg,
1 mmol) and anhydrous THF (S mL). Under a nitrogen atmosphere,
4 (370 mg, 1 mmol) in THF (S mL) was added dropwise. The
mixture was stirred at room temperature for 24 h and then
concentrated under vacuum. The residue was purified by column
chromatography (dichloromethane/methanol = 50/1—10/1) to
afford an orange solid (82 mg, 10% for two steps from 1.7 mmol of
9). 'H NMR (500 MHz, DMSO) 6 8.32 (d, ] = 8.7 Hz, 1H), 8.26 (d,
J =27 Hz, 1H), 7.80 (d, J = 2.7 Hz, 1H), 7.77 (d, ] = 8.3 Hz, 2H),
7.47 (d, ] = 8.3 Hz, 2H), 6.75 (d, ] = 8.8 Hz, 1H), 4.64 (d, ] = 8.7 Hz,
1H), 4.09-3.98 (m, 2H), 3.67 (s, 3H), 1.94 (s, 3H), 1.36 (d, ] = 8.9
Hz, 6H). ®*C NMR (126 MHz, DMSO) &: 171.1, 170.9, 170.1, 169.8,
152.0, 142.7, 139.6, 130.6, 127.0, 126.4, 122.5, 118.2, 70.3, 58.6, 52.3,
52.2, 257, 24.2, 22.7. HRMS (ESI) for C,,H,,N;0,S, [M — H]~
calcd 490.1112, found 490.1113.
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A double-neck round-bottom flask was charged with crude thiol 10
(290 mg, 1 mmol) and degassed THF (S mL) and mixed using a stir
bar. Activated thiol 6 (420 mg, 1.1 mmol) in degassed THF (S mL)
was added dropwise under an Ar atmosphere, resulting in a clear
yellow solution. The reaction was stirred at room temperature
overnight, with the reaction progress monitored by TLC. The solvent
was removed under vacuum. The combined organic layers were
washed with brine and dried over Na,SO,, filtered, and concentrated
in a rotary evaporator. The crude product was purified by silica gel
chromatography (DCM/MeOH = 100/1—10/1) to obtain 2 as a
yellow solid (111 mg, 12% for two steps from 1.7 mmol of 9). 'H
NMR (500 MHz, DMSO) § 8.36—8.28 (m, 2H), 7.84 (dd, ] = 8.7,
2.2 Hz, 1H), 7.79 (d, ] = 8.1 Hz, 2H), 7.51 (d, ] = 8.2 Hz, 2H), 6.82
(d, J = 8.8 Hz, 1H), 4.65 (d, ] = 8.6 Hz, 1H), 4.24 (s, 2H), 3.65 (s,
3H), 1.90 (s, 3H), 1.38 (d, J = 13.5 Hz, 6H). '*C NMR (126 MHz,
DMSO) &: 171.8, 170.7, 170.0, 164.5, 151.6, 144.8, 1404, 131.0,
1292, 1262, 123.0, 118.8, 114.6, 58.4, 53.1, 52.3, 46.3, 42.1, 25.5,
24.3, 22.7. HRMS (ESI) for C,,H,;N3;0S; [M — HJ]™ caled
522.0833, found 522.0834.

A 10 puL portion of each prodrug solution (1 mM) was transferred to
a 5 mL polyethylene tube, followed by the addition of HPE-IAM
solution (10 L, 10 mM), colonic content suspension (980 uL), and
dilution with PBS (1 mL). After vortexing for 30 s, the reaction was
incubated at 37 °C. At a series of time points (0, 0.25,0.5, 1,2, 4, 6, 8,
12 h), SO uL of the reaction solution was diluted with 150 uL of
working solution containing internal standard compounds (IS). The
solution was centrifuged twice at 18,000 rpm for 5 min at 4 °C to
remove nonvisible impurities. 80 L of the resulting supernatant was
directly analyzed by LC-MS/MS, and the amount of compound was
estimated from the standard curve. The above assays were repeated in
triplicate and reported as the mean + SD of three experiments. The
LC-MS/MS analytical methods and the preparation of the colon
content suspension are mentioned in the Supporting Information.

Murine RAW264.7 macrophages were obtained from the Cell Bank of
the Chinese Academy of Sciences (Shanghai, China). Cells were
maintained in complete high-glucose Dulbecco’s modified Eagle
medium/nutrient mixture F-12 (DMEM/F-12; Gibco; Thermo
Fisher Scientific Inc., Waltham, MA, USA) supplemented with 10%
fetal bovine serum (FBS; Genetimes Technology Inc., Shanghai,
China) and 1% penicillin—streptomycin (Gibco; Thermo Fisher
Scientific Inc., Waltham, MA, USA) in an incubator containing 95%
humidified air and 5% CO, at 37 °C. RAW 264.7 cells were incubated
in 96-well plates (5 X 10* cells/well) at 37 °C for 24 h before the
following assays.

A portion of cells was treated with LPS (1 pg/mL) and various
concentrations of RSS—ASA, RSSS—ASA, or SASP (5, 25, and 125
uM) for 24 h at 37 °C. The supernatant medium was collected for the
measurement of NO, IL-1f, IL-6, and MPO activities.

For nitric oxide (NO) measurements, each reagent of the NO
detection kit (Jiancheng Institute of Biotechnology, Nanjing, China)
was added, and the OD value of each well was read at 540 nm.

The production of IL-1 or IL-6 in the supernatant was detected
using the corresponding pro-inflammatory factor ELISA kits (Dakewe
Biotech, China) in accordance with the manufacturer’s guidelines.
The results demonstrated that the prodrugs RSS—ASA and RSSS—
ASA exhibited superior anti-inflammatory efficacy compared to the
control drug SASP. This assay was conducted in triplicate, and the
mean + SD was recorded.

The activity of myeloperoxidase (MPO) was measured using
commercial kits according to the manufacturer’s instructions
(Jiancheng Institute of Biotechnology, Nanjing, China). The
absorbance was measured using a microplate reader (Synergy H1
Hybrid Multi-Mode Reader, BioTek Instruments Inc.,, Winooski,
Vermont, USA).
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A portion of cells was treated with LPS (1 ug/mL) and RSS—ASA,
RSSS—ASA, or SASP (125 uM) for 24 h at 37 °C. Then, cells were
washed with PBS (200 uL X 3) to remove the culture medium.
Subsequently, the cells were incubated with phorbol 12-myristate 13-
acetate (PMA) (1 upg/mL, 200 pL) and PZ—Py (25 uM), a
fluorescent probe, for 10 min. Afterward, the cells were washed with
PBS (200 pL) twice to remove unloaded PZ—Py, and the intracellular
endogenous hypochlorite level was measured according to the
literature.>

Fluorescence imaging was performed with a Bioteck Lionheart X.
Then, cells in 96-well plates were added to the cell lysis buffer (300
uL) to lyse the cells. The supernatant medium was collected for
measuring the fluorometric intensity. The absorbance was measured
at 550 nm using a microplate reader (Synergy H1 Hybrid Multi-Mode
Reader, BioTek Instruments Inc, Winooski, Vermont, USA). The
results are expressed as the mean + SD (n = 6).

For the quantification of supersulfide levels by LC-MS/MS, HPE-
IAM was chosen as the trapping agent (Scheme S6). The RAW 264.7
cell line was seeded in six-well cell culture plates (3.5 X 10° cells/well)
and grown to confluence. Then DMSO, SASP, RSS—ASA, or RSSS—
ASA (250 uM) was added to each well with serum-free MEM
medium. After incubation at 37 °C for 2 h, the drug-containing
medium was removed and cells were then washed with PBS three
times and lysed in a cold 70% methanol solution of HPE-IAM (1 mM,
300 uL for each well). The mixture was vortexed for 5 min for more
complete analyte abstract and protein precipitation and then
centrifuged at 18,000 rpm for S min. An aliquot (100 uL) of the
supernatant was transferred to a new tube, diluted with acetonitrile
solution containing IS (100 uL, IS working solution), and
recentrifuged at 18000 rpm before LC-MS/MS analysis. The protein
content was measured using a BCA colorimetric protein kit. The LC-
MS/MS analytical methods are described in the Supporting
Information.

All animal protocols were approved by the Institutional Animal Care
and Use Committee of China Pharmaceutical University (2024-07-
058). Male CS7BL/6 mice (8 weeks old) were purchased from
Shanghai Super-B&K Laboratory Animal Co. (Shanghai, China). The
mice were housed in pathogen-free conditions with controlled
temperature (22—24 °C) and a 12 h/12 h light/dark cycle.

DSS was employed to induce colitis in mice. The mice were
randomly assigned to one of four groups (n = 6 per group) as follows:
a control group, a DSS-treated model group, an SASP group (0.2
mmol/kg), and a prodrug RSSS—ASA group (0.2 mmol/kg). The
mice in the model group were administered a continuous 2.5% (w/v)
DSS solution in drinking bottles for 8 consecutive days. Throughout
the entirety of the adaptation and experimental phases, the mice in the
control group were provided with drinking water. SASP and RSSS—
ASA were suspended in 0.5% sodium carboxymethylcellulose (CMC-
Na) and orally administered once a day for a period of 10 days.

The pathology of the colon tissue was observed using H&E staining.
Fresh distal colon tissue was fixed in 4% paraformaldehyde for 48 h
and subsequently embedded in paraffin. The H&E staining was
performed on paraffin-embedded colon sections according to
standard procedures. Histological images were captured with a light
microscope (Olympus, Tokyo, Japan) for morphological analysis.

Mice plasma samples were incubated in a shaking table at 37 °C for
30 min. Following this, samples were centrifuged at 8000 rpm for S
min to obtain the serum. The colon tissue samples were homogenized
in normal saline and then centrifuged at 8000 rpm for S min to obtain
the supernatants. The concentrations of IL-1f, IL-6, and TNF-a in
the colonic supernatants and serum of mice were quantified using
commercial kits (Elabscience, Wuhan, China) in accordance with the

https://doi.org/10.1021/jacsau.4c00868
JACS Au 2025, 5, 642—652


https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00868/suppl_file/au4c00868_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00868/suppl_file/au4c00868_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00868/suppl_file/au4c00868_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00868/suppl_file/au4c00868_si_001.pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00868?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

manufacturer’s instructions. Additionally, the remaining colonic
supernatant and serum samples were analyzed for the protein
content, and the measured results were calibrated by the protein
content, which was determined using a BCA Protein Assay Kit
(Beyotime, China).

The mice were orally administered 0.1 mmol-kg™' RSSS—ASA. Mice
were anesthetized at 0.5, 2, 6, and 12 h after administration. Samples
of the intestine, colon, and colon contents were harvested after
perfusion with ice-cold saline and cut into pieces and snap-frozen. All
sample preparations were preformed on ice. The samples (0.1 g) were
homogenized with methanol (1 mL). The mixture was vortexed for §
min for more complete analyte abstract and protein precipitation and
then centrifuged at 18,000 rpm for S min. An aliquot (300 uL) of the
supernatant was transferred to a new tube, diluted with methanol
containing IS, and recentrifuged at 18,000 rpm for 5 min before LC-
MS/MS analysis.

Blood samples were collected into tubes containing a sterile
heparin sodium solution and immediately centrifuged at 8000 rpm for
S min to obtain the plasma. The resulting plasma (50 uL) was
transferred to a clean 1.5 mL polyethylene tube, and then 250 uL of
ice-cold methanol containing IS was spiked into tubes for protein
precipitation. All of the tubes were vortexed for 5 min and centrifuged
at 18,000 rpm for S min. An aliquot (5 L) of the supernatant was
injected into the spectrophotometer for LC-MS/MS analysis.

For sulfane sulfur detection, the tissue samples (0.1 g) were
homogenized with ice-cold PBS (1 mL, S0 mM, pH 7.4). The mixture
was vortexed for S min and then centrifuged at 18,000 rpm for S min
at 4 °C. An aliquot (300 uL) of the supernatant was transferred to a
new tube and diluted with 190 uL of PBS. Then, 5 uL of
cetyltrimethylammonium bromide solution (CTAB, S mM in
ethanol) and S uL of SSP4 solution (I mM in DMSO) were
added. Samples were vortexed briefly and incubated in the dark at
room temperature for 20 min before 200 uL was added to a black
polystyrene 96-well plate. The fluorescence intensity was measured
(Ex = 485 nm, Em = 525 nm) using a plate reader (BioTek
SYNERGY H1 Multi-Mode Reader, Winooski, VT). To obtain the
fluorescence intensity ratio, the fluorescence intensity measured in the
colonic homogenate and colon content was, respectively, divided by
the fluorescence intensity of the intestinal homogenate.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00868.
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