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Abstract: Persulfides (R@SSH) have been hypothesized as
potent redox modulators and signaling compounds. Reported
herein is the synthesis, characterization, and in vivo evaluation
of a persulfide donor that releases N-acetyl cysteine persulfide
(NAC-SSH) in response to the prokaryote-specific enzyme
nitroreductase. The donor, termed NDP-NAC, decomposed in
response to E. coli nitroreductase, resulting in release of NAC-
SSH. NDP-NAC elicited gastroprotective effects in mice that
were not observed in animals treated with control compounds
incapable of persulfide release or in animals treated with Na2S.
NDP-NAC induced these effects by the upregulation of
beneficial small- and medium-chain fatty acids and through
increasing growth of Turicibacter sanguinis, a beneficial gut
bacterium. It also decreased the populations of Synergistales
bacteria, opportunistic pathogens implicated in gastrointestinal
infections. This study reveals the possibility of maintaining gut
health or treating microbiome-related diseases by the targeted
delivery of reactive sulfur species.

Introduction

Hydrogen sulfide (H2S) has been under investigation as
a biological signaling gas (gasotransmitter) since its physio-
logical signaling capacity was discovered in 1996.[1] To aid in
understanding its (patho)physiological roles, many different
types of donors have been synthesized with a variety of
triggers, including water,[2] nucleophiles,[3] light,[4] and en-
zymes.[5] Some may hold therapeutic value in the form of
prodrugs and drug conjugates.[6] More recently, additional
work has been conducted in the synthesis of compounds that
release a variety of related reactive sulfur species (RSS)
including carbonyl sulfide (COS),[7] sulfur dioxide (SO2),[8]

and persulfides (R@SSH),[9] with the goal of understanding
the specific roles of each of these RSS in the greater reactive
species interactome.[10] Of these RSS, persulfides have

received considerable interest lately because of their role as
likely H2S signaling products, coupled with advances in redox
biology showing that native persulfides carry out specific,
antioxidative physiological functions.[11] Several persulfide-
releasing compounds (termed persulfide donors) release their
payload under a variety of conditions, including changes in
pH,[9d] and addition of fluoride,[12] hydrogen peroxide,[9b] or
esterases.[9a,c] These donors provide insight into persulfide
interactions from a systemic perspective, but it is difficult to
determine the role(s) persulfides may serve in specific areas
of the body due to a lack of persulfide donors with targeting
capabilities.

One particular area where persulfides may play important
physiological and/or pathophysiological roles is in the gut.[13]

The gut microbiome is a promising drug target because many
links have been discovered connecting microbiome health
and composition to a variety of human diseases. The effects of
exogenously delivered H2S in the microbiome are controver-
sial; some studies have shown beneficial effects of H2S in the
regeneration of colon epithelial tissues by decreasing local
inflammation,[14] while others have found harmful effects,
such as inhibiting colonocyte respiration and increasing
inflammation.[15] The discrepancies in the observed outcomes
of exogenously delivered H2S may be a result of inconsistent
delivery methods and concentrations, combined with the use
of H2S donors capable of reaching the bloodstream and
exerting off-target effects. As for other RSS, little is known;
for example, there exist no studies evaluating the effect of
persulfides in the microbiome due to a lack of persulfide
donors specifically activated in the gut.

We sought to address this lack of targeted persulfide
donors and gap in knowledge in how persulfide delivery
affects the gut microbiome by synthesizing a persulfide donor
that responds to the prokaryote enzyme nitroreductase (NR).
NRs are located specifically in bacteria, sequestered mostly in
the mouth, skin, and intestines in mammals. Pharmacologi-
cally, NRs have been utilized to trigger the release of a variety
of compounds ranging from prodrug systems[16] to chemical
probes used in imaging.[17] For example, Dubikovskaya
developed an NR-responsive caged luciferin probe for use
in gene-directed enzyme prodrug therapy. The probe fluor-
esced exclusively in the presence of NR, yielding a novel
method to view NR transformed cancer cells.[17a] Chakrapani
et al. reported the synthesis and characterization of an NR-
responsive nitric oxide (NO)-releasing prodrug.[16a] The donor
was stable in PBS buffer, but released NO selectively in
response to NR. Chakrapani also synthesized an NR-respon-
sive H2S prodrug by combining p-nitrobenzyl thiol with
a ketone to form a thioketal.[18] The donor released H2S in the
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presence of bacteria and mediated cytoplasmic redox poten-
tial upon exposure to H2O2 ; however, it also significantly
increased antibiotic resistance. Inspired by these studies and
intrigued by the possibility of generating persulfides specif-
ically in the gut, we set out to synthesize and evaluate an NR-
triggered persulfide donor.

Results and Discussion

Prodrug Design and Synthesis

Using a similar design strategy to a previously reported
H2O2-reponsive persulfide donor,[9b] we synthesized a new
persulfide donor termed NDP-NAC for nitroreductase disul-
fide prodrug–N-acetylcysteine (Scheme 1). NRs utilize a two-

electron reduction mechanism employing nicotinamide ad-
enine dinucleotide (NADH) as a cofactor. The para-posi-
tioned nitro (R@NO2) group is first reduced to a nitroso (R@
NO) intermediate, then reduced to a hydroxylamine (R@
NHOH), and finally to an amine (R@NH2) group.[19] In the
case of NDP-NAC, we envisioned that this free amine (or
hydroxylamine) could undergo a 1,6-elimination, resulting in
the concomitant release of N-acetylcysteine persulfide (NAC-
SSH) and p-aminobenzyl alcohol (pABA).

NDP-NAC was synthesized in four steps (Scheme 2).
First, p-nitrotoluene was brominated using N-bromosuccini-
mide (NBS), yielding p-nitrobenzyl bromide (1). Next,
thiourea was added, and subsequent aminolysis using hexyl-
amine yielded p-nitrobenzyl thiol (2). The resulting thiol was
added to the activated disulfide of NAC (NACpyDS) in
a disulfide exchange reaction to afford the prodrug in a 35%
overall yield with only one column purification step required
throughout the synthesis.

Persulfide Release Kinetics

Due to their inherent instability, persulfides are difficult to
detect directly by high resolution mass spectrometry
(HRMS), so electrophilic trapping reagents such as N-ethyl-
maleimide (NEM), iodoacetamide (IAM),[20] or dinitrofluor-
obenzene (DNFB)[9a] are commonly used. The reaction of
a persulfide with these trapping agents forms a disulfide that
typically can withstand MS ionization conditions, whereas the
persulfide itself mostly disproportionates into H2S and a thiol
or forms trisulfides when directly analyzed.[9e] We attempted
to trap the persulfide using NEM, IAM, and DNFB, and we
found that DNFB worked best in this system.

In the experimental setup, NDP-NAC, DNFB, and
NADH were dissolved in pH 8.0 PBS and added to a vial
with a screwcap lid, and an aliquot was removed for a zero
timepoint (t = 0). Exact procedures for dilution and analysis
are described in the Supporting Information. NR was then
added to the reaction mixture, and aliquots were removed
every 30 min. After a brief workup step to remove excess
NADH, each aliquot was analyzed by analytical HPLC
(Figures 1, S15). The peak corresponding to NDP-NAC
(elution time 4.0 min) decreased in intensity over time as
a new peak (6.1 min) evolved, which we determined corre-
sponded to the trapped persulfide adduct (DNB-NAC, Fig-
ure S10) based on comparison to an authentic sample. After
2 h, NDP-NAC had been consumed, and DNB-NAC re-
mained. The conversion of NDP-NAC into DNB-NAC
indicated that NDP-NAC efficiently released its persulfide
payload in the presence of NR.

Next, we set out to determine the persulfide release half-
life from NDP-NAC using 1H NMR spectroscopy (Figure 2).
NDP-NAC and NADH were dissolved in a mixture of
[D6]DMSO and deuterated phosphate buffer (dPB) at pD =

8.0 (1:4 v/v). This pD value was chosen to mimic the mildly
basic conditions of the intestines, where most gut bacteria are
located. A zero timepoint was taken, NR was then added to
the NMR tube, and subsequent scans were taken over the
course of several hours. As shown in the zero timepoint
spectrum, a clear doublet (a) corresponding to NDP-NAC
was observed at 7.42 ppm. After the addition of NR, a new
doublet (a’), which we attribute to pABA, was observed at
7.15 ppm. Other signals in the aromatic region were due to
NADH and NAD+, the oxidation product of NADH, includ-
ing the three new signals above 8.6 ppm. By 10.7 h, complete

Scheme 1. Proposed mechanism of persulfide release from NDP-NAC.
1,6-Elimination may proceed via the hydroxylamine or amine inter-
mediates.

Scheme 2. Synthesis of NDP-NAC. AIBN= azobisisobutyronitrile,
DCE =1,2-dichloroethane.
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disappearance of NDP-NAC was observed. A decomposition
half-life (t1/2) of 1.5 h: 0.3 h (n = 3) was calculated from these
experiments (Figure S16). We and others have observed
similar discrepancies between the half-lives observed in
1H NMR and HPLC experiments previously,[21] and we
attributed them to slower 1,6-elimination rates in organic
solvents relative to aqueous solvent mixtures.[22] Although
replication of the complex gut microbiome environment is not
possible in these NMR and HPLC experiments, taken
together they show that NDP-NAC generates NAC-SSH in
response to nitroreductase over the course of hours under the
mildly basic conditions present in the intestines.

Furthermore, we next evaluated the reactivity of NDP-
NAC with Cys to assess the potential for biological reductants
to hamper the ability of the prodrug to release persulfides.
NDP-NAC and Cys (2 equiv) were dissolved in 1:4
[D6]DMSO:pD 8.0 dPB or 1:4 [D6]DMSO:pD 2.5 dPB. In
both cases, no substantial changes to the 1H NMR spectrum of
NDP-NAC were observed after 24 h at room temperature
(Figures S17 and S18), suggesting that NDP-NAC is stable in
the presence of thiols under these conditions.

Effects of NDP-NAC on Mammalian and Bacterial Cells in
Culture

We then aimed to determine the effects of exogenous
delivery of persulfides in the microbiome. However, we first
needed to establish whether NDP-NAC was toxic to human
cells. NDP-NAC cell viability was conducted on H9C2
cardiomyocytes as a representative normal mammalian cell
line (Figure 3A). NDP-NAC was nontoxic up to 400 mM,
inducing proliferation to a small degree at lower levels
compared with untreated controls. Of note, cell viability
greater than 100% in these experiments is likely due to
artifacts of the CCK-8 assay.[23]

Next, the toxicity of NDP-NAC to prokaryotes that are
commonly located in the gut was evaluated (Figure 3B). An
aqueous solution of NDP-NAC at either 1, 10, or 100 mg mL@1

was added to molten agar and stirred until homogeneous.
Agar plates were prepared, and then Escherichia coli, Listeria
monocytogenes, and Staphylococcus aureus were then used to
inoculate the plates. After 24 h in culture, NDP-NAC
exhibited no toxicity towards E. coli, a common inhabitant
of the human gut. However, NDP-NAC did elicit a dose-
dependent decrease in viability in L. monocytogenes and
S. aureus, two opportunistic pathogens.

Figure 1. Analytical HPLC chromatogram series depicting persulfide
release from NDP-NAC over time using DNFB as a trapping reagent.
The peak eluting at 4.0 min corresponds to NDP-NAC, while the peak
at 6.1 min corresponds to the persulfide adduct DNB-NAC. Reactions
were performed at 22 88C in pH 8.0 phosphate buffer (the pH level
stabilized at 7.8) at 100 mM NDP-NAC. The monitoring wavelength
was 282 nm.

Figure 2. 1H NMR analysis of NDP-NAC decomposition kinetics. The
half-life was calculated to be 1.5 h :0.3 h (n= 3). Reactions were
performed at 22 88C in pD 8.0 phosphate buffer (the pD level stabilized
at 8.1) at 3.6 mM NDP-NAC.
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In Vivo Effects of NDP-NAC on the Mouse Microbiome

With these results in hand, we set out to investigate effects
on general bacteria populations elicited by NDP-NAC and
various controls in the mouse microbiome. Two compounds
that are similar in structure to NDP-NAC were synthesized as
control compounds for use in these studies (Figure 4A).
Benz-NAC, which is analogous to NDP-NAC but lacks the
nitro group, was prepared as a control compound that could
not release a persulfide but was otherwise structurally similar.
NDP-TE, which possesses a thioether linkage instead of
a disulfide linkage, was synthesized as a second control
compound that could undergo decomposition in response to
nitroreductases but would release a thiol (NAC) instead of
a persulfide. Despite potentially low bioavailability due to the
oral gavage method used for delivery, Na2S was utilized as
a model H2S donor control in these experiments due to its

widespread use as a simple, instantaneous H2S donor that
lacks byproducts. After mice (n = 5 with five treatment
groups: NDP-NAC, Benz-NAC, NDP-TE, Na2S, and PBS
vehicle only) were given single daily gavages of NDP-NAC
(100 mL, 100 mgmL@1), control compounds (100 mL,
100 mgmL@1) or PBS vehicle (100 mL) over 5 d, feces were
harvested and plated on agar. Morphology assessments were
conducted, and individual, morphologically unique colonies
were picked and cultured to logarithmic growth phase in this
biased screening approach. Each specimen was identified to
at least the genera level using matrix-assisted laser desorp-
tion/ionization–time of flight (MALDI-TOF) mass spectrom-
etry.

The types of bacteria discovered in this approach were
quite different in animals treated with NDP-NAC versus all
others (Figure 4B). As expected, animals that received PBS
only were rich in Bacillus species with no unique or non-
Bacillus species. Bacillus species are quite prevalent in
a healthy gut microbiome. Mice treated with Benz-NAC also
elicited no microbiome change, whereas NDP-TE and Na2S
elicited minor changes (two and one unique or non-Bacillus
species, respectively). However, in animals treated with NDP-
NAC, we recovered 8 unique or non-Bacillus species, includ-
ing Enterococcus faecalis, Bacillus cereus, and Staphylococcus
lentus, which are all common probiotic bacteria found in
commercial supplements. While we recognize this prodrug
may react in unintended ways in the complex gut environ-
ment, these findings suggested that NDP-NAC was capable of
regulating the microbiome, warranting a deeper search into
possible effects on metabolism within the gut.

To expand upon the findings associated with the micro-
biome population changes, we also sought to determine the
effects of the altered microbiome on functional and metabolic
processes of biological and physiological relevance by eval-
uating short- and medium-chain fatty acids (SCFAs and
MCFAs) in the fecal specimens using gas chromatography.[24]

SCFA/MCFA analysis revealed mostly minor differences in
metabolites evaluated using NDP-NAC, Benz-NAC, NDP-
TE, and vehicle-treated groups. However, we did observe
a ninefold increase in heptanoic acid production between
NDP-NAC and PBS-treated groups (Figure S19). In the
gastrointestinal tract, heptanoic acid plays key roles in lipid
transport, peroxidation, and metabolism; decreased levels
have been found in patients with CrohnQs disease, ulcerative
colitis, and pouchitis.[25] Together, these data suggest that
NDP-NAC may exhibit gastroprotective and anti-inflamma-
tory effects.[26] Mouse blood plasma samples were also
analyzed using ultra-high-performance liquid chromatogra-
phy with tandem mass spectrometry (UPLC-MS/MS). No
trace of NDP-NAC or pABA was detected in any of the six
mouse plasma samples (LOD = 0.1 ng mL@1, see the Support-
ing Information). These results suggest that NDP-NAC does
not pass through the intestinal epithelial cell barrier, and its
effects appear to be contained within the gastrointestinal
tract, likely indicating that the prodrug is metabolized directly
by the bacteria or at least in close proximity. Likewise, no
adverse effects were observed in animals treated with NDP-
NAC. In summary, NDP-NAC induced changes in the mouse
microbiome, affecting the types of bacterial species present

Figure 3. Summary of eukaryote and bacteria viability after treatment
with NDP-NAC. A) H9C2 viability after treatment with NDP-NAC at
various concentrations. Viability was quantified using Cell Counting
Kit 8 (CCK-8), comparing treatment groups to an untreated control.
Results are expressed as the mean :SEM (n= 3, 3–5 wells per
experiment). B) Bacteria viability in response to NDP-NAC at various
concentrations after 24 h culture in agar plates. Viability is reported
with respect to control plates with no NDP-NAC.

Figure 4. Summary of structural analogues of NDP-NAC used in
MALDI-TOF. A) Chemical structures NDP-NAC and controls Benz-
NAC (lacking nitro group) and NPD-TE (a thioether in place of
a disulfide) used in MALDI-TOF analysis. B) Broad identification of
non-Bacillus species present in the mouse gastrointestinal microbiome
upon treatment with NDP-NAC or various controls using biased
sampling and MALDI-TOF.
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and the production of metabolites that were not observed in
either of the control molecules or Na2S.

Building upon these findings, we next repeated our animal
studies (same administration method, dose, and numbers of
animals, but only using NDP-NAC and PBS-vehicle treat-
ment groups) and utilized a more robust, nonbiased screening
approach to better define microbiome population differences
between the NDP-NAC-treated and untreated animals. Feces
were harvested from mice at the end of the 5 day study, with
collection directly from the colon at necropsy; tissue scraping
was conducted to also recover adherent populations. Fecal
specimens were flash frozen upon sterile collection, followed
by nucleic acid extraction for shotgun metagenomics analysis.

Consistent with the biased screening assessments noted
above, treatment with NDP-NAC resulted in changes in
microbiome populations, with significant differences noted
between the PBS-vehicle- and NDP-NAC-treated animals.
Sample clustering with taxonomic abundance revealed that
the majority of the PBS vehicle-treated animals clustered
together (Figure 5A). However, treatment with NDP-NAC
generated two distinct groups that were significantly different
in composition at the Phylum level compared to the PBS
vehicle (Figure 5B). Further assessments by LEfSe (linear
discriminant analysis effect size) analysis revealed that the
differences between the PBS-vehicle- and NDP-NAC-treated
animals were due to decreased members of the genus
Pseudoflavonifractor and at the species level decreased

clostridium, eubacterium, clostridiales, lachnoclostridium,
pseudoflavonifractor, and acutalibacter species in the micro-
biome isolated from the vehicle-treated animals. Conversely,
the microbiome from the NDP-NAC-treated animals had
a significant increase in members of the Turicibacter genus,
specifically Turicibacter sanguinis species. Intriguingly, T.
sanguinis has recently been identified as a highly relevant
gut bacterium that naturally expresses a neurotransmitter
sodium symporter related protein homologous to mammalian
SERT, which is a host 5-HT (serotonin) transporter.[27]

T. sanguinis blooms in the GI tract can alter a broad range
of host genes impacting multiple biochemical pathways,
including increases in those important for lipid and steroid
metabolism and decreasing systemic triglyceride levels and
inguinal adipocyte size.[27] In addition to T. sanguinis being
increased in the NDP-NAC-treated animals, additional meta-
stats analysis was conducted, which relies on a nonparametric
t-test for detecting differentially abundant features in meta-
genomic studies. Results revealed a significant decrease in the
relative abundance of Synergistales bacterium in NDP-NAC-
treated animals (Figure 5C). Synergistales bacteria are a re-
cently identified family of anaerobic, Gram-negative, oppor-
tunistic pathogens that are implicated in the formation and
progression of cysts, abscesses, periodontal disease, and
gastrointestinal infections.[28]

Finally, to gain additional insight into the microbial
metabolic processes impacted by NDP-NAC, we also utilized

Figure 5. Sample clustering with taxonomic abundance. A) Sample clustering analysis based on Bray–Curtis distance highlighting the similarity of
samples from each animal. The distance was calculated according to relative taxonomic abundance, and the data shown were generated by
combining the clustering results and relative abundances of different samples at the phylum level. B) LEfSe analysis identifying genomic features
(taxa) characterizing the significant differences between the microbiome populations among treatment groups. The histogram of the LDA scores
shows the species whose LDA scores are larger than the set threshold (4 set by default). C) Metastats analysis demonstrating a significant
decrease in the relative abundance of Synergistales bacterium in mice treated with NDP-NAC. *p<0.05.
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shotgun metagenomics and to assemble protein sequence
data to predict microbial protein function. This analysis
identified changes in only three functions following NDP-
NAC treatment: genetic information processing/translation,
lipid metabolism, and endocrine and metabolic diseases
(Figure 6). The increased translation and lipid metabolism

differences are highly consistent with the findings associated
with the increased Turicibacter sanguinis levels (Figure 5B) as
this bacterium significantly impacts lipid metabolism, trigly-
ceride levels, and host genetic functions.[27] These findings are
also consistent with the observed changes in heptanoic acid
(Figure S19), which is critical for lipid transport and metab-
olism. We also found that in contrast to previous reports on
H2S delivery to the gut,[18] genetic markers for antibiotic
resistance did not increase in the NDP-NAC treatment group
(Figures S23, S24, and S25).

Conclusion

In summary, NDP-NAC, a nitroreductase-responsive
persulfide prodrug, which to our knowledge represents the
first persulfide donor with targeting capabilities, released
persulfides in the presence of microbial nitroreductase with
a half-life on the order of hours. NDP-NAC significantly
impacted the composition and function of the host micro-
biome in mice treated with the prodrug compared with mice
treated with non-persulfide-releasing control compounds and
Na2S, an H2S donor. Changes elicited by NDP-NAC created
favorable niches for the expansion of a limited repertoire of
bacteria species, including Turicibacter sanguinis, that appear
to have robust host effects impacting metabolism and overall
gastrointestinal health. Conversely, NDP-NAC also demon-
strated clear antimicrobial effects on a diverse range of
opportunistic and pathogenic bacteria in the gut. This
includes limiting Synergistales bacteria, which are associated
with a variety of human health issues. Thus, NDP-NAC
enhances several health-promoting bacteria while limiting the
growth of various pathogenic bacteria. This work adds to the
body of knowledge in the rapidly growing field of gut
microbiome health, showing that controlled delivery of RSS
to the gut may be useful for modulating the gastrointestinal
microbiome during disease states, shifting the balance from
dysbiosis to homeostasis.
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