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Hydrogen sulfide (H2S) is an important signaling molecule in colorectal cancer (CRC). It is produced in the colon
by the catalytic synthesis of the colonocytes’ enzymatic systems and the release of intestinal microbes, and is
oxidatively metabolized in the colonocytes’ mitochondria. Both endogenous HsS in colonic epithelial cells and
exogenous HpS in intestinal lumen contribute to the onset and progression of CRC. The up-regulation of
endogenous synthetases is thought to be the cause of the elevated HyS levels in CRC cells. Different diagnostic
probes and combination therapies, as well as tumor treatment approaches through H2S modulation, have been
developed in recent years and have become active area of investigation for the diagnosis and treatment of CRC.
In this review, we focus on the specific mechanisms of H,S production and oxidative metabolism as well as the
function of HyS in the occurrence, progression, diagnosis, and treatment of CRC. We also discuss the present
challenges and provide insights into the future research of this burgeoning field.

Colorectal cancer (CRC) is one of the most frequently diagnosed
cancers and one of the leading causes of cancer-related deaths world-
wide endogenous or exogenous [7]. A number of studies have found that
H,S plays an important role in CRC [ [8-13]]. This review summarizes

1. Introduction

Hydrogen sulfide (HyS) is an irritating gas that smells like rotten
eggs. As the third identified gasotransmitter after nitric oxide (NO) and
carbon monoxide (CO), Ha2S has been recognized to have a variety of
biological effects on human health and diseases, covering the nervous
system, cardiovascular system, immune system, and digestive system [
[1-5]]. Moreover, H,S is widely accepted as a key signaling molecule in
cancer biology because of its unique chemical properties, reaction
mechanisms, ability to alter proteins, and active participation in many
metal redox processes [6].

recent studies on HsS in the field of CRC. We first discuss the production
of HyS in the colon, the mechanism of oxidative metabolism, and the
importance of H,S in the development of CRC. Following that, we re-
view the strategies for using H,S in the diagnosis and treatment of CRC,
and sort and discuss the currently developed probes, donors, therapeu-
tics, and so on according to the diagnosis and treatment strategies.
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List of abbreviations

ACLY adenosine triphosphate citrate lyase
ADT anethole dithione

AIE aggregation-induced emission
AOAA  aminooxyacetic acid

Apr adenosine-5'-phosphosulfate reductase
Asr anaerobic sulfite reductase

AzMC  7-azido-4-methylcoumarin

CAC colitis-associated cancer

CAT cysteine aminotransferase

CBS cystathionine p-synthase

co carbon monoxide

CPT camptothecin

CRC colorectal cancer

CSE cystathionine y-lyase

CT computed tomography

Cur curcumin

CyR61  cysteine-rich angiogenic inducer 61
Cys cysteine

2D two-dimensional

3D three-dimensional

DADS  diallyl disulfide

DAO p-amino acid oxidase

DAS diallyl sulfide

DATS diallyl trisulfide

DHLA  dihydrolipoic acid

DHPS 2,3-dihydroxypropane-1-sulfonate
DOX doxorubicin

Dsr dissimilatory sulfite reductase
DTTs dithiothiones
EGCG epigallocatechin gallate

ETHE1 ethylmalonic encephalopathy protein 1
FR far-red

5-FU 5-fluorouracil

GRE glycyl radical enzyme

GSH glutathione

GSSH glutathione persulfide

GT gemcitabine

HAS human serum albumin

HMPB  hollow mesoporous Prussian blue
H>0, hydrogen peroxide

H,S hydrogen sulfide

HSA human serum albumin

HS-NSAIDs Hydrogen sulfide-releasing non-steroidal anti-
inflammatory drugs

ICG indocyanine green

IslA isethionate sulfite-lyase

IsIB isethionate sulfite-lyase’s cognate activating enzyme
LA lauric acid

LP liposome

MET mesenchymal-epithelial transition

3-MP 3-mercaptopyruvate

MRI magnetic resonance imaging

MSOT  multispectral optoacoustic tomography

3-MST  3-mercaptopyruvate sulfurtransferase
NAD(P)H nicotinamide adenine dinucleotide (phosphate)
NBD 7-nitro-1,2,3-benzoxadiazole

NIR-I/II Near-infrared-1/11

NO nitric oxide

NPs nanoparticles

OH hydroxyl radical

PA photoacoustic

PAG pL-propargylglycine
PAI photoacoustic imaging

PDA polydopamine

PDO persulfide dioxygenase
PDT photodynamic therapy
PLP pyridoxal-5'-phosphate

PMSN  polydopamine decorated mesoporous silica nanoparticles
PTT photothermal therapy

PW prussian white

Rhd rhodanese

ROS reactive oxygen species

SAM S-adenosyl-L-methionine

SarD sulfoacetaldehyde reductase

Sat sulfate adenylyltransferase

SATO S-aroylthiooxime

SCM surface cross-linked micelles

SL sulfolactate

Sou sulfide oxidation unit

SPECT  single-photon emission computed tomography
SQ sulfoquinovose

SQDG  sulfolipid sulfoquinovosyl diacylglycerol
SQR sulfide: quinone oxidoreductase

SRB sulfate-reducing bacteria

SUOX sulfite oxidase

THBH  2,3,4-trihydroxybenzylhydrazine

TME tumor microenvironment

Toa taurine:2-oxoglutarate aminotransferase
Trx thioredoxin

TST thiosulfate thiotransferase

UCL upconversion luminescence

UCNPs  upconversion nanophosphors

Xsc sulfoacetaldehyde acetyltransferase

2. Production and metabolism of H5S in the colon
2.1. Luminal H»S produced by intestinal bacteria

The release of luminal H,S from the intestinal bacterial metabolism
is the dominant production mode [13]. Previous studies on microbial
sulfidogenesis in the human gut mainly focused on the bacterial inor-
ganic sulfur metabolism. However, increasing evidence suggests that
organic sulfur metabolism by intestinal microbiota may be a critical
mechanism linking diet and CRC [11]. In this section, we will look at
how gut bacteria utilize inorganic sulfur salts or organic substrates
(taurine/sulfoquinovose/cysteine/methionine) to produce HsS.

2.1.1. Metabolism of inorganic sulfur salts

Sulfate-reducing bacteria (SRB) are a very old class of anaerobic
bacteria that rely on inorganic sulfates as electron acceptors for energy
production [14]. As an important component of the intestinal flora, SRB
can colonize the gut of a variety of animals. Among these SRB, Desul-
fovibrio, Desulfomicrobium, and Bilophila are the main members in the
human intestinal tract [15].

SRB produce H,S in the intestine by reducing sulfur oxidation
products like sulfate, sulfite, and thiosulfate, while obtaining energy for
their own growth through these biochemical reactions. The main
method of producing H,S from inorganic sulfur salts released by bacteria
in the intestinal lumen is dissimilatory sulfate reduction of SRB [16].
This process involves sulfate adenylyltransferase (Sat; an ATP sulfur-
ylase), adenosine phosphosulfate reductase (Apr), dissimilatory sulfite
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reductase (Dsr), and anaerobic sulfite reductase (Asr) (Fig. 1A) [
[17-19]1]. Dsr and Asr catalyze the six-electron reduction of sulfite to
H,S in the final step of the process. Previous studies of SRB concentrate
dissimilatory sulfate reduction on bacteria containing Dsr enzyme.
Nevertheless, the latest research indicates that the Asr gene is more
prevalent in human intestinal bacteria than the Dsr gene, implying that
Asr may be a more important contributor to sulfate reduction in the gut
than Dsr [11].

2.1.2. Metabolism of taurine

Taurine is the second most abundant free amino acid in colon tissue
[20]. It is a substrate for the human gut microbiota that is obtained
directly from the diet or from taurine-conjugated bile acids hydrolyzed
by bile salt hydrolase [21]. Microbial taurine metabolism has received
considerable critical attention after being identified as a potential
mechanism by which dietary differences affect the development of co-
litis and CRC [22,23].

For a long time, Bilophila wadsworthia was the only known taurine-
reducing bacterium in the human gut. This bacterium is thought to
metabolize taurine via a three-step pathway that involves sulfoace-
taldehyde acetyltransferase (Xsc) (Fig. 1B) [24]. Surprisingly, recent
studies have revealed that Bilophila wadsworthia does not have the above
pathway, but instead metabolizes taurine via a four-step reduction
pathway involving sulfoacetaldehyde reductase (SarD) and glycyl
radical enzyme (GRE)-isethionate sulfite-lyase (IslA) and its cognate
activating enzyme (Is1B) to produce H,S (Fig. 1C) [11,25].

Given the colon’s taurine-rich environment, it is likely that there are
other bacteria capable of performing this metabolic process that have

A

Dissimilatory sulfate reduction
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yet to be discovered. One study found taurine:2-oxoglutarate amino-
transferase (Toa) in Bifidobacterium kashiwanohense, which can catalyze
the deamination in the first step of taurine reduction [26]. Another
recent study looked at the microbiome of sulfur metabolism genes in
human gut and identified twelve potential pathways for gut microbes to
reduce taurine, as well as new bacterial genera that contain these
pathways [11]. Their findings point to new microbial targets for novel
enzyme discovery or taurine metabolism research.

2.1.3. Metabolism of sulfoquinovose

Sulfoquinovose (SQ; 6-deoxy-6-sulfoglucose) is the polar head group
of sulfolipid sulfoquinovosyl diacylglycerol (SQDG), which is the main
organic sulfur reservoir in photosynthetic organisms and a source of
carbon and sulfur for various microbial communities [27]. Because
vegetarian diets typically contain SQDG and some gut bacteria have the
ability to catabolize SQ to HsS, it is hypothesized that SQ could be a
long-neglected source of H,S in the intestine derived from green diets
[28].

In recent years, some advances have been made in the SQ meta-
bolism (described as sulfoglycolysis) of microorganisms. A total of five
pathways have been identified, including the sulfo-Embden-Meyerhof-
Parnas (sulfo-EMP) pathway [ [29-33]], the sulfo-Entner-Doudoroff
(sulfo-ED) pathway [34,35], the sulfo-sulfofructose transaldolase (sul-
fo-SFT; or named sulfo-transaldolase, sulfo-TAL) pathway [36,37], the
sulfo-transketolase (sulfo-TK) pathway [33], and the
sulfo-sulfoquinovose = monooxygenase  (sulfo-SMO; or named
sulfo-alkanesulfonate monooxygenase, sulfo-ASMO) pathway [33,38].
Among them, the sulfo-SMO pathway allows for complete SQ

Sat Dsr/Asr

Sulfate 7? APS 7-? Sulfite — H:S

ATP PPi 2e AMP

B

3-step reduction pathway of taurine

Taurine 7? Sulfoacetaldehyde —Xé Sulfite E) H-S
Pyr Ala Acetyl
Ald phosphate
H20 NH#
NAD* NADH

C

4-step reduction pathway of taurine

Tpa SarD IsIAB Dsr
Taurine 7? Sulfoacetaldehyde Isethionate —C) Sulfite —> H2S
Pyr Ala NADH NAD* Acetaldehyde
< Al
H20 NH#
NAD* NADH

Fig. 1. Metabolic pathways of inorganic sulfur salts and taurine in bacteria. A) Dissimilatory sulfate reduction pathway of SRB. B) Previously thought three-
step reduction pathway for taurine in Bilophila wadsworthia. C) Four-step reduction pathway for taurine in Bilophila wadsworthia. Ala, alanine; Ald, alanine dehy-
drogenase; AMP, adenosine monophosphate; Apr, adenosine phosphosulfate reductase; APS, adenosine phosphosulfate; Asr, anaerobic sulfite reductase; ATP,
adenosine triphosphate; Dsr, dissimilatory sulfite reductase; IslAB, isethionate sulfite-lyase (IslA) and its cognate activating enzyme (IsIB); NAD(P)H, nicotinamide
adenine dinucleotide (phosphate); PPi, inorganic pyrophosphate; Pyr, pyruvate; SarD, sulfoacetaldehyde reductase; Sat, sulfate adenylyltransferase; Tpa, taurine:

pyruvate aminotransferase; Xsc, sulfoacetaldehyde acetyltransferases.
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metabolism and sulfite release, while the other pathways utilize only
part of the carbons within the SQ skeleton (Fig. 2). These pathways that
incompletely metabolize SQ (with the exception of the sulfo-TK
pathway) produce 2,3-dihydroxypropane-1-sulfonate (DHPS) and/or
sulfolactate (SL), which are biomineralized to sulfite/sulfate by other
members of the microbial community.

SRB can degrade DHPS in the digestive tracts of terrestrial animals,
resulting in the conversion of sulfonate sulfur to HyS. For example,
Desulfovibrio sp. Strain DF1 can ferment DHPS and SL under anaerobic
conditions to produce acetate and H,S via the DHPS/SL desulfurization
pathway (related genes also exist in the SRB of the human gut micro-
biota) [39]. Furthermore, two oxygen-sensitive GREs in anaerobic bac-
teria were reported for DHPS degradation through different
mechanisms. DHPS sulfolyase (HpsG) in SRB catalyzes C-S cleavage to
release sulfite, which acts as a terminal electron acceptor in respiration,
resulting in production of HyS [40]. On this basis, a study found that
Eubacterium rectale (via the sulfo-SFT pathway) and Bilophila wad-
sworthia (via the HpsG pathway) were involved in the interspecies DHPS
transfer of human gut microbiota to jointly degrade plant-diet-derived
SQ to HyS. Meanwhile, the impact of SQ on human health and disease
was also highlighted as a unique microbial nutrient and an additional
source of intestinal HyS [28].

2.1.4. Metabolism of cysteine/methionine

Some bacteria in the colon can also produce HyS through cysteine
desulfurase-catalyzed degradation of the substrate cysteine. The first L-
or p-cysteine desulfurases were discovered in the 1950s in the Escher-
ichia coli, which is a well-known resident of the human gut [41,42].
Since then, cysteine desulfurase-mediated desulfurization reactions
have been described in a variety of common colonic bacteria, including
Clostridium, Enterobacter, Klebsiella, Streptococcus, and Desulfovibrio of
the SRB genus [17].

Notably, a high proportion of bacterial genomes contain mammalian
homologous CBS, CSE, and 3-MST-encoding genes that are involved in
endogenous HyS production in cells. Pathogenic strains, such as
Escherichia coli and Staphylococcus aureus, can convert cysteine to HpS
through the activity of one of these enzymes [43]. According to the
recent studies, genes involved in microbial cysteine and methionine
metabolism are more widely and diversely distributed in the human
intestinal microbiome than previously thought [11]. These findings
suggest that the sulfur-containing amino acids cysteine and methionine
may be understudied and abundant sources of HyS derived from mi-
crobial organosulfur metabolism in the human gut.

2.2. Endogenous production of H2S

Endogenous HyS can be produced in mammals via enzymatic re-
actions as well as non-enzymatic chemical reduction methods. Three
enzymes involved in the metabolization of cysteine (Cys) catalyze the
production of H,S: the pyridoxal-5'-phosphate (PLP)-dependent en-
zymes cystathionine p-synthase (CBS) and cystathionine y-lyase (CSE),
and the PLP-independent enzyme 3-mercaptopyruvate sulfurtransferase
(38-MST) (Fig. 3) [1,3,44]. The important substrate cysteine can be
derived from dietary absorption or release from endogenous proteins, or
it can be synthesized from methionine through the trans-sulfuration
pathway [45,46].

As the first (and rate-limiting) enzyme in the mammalian trans-sul-
furation pathway, CBS catalyzes the typical p-replacement reaction for
condensation of 1-serine and r-homocysteine to form water and L-cys-
tathionine. The latter is the physiological substrate for CSE, which cat-
alyzes its conversion to r-cysteine, a-ketobutyrate and ammonia [47].
CBS can also catalyze multiple HyS production reactions, such as the
reaction of cysteine with i-homocysteine, r-cysteine, and water to
generate H»S. In contrast, CSE is a more promiscuous enzyme than CBS
in the trans-sulfuration pathway. CSE can generate H,S from one or 2
mol of homocysteine in addition to common reactions with CBS in HyS

Redox Biology 59 (2023) 102601

production [1,47,48]. Notably, an intact trans-sulfuration pathway can
support cell growth in the presence of extracellular cysteine limitation.
When the catalytic activity of CBS and CSE is inhibited, cells are unable
to synthesize cysteine, which may have deleterious effects on the or-
ganism at low cysteine availability [ [49-51]].

The 3-MST catalyzed H,S-producing reactions require the assistance
of cysteine aminotransferase (CAT). L-cysteine and o-ketoglutarate are
converted to glutamate and 3-mercaptopyruvate (3-MP) through the
CAT-based catalysis. The latter is catalyzed by 3-MST to generate py-
ruvate and MST-bound persulfide, which can produce HsS in the pres-
ence of thioredoxin (Trx) or dihydrolipoic acid (DHLA) [1,52].
Moreover, 3-MP can be synthesized from p-cysteine in the kidneys or the
brain by p-amino acid oxidase (DAO) to participate in the subsequent
HjS synthesis [53].

Endogenous H,S can also be produced by non-enzymatic pathways in
addition to enzymatic reactions. Persulfides, thiosulfates, and poly-
sulfides can be converted to HoS and other metabolites in the presence of
reducing equivalents, such as nicotinamide adenine dinucleotide
(NADH) and nicotinamide adenine dinucleotide phosphate (NADPH)
[45,46,54].

2.3. The catabolism of HaoS

Sulfide can exist in three forms in the intestinal lumen: HoS gas
partially dissolved in the aqueous phase, hydrosulfide anion HS™ and
sulfide ion S?~ (generally negligible under physiological conditions)
[13]. Because of its high membrane permeability, luminal HyS easily
penetrates biofilms and enters colon cells [55,56].

The sulfide oxidation unit (SOU) is a mitochondrial multi-enzyme
system that is responsible for the intracellular oxidative metabolism of
H,S in colonic epithelial cells (Fig. 4). This sulfide metabolic process
generates electrons that enter the electron transport chain at complex III
(from sulfide: quinone oxidoreductase (SQR)) and cytochrome c/com-
plex IV (from sulfite oxidase (SUOX)), respectively, driving ATP syn-
thesis [57,58].

It is generally accepted that HyS binds to the SQR enzyme and is
oxidized to sulfane sulfur in the first step of the oxidation pathway.
However, there are different perspectives on what the physiological
receptor of sulfane sulfur is. One view is that the sulfane sulfur generated
by the reaction is directly transferred to glutathione (GSH) to form
glutathione persulfide (GSSH) [59]. Subsequently, GSSH is oxidized by
iron-dependent persulfide dioxygenase (PDO), also known as ethyl-
malonic encephalopathy protein 1 (ETHE1), regenerating GSH and
producing sulfite [60,61], which is oxidized to sulfate by SUOX [62], or
reacts with GSSH to generate GSH and thiosulfate under the catalysis of
rhodanese (Rhd), or thiosulfate thiotransferase (TST) [59,63]. Another
view is that sulfane sulfur uses sulfite as an acceptor to produce thio-
sulfate, which is then transferred to GSH to form GSSH [64,65].
Nevertheless, this view has been challenged by other studies. First, this
indirect pathway was proposed based on in vitro kinetic data, and its
research model was inconsistent with physiologically low intracellular
sulfite concentrations [66]. Second, the rhodanese-catalyzed sulfur
transfer reaction of thiosulfate to GSSH is kinetically unfavorable [59].
Finally, since sulfite itself is an oxidation product of sulfide and is
inherently toxic, it is unlikely to be used as a substrate for sulfide
oxidation [58]. Overall, the now widely accepted view is that GSH is the
primary sulfane sulfur receptor for the SQR reaction, which directly
generates GSSH as a product. However, it is worth noting that the
importance of sulfite as a receptor in the SQR response may increase
under pathological conditions that lead to elevated concentrations [58].

Colonic epithelium express higher levels of SQR compared with
other tissues, which may be an adaptation to the colon microenviron-
ment with high sulfide load [67]. The SQR reaction of intestinal
epithelial cells prevents HyS accumulation and produces highly reactive
persulfides, which may play an important role in HyS/polysulfide-me-
diated protein persulfidation, also known as S-sulfuration or
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Fig. 2. Sulfoglycolytic pathways in bacteria. A) The sulfo-Embden-Meyerhof-Parnas (sulfo-EMP) and sulfo-EMP2 pathways. B) The sulfo-Entner-Doudoroff (sulfo-
ED) pathway. C) The sulfo-sulfofructose transaldolase (sulfo-SFT) pathway. D) The sulfo-transketolase (sulfo-TK) pathway. E) The sulfo-sulfoquinovose mono-
oxygenase (sulfo-SMO) pathway. ADP, adenosine diphosphate; ATP, adenosine triphosphate; CoA, coenzyme A; DHAP, dihydroxyacetone phosphate; DHPS, 2,3-
dihydroxypropanesulfonate; FMN, flavin mononucleotide; F6P, fructose-6-phosphate; GAP, glyceraldehyde-3-phosphate; KDSG, 2-keto-3,6-dideoxy-6-sulfogluconate;
NAD(P)H, nicotinamide adenine dinucleotide (phosphate); 6-OG, 6-oxo-glucose; Pyr, pyruvate; SA, sulfoacetaldehyde; SE, 4-deoxy-4-sulfoerythrose; SEu, 4-deoxy-4-
sulfoerythrulose; SF, sulfofructose; SFP, sulfofructose-1-phosphate; SG, 6-deoxy-6-sulfogluconate; SGL, 6-deoxy-6-sulfogluconolactone; SL, sulfolactate; SLA, sulfo-

lactaldehyde; S03%~, sulfite; SQ, sulfoquinovose; Xu5P; xylulose-5-phosphate.
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S-sulfhydration [1,58,68-70]. In addition, H,S can be considered as an
inorganic energy substrate for colonocytes [71]. Electrons extracted
from HjS are injected into the mitochondrial respiratory chain via SQR
during oxidative metabolism. At excessive concentration, H,S inhibits
the catalytic activity of cytochrome c oxidase, leading to inhibition of
colonocyte respiration. Whereas micromolar concentration of HjS is
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tion in mammalian cells. Endogenous H,S
from mammalian cells can be produced by
enzymatic reactions with the help of CBS,
CSE, 3MST coupled to CAT. As an important
substrate in the enzymatic pathway, 1-
cysteine can be converted from methionine
via the trans-sulfur pathway (blue dashed
rectangle). L-cysteine is catalyzed by CAT to
produce 3-MP, which enters the mitochon-
dria for further conversion to H,S via 3-MST
(orange dashed rectangle). In addition, 3-MP
can be generated from p-cysteine in brain
and kidney, catalyzed by DAO located in the
peroxisome (purple circles). A portion of
endogenous H,S can also be obtained by
non-enzymatic chemical reduction (green
dashed rectangle). The active sulfur species
in persulfides, thiosulfates and polysulfides
release H,S, which can be converted from
GSSG via NADPH in the presence of thiols
such as GSH. a-KB, a-ketobutyrate; a-KG,
a-ketoglutarate; CAT, cysteine aminotrans-
ferase; CBS, cystathionine p-synthase; CSE,
cystathionine y-lyase; DAO, p-amino acid
oxidase; DHLA, dihydrolipoic acid; Glu,
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reader is referred to the Web version of this
article.)

Pyr

Nonenzymatic pathway

able to increase colonocyte respiration and to stimulate mitochondria
allowing these cells to detoxify and to recover energy from luminal
sulfide [ [71-75]]. Furthermore, the metabolic utilization of HyS by
intestinal epithelial cells may play an important role in the regulation of
overall HyS homeostasis in animals. The researchers found that plasma
levels of free HyS and bound sulfane sulfur were significantly lower in
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germ-free mice compared to conventional mice, suggesting that
microbial-derived intestinal HsS is closely related to the total circulating
H,S in animals [76].

Notably, colonic epithelial cells can synthesize HyS via endogenous
synthetic pathways (as described in Section 2.1) in addition to receiving
exogenous HyS from their luminal side. Thus, the intracellular HyS
concentration in colonocytes is determined by the diffusion of luminal
H,S across the cell membrane, cysteine-based intracellular synthesis,
and the cellular capacity to metabolize HsS.

3. The role of HyS in the pathophysiology of colorectal cancer

The biological effects of HaS show a typical bell-shaped concentra-
tion-response in cancer. Appropriate concentrations of HoS can promote
cancer cell growth, stimulate cellular bioenergetics, enhance angio-
genesis, induce dedifferentiation, invasion, and metastasis, and confer
chemotherapeutic resistance. When the concentration of HyS exceeds a
certain threshold, it exerts tumor suppressor effects such as reducing
cancer cell proliferation, migration and bioenergetics, inducing cancer
cells apoptosis, sensitizing cancer cells to chemotherapeutics, and
inducing mesenchymal-to-epithelial transition (Fig. 5) [6,68,77].

HyS-mediated persulfidation (a post-translational modification of
proteins) plays a role in regulating tumor growth and metastasis, such as
mediating MEK1 persulfidation to regulate ERK1/2 activity and thus
affect tumor growth [78,79], and mediating NF-kB persulfidation to
induce metastasis-promoting gene expression [80,81]. HyS acts as a
pro-angiogenic factor in vitro and in vivo under different physiological
and disease conditions, including cancer. One possibility is HoS may

-, sulfate; SUOX, sulfite oxidase; SSO3~, thiosulfate; SQR, sulfide: quinone oxidoreductase; III

mediate angiogenesis through persulfidation of Kir 6.1 subunit of KATP
channel since inhibition of KATP channel attenuates VEGF mediated
endothelial cell migration. The other possibility is the activation of
NF-kB/IL-1p signaling through HoS-mediated NF-xB persulfidation [80,
81], since IL-1p is a known pro-angiogenic cytokine through induction of
VEGF during cancer progression [82]. Inhibition of mitochondrial
complex IV is usually considered as the main mode of cytotoxic action of
H,S, which leads to blocked mitochondrial electron transport and in-
hibits aerobic ATP production [83]. However, at lower concentrations,
H>S can also act as a metabolic substrate to stimulate the mitochondrial
electron transport chain. Oxidation of HyS by SQR leads to electron
transfer to coenzyme Q, which promotes aerobic respiratory ATP syn-
thesis [83,84]. In addition, HyS increases the catalytic activity of the
mitochondrial ATP synthase through persulfidation [85]. In addition to
stimulating mitochondrial ATP production, the role of endogenous HaS
in cancer cells includes maintaining mitochondrial organization (pre-
venting mitochondrial fission) and maintaining mitochondrial DNA
repair (by stimulating the assembly of mitochondrial DNA repair com-
plexes) [83]. In addition, HyS regulates the Wnt/p-catenin pathway,
which is associated with differentiation/dedifferentiation of tumor cells,
by inducing Sp3 transcription factors to activate the promoter of the ATP
citrate lyase (ACLY) gene [86,87]. Notably, both endogenous HjS syn-
thesis in colonic epithelial cells and exogenous HsS in the lumen are
implicated in tumorigenesis in CRC [13,88].

3.1. Exogenous H2S and CRC

Exogenous HyS in the lumen is primarily derived from the gut
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Fig. 5. The schematic diagram of bell-shaped effects of H,S on cancer. H,S promotes cancer growth within an appropriate concentration range while acting as a
tumor suppressor above the concentration threshold. The models suggest that exogenous delivery of high doses of H,S by donors and reduction of endogenous H,S by

scavengers or biosynthesis inhibitors represent two strategies to treat cancer.

microbiota, which is associated with the occurrence of CRC [13,89,90].
It has been shown that gastrointestinal exhaust samples recovered from
CRC patients contained higher levels of sulfur-containing compounds
compared to samples recovered from healthy subjects [91]. Moreover,
the colons of CRC patients had a reduced ability to detoxify HyS [92].
Another study found that fecal H,S levels were significantly higher in
patients with colon tumors and sigmoid surgery compared to the healthy
population [93]. However, owing to the good volatility of H,S, direct
measurement of fecal HyS concentrations does not accurately reflect
intestinal HyS levels. Hale et al. indirectly assessed HyS production by
intestinal bacteria in CRC by quantifying the amino acids produced with
HjS. The experimental results showed that the production of HyS orig-
inated from intestinal microbes was increased in CRC samples,
compared to non-cancerous samples [94]. Unfortunately, the combina-
tion of only four amino acids (serine, homoserine, lanthionine, and
cystathionine) does not fully respond to the intestinal H,S production.
The available evidence suggests that HyS production by gut microbes is
closely related to CRC. Nevertheless, studies directly assessing the role of
intestinal bacterial sources of HyS on CRC are lacking. The precise
quantification of the level of HyS production by intestinal bacteria re-
mains a challenge.

In contrast, quantifying the relative abundance of HyS-producing
bacteria is much less challenging [94]. Multiple studies investigating
changes in the gut microbiota of colonic adenomas and/or CRC found
that some major groups of sulfur-producing bacteria (eg, Bilophila,
Desulfovibrio, Bilophila wadsworthia, Fusobacterium) levels increased in
those with adenomatous polyps (the most common precursor of CRC)
[11,23,95-100]. Among them, Bilophila, Desulfovibrio, and Bilophila
wadsworthia are important HyS-producing bacteria (their mechanisms of
H,S production have been discussed in Section 2.2). Fusobacterium is a
periodontal disease-related HS producer, which has attracted wide

attention in recent years due to its close relationship with CRC promo-
tion [ [99,101,102]]. These gut bacteria involved in sulfur metabolism
use dietary and endogenous organic and inorganic compounds to pro-
duce H,S, which may be the key linking diet, microbiota, and CRC [11,
12,97]. In fact, dietary habits, as mediated by intestinal sulfur metab-
olizing bacteria, have been linked to an increased risk of early-onset
adenomas and CRC [12,23]. Long-term adherence to a sulfur microbi-
al diet (characterized by high intakes of low-calorie beverages, red and
processed meats, and low intakes of fruits, whole grains, and vegetables,
as well as relative abundance of metabolic gut bacteria) is associated
with an increased risk of distal CRC and rectal cancer [97]. Another
study, which included men and women and used larger, more diverse
data as well as an analysis method that accommodated multiple cohorts,
found that higher adherence to a sulfuric microbial diet was associated
with higher risk of developing distal CRC [103]. Follow-up studies are
needed to determine the specific mechanism of action of HyS as an
associated factor in linking dietary pattern-gut microbiota-CRC.
Donors that release H,S rapidly or slowly can be used to mimic the
effect of exogenous HaS on CRC cell lines. A study reported that treating
HCT116 cells with low concentrations (0.3 mM) of GYY4137, a slow-
release HyS donor, enhanced mitochondrial function and glycolysis
while also encouraging cell proliferation [104]. Furthermore, H,S donor
stimulated cell proliferation using 0.2 mM NaHS on the same cell line by
increasing Akt and ERK activation while inhibiting p21 (Wafl/Cip 1)
[105]. Likewise, treatment of colon tumor cells with exogenous H»S at a
concentration of 1 mM using NaHS as a donor inhibited the
chemo-preventive PEITC-induced apoptosis [106]. The effects of HyS
are biphasic, concentration- and time-dependent. Exogenous H,S stim-
ulation at optimum quantities can enhance the proliferation of CRC
cells, while high concentration and sustained H,S therapy can decrease
the proliferative vitality of tumor cells. Szabo et al. evaluated the effect
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of different concentrations of NaHS (fast-release) or GYY4137 (slow--
release) H,S donors on the proliferation of the human colon cancer cell
line HCT116. The results showed that low concentrations (0.03-0.3
mM) of NaHS stimulated tumor cell proliferation, while higher con-
centrations (1-3 mM) inhibited tumor cell growth. In the case of pre-
treatment with the CBS inhibitor Aminooxyacetic acid (AOAA), not only
the basal proliferation of HCT116 cells was attenuated, but also the toxic
effect of higher concentrations of NaHS on the cells was diminished. In
addition, without AOAA pretreatment, 0.03-3 mM of GYY4137 stimu-
lated the proliferation of HCT116 cells. In contrast, only 3 mM of
GYY4137 stimulated HCT116 cell proliferation beyond the basal growth
rate after using AOAA [107]. These studies on the mechanism of action
of various H,S donors in CRC and their therapeutic applications will be
described in detail later.

3.2. H,S endogenous synthesis pathway and CRC

Several experimental and clinical studies have shown that the
expression of HyS endogenous synthase CBS is higher in colon tumor
tissues than in normal surrounding tissues [ [82,108-110]]. Moreover,
CBS levels are closely related to CRC severity/tumor stage as well as
patient survival [47,82]. These findings suggest that the CBS/H»S sys-
tem is essential in the occurrence and progression of CRC. CBS-derived
Hj,S has been shown in studies to be involved in maintaining the bio-
energetics of CRC cells to support tumor growth and proliferation, as
well as promoting angiogenesis and vasodilation to provide blood and
nutrients to tumors [82]. In addition, some studies have pointed out that
the CBS-H,S axis may regulate CRC angiogenesis and liver metastasis via
positive feedback between the CBS-HsS axis and VEGF [111]. Consid-
ering the bell-shaped effect of HyS, colon cancer cell proliferation can be
suppressed by up-regulating CBS expression or delivering HyS exoge-
nously in a state where the CBS-H,S axis is already highly activated. The
underlying mechanism could be that H,S inhibits the functional activity
of transcription factor SP-1, thereby negatively regulating CD44
expression [112]. Similar bell-shaped functional responses were
observed in HCT116 cells treated with the allosteric activator of CBS,
S-adenosyl-L.-methionine (SAM): lower concentrations/shorter incuba-
tion times stimulated HCT116 cell proliferation and bioenergetics, while
higher concentrations and longer exposure to SMA inhibited cell
viability and exerted cytotoxic effects [113]. Of course, whether the
SAM'’s anti-proliferative mechanism is related to the “overstimulation”
of the CBS-H,S axis is still controversial, and the current consensus is
that it is more likely to be an independent mechanism involving CBS.
According to a recent study on the oncogenic role of CBS, protein
expression of CBS is low in healthy colonic mucosa, but gradually in-
creases with epithelial cell transformation into polyps, hyperplastic
polyps, tubular adenomas (dysplasia), and adenocarcinomas (in situ).
Furthermore, up-regulation of CBS leads to metabolic reprogramming
and the induction of an aggressive tumorigenic phenotype in precan-
cerous colon epithelial cell lines, suggesting that activation of the
CBS/H,S axis may promote colon carcinogenesis [114].

CSE, another key endogenous HjS synthase, is also expressed in
colon tumor cell lines [82,105,115]. The role of CSE/H,S is currently
less known. Activation of the Wnt/p-catenin pathway has been shown to
up-regulate CSE expression and stimulate the proliferation of SW480
cells, a CRC cell line, in vitro migration and tumor xenograft growth in
vivo [115]. Another study found that stable silencing of CSE via lenti-
viral transduction (shCSE) or the small molecule inhibitor bi-pro-
pargylglycine (PAG) had no effect on HyS production or cell
proliferation in HCT116 cells [82]. Thanki et al. found that loss or in-
hibition of CSE function promotes excessive inflammation, leading to
the development of colitis-associated cancer (CAC). Meanwhile, loss of
CSE expression in bone marrow-derived cells alters the balance of
mucosal IL-6 and IL-10 expression and accelerates the development and
progression of CAC. These results suggest that CAC may result from a
failure of normal physiological functions regulating intestinal immune
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homeostasis and tissue repair via CSE and HoS [116].

3-MST expression and/or catalytic activity has been demonstrated in
several CRC cell lines (HCT116, LoVo, HT29, CT26) [6,117]. The recent
discovery of the novel pharmacological inhibitor HMPSNE [118] has
changed the lack of direct studies on the functional role of 3-MST.
Szabo’s group discovered that reduction of HyS biosynthesis by inhib-
iting the catalytic activity of 3-MST could promote
mesenchymal-epithelial transition (MET) in HCT116 cells [87]. The
MET regulation mechanism could be related to the involvement of
endogenous H,S in the regulation of ACLY protein expression. ACLY
regulates the Wnt/p-catenin pathway, which is an important regulator of
EMT/MET balance. In addition, the 3-MST/H»S system maintains tumor
cell proliferation, migration, and cellular bioenergetics in murine CRC
cell CT26 [117].

3.3. H,S oxidation pathway and CRC

In normal colonic epithelium, the sulfide oxidation pathway is
mainly located apically at the host-microbiota interface, i.e., the human
colonic crypt [13,67]. In contrast, the expression of three enzymes
involved in oxidative metabolism (SQR, ETHE1, and TST) was elevated
in CRC tissues and showed a diffuse distribution. Moreover, elevated
expression of SQR and ETHE1 was observed in all six CRC cell lines
(HT29, LoVo, Caco-2, RKO, DLD-1, and HCT116), compared to the
non-cancerous colon cell line HCEC [1]. It has been noted that ETHE1
expression is significantly increased in CRC and increases with CRC
tumor grade compared to benign colonic epithelium [119]. It has also
been found that human colon cancer cells HT-29 Glc (—/+) have an
enhanced ability to oxidize sulfide when differentiated spontaneously or
induced by butyrate [75]. These results suggest that enhanced SOU
function is associated with the development of CRC. However, a
different perspective was proposed by Piran et al. They found through
meta-analysis that the expression of SQR, ETHE1, and TST genes tended
to decrease during the process of colon tumors from normal to primary
and then to liver and lung metastases. They speculated that HS is a
supplementary energy source in the hypoxic environment of colon tu-
mors. Unlike normal colon cells exposed to tubular H,S, CRC cells may
need to avoid excessive consumption of HyS by reducing sulfide meta-
bolic function during tumorigenesis and metastasis, which helps CRC
cells survive from a hypoxic environment [120]. Szabo’s group found
that in human intestinal epithelial-like organs with harboring early
mutations of the Vogelstein sequence, upregulation of HyS synthase and
metabolizing enzymes occurred simultaneously, and live cell imaging
did not detect a significant increase in cellular HyS levels. But, in
organoids with late mutations, the expression of HyS synthase was
further increased, while the expression of certain HoS metabolizing en-
zymes (e.g., SQR) was reduced and cellular H,S levels were elevated.
This consecutive mutations leads to effects that coincide with the
upregulation of cellular bioenergetics (mitochondrial respiration and/or
glycolysis) and the upregulation of the Wnt/p-catenin pathway, a key
effector of EMT [121]. This study contributes to the proper under-
standing of the important role of HyS synthesis and metabolism in the
pathogenesis of CRC.

In conclusion, the current study suggests that the oxidative metabolic
pathway of HjS is closely related to the development of CRC. However,
direct experiments to validate the role of oxidative pathway-related
enzyme systems on CRC, such as observation of the effect of SQR cata-
lytic activity inhibition on CRC by suitable SQR inhibitors, are lacking.
Several recent studies have pointed to selective inhibitors of SQR as an
attractive target for drug development and have provided some SQR
inhibitor candidates, such as STI1, which can bind highly selectively to
the coenzyme Q-binding pocket in human SQR [122-124]. Unfortu-
nately, there are no reports of these inhibitors being used in CRC-related
biological experiments. It is also important to note that inhibition of the
function of these enzymes may to lead to some undesired effects, for
example, the restricted function of ETHE1 may lead to the accumulation
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of H5S in the colonic mucosa, liver, muscle, and brain [125,126].
3.4. Persulfidation, persulfides, polysulfides and CRC

Persulfidation (S-sulfuration) is a post-translational modification of
proteins characterized by the addition of sulfur atoms to specific
cysteine residues via HyS or polysulfides (mainly polysulfides), resulting
in peroxisulfide adducts on small molecules and proteins [1,127-129].
This process is considered to be a key step in the biological function of
reactive sulfur species [69,70,130,131]. Some of the enzymes involved
in HyS anabolism (mainly 3-MST, SQR), as well as some other proteins
(haemoglobin, neuroglobin) and enzymes (catalase, peroxidases, super
oxide dismutase, and cysteine tRNA synthetase), have been identified to
produce polysulfides, GSSH, and other S-sulfurated molecules
(S-sulfated molecules) [66,132,133].

These generated polysulfides, persulfides, have recently been
recognized to play an important role in cancer regulation [68,70,131].
Cysteine-rich angiogenic inducer 61 (CyR61) is a matricellular protein
encoded by the CYR61 gene, which promotes colon cancer cell migra-
tion, invasion and metastasis, and its high expression is associated with
poor CRC prognosis [ [134-137]]. Recent studies suggest that HoS and
polysulfides activate the CyR61 promoter in colon cancer cells. Endog-
enous HyS/polysulfide biosynthesis of 3-MST in colon cancer cells fa-
cilitates the induction of CyR61 mRNA, most likely through the
persulfidation of Sp1, and through the activation of S1PR, ATF1 and
CREB [137]. It has also been shown that in colon cancer cells, the
trans-sulfuration pathway —H,S axis stabilizes xCT (the functional sub-
unit of system Xc-) through the persulfidation of OTUB1, which imports
cysteine and converts it to cysteine, providing a substrate for endoge-
nous HjS biosynthesis. Increasing xCT and the transsulfuration pathway
are associated with the metabolic reprogramming of CRC [138].
Furthermore, it was revealed that the stimulatory effect of low con-
centrations of exogenous HyS on glycolysis may be due to HyS/poly-
sulfide-mediated persulfidation of lactate dehydrogenase, which
enhances its catalytic activity [104]. N-acetylcysteine (NAC) is a
commonly used antioxidant in biological experiments as well as in
clinical studies [139,140]. NAC treatment was found to promote the
expression activity of SW480 cell line 3-MST and SQR, enzymes
involved in the production and consumption of HyS and thiane sulfur.
Moreover, NAC can act as a direct thiane sulfur accepting co-substrate
for 3-MST and undergo persulfidation. The NAC persulfide formed is
hypothesized to promote resistance to oxidative stress and increase drug
resistance in colon cancer cells, given the specific novelty of the reaction
of the persulfide with electrophilic reagents and the reference to the
already reported cysteine persulfide [141]. Thus, further investigations
are necessary to validate this hypothesis and whether the effect of NAC
on colon cancer cells is mediated through H)S and related active
substances.

Many natural polysulfides have antitumor effects. Studies have
pointed out that in CRC, diallyl polysulfides (garlic-derived organosulfur
compounds) and their derivatives can exert anticancer activity by
inducing cell growth arrest and apoptosis [142-144]. Moreover, diallyl
sulfide (DAS), diallyl disulfide (DADS) and diallyl trisulfide (DATS)
could promote the expression of multidrug-resistant genes in colo 205
human colon cancer cells [145]. In addition, dibenzyl tetrasulfide, a
derivative of diallyl tetrasulfide, was also identified as a mitogenic in-
hibitor and apoptosis inducer in colon cancer cells and induced cell
type-dependent autophagic damage involving p62 [146].

4. H,S diagnosis and treatment strategies for colon cancer

Existing studies have shown that the moderate supply of exogenous
H,S and the elevated endogenous concentrations of HyS may be
involved in promoting the occurrence of CRC. Increased HjS production
in colon tumor cells is ascribed to increased activity of endogenous HsS
synthases (mainly CBS). These provide new ideas for the diagnosis and
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treatment of CRC: strategies for HoS modulation (exogenous delivery of
high doses of HyS or reduced expression of endogenous HjS) in colon
tumor treatment, and using the high level of H,S in CRC tissue cells to
develop diagnostic probes and combination therapies that respond to
endogenous HjS.

4.1. Inhibition and clearance of endogenous HS

The reduction of endogenous H,S is currently receiving wide atten-
tion as a method of applying HsS regulation to tumor therapy [147]. In
related studies, a common and well-established approach is to inhibit
the endogenous biosynthesis of HS. To this end, a series of small
molecule inhibitors were screened and synthesized to inhibit three key
enzymes involved in endogenous HyS synthesis, CBS, CSE, and 3-MST.
Hence, another more desirable approach is the development of endog-
enous HyS scavengers. Targeted HyS scavenging is achieved by specific,
rapid-response, targeted endogenous scavengers. In this section, we
summarize and discuss reports on the application of inhibition of HaS
production in the field of CRC, focusing on HS-producing enzyme in-
hibitors and H,S scavengers (Table 1).

Table 1
Summary of recent reported CRC treatment strategies via H,S modulation.

Therapeutic agent Therapeutic strategy Anticancer mechanism

AOAA Endogenous H,S Anti-proliferative activity;
biosynthesis inhibitors Enhanced sensitivity to
oxaliplatin via exaggerating
apoptosis induced by ROS.
AOAA derivatives Endogenous H,S Anti-proliferative activity.

biosynthesis inhibitors
Endogenous H,S
biosynthesis inhibitors

Benserazide and its
metabolite, THBH

Anti-proliferative activity;
Therapeutic effects on cancer
cells with a multidrug-resistant
phenotype.

EGCG Endogenous H,S Anti-proliferative activity; CBS
biosynthesis inhibitors specific inhibitor.

PAG Endogenous H,S Anti-proliferative activity.
biosynthesis inhibitors

HMPSNE Endogenous H,S HMPSNE exhibited anti-

HMPSNE derivatives

CuDDC

VZnO

EA-Fe@BSA

PMSN-Fe-LA-BSA

HKUST-1

2D Cu-MOF

ADT-OH conjugate

SATO

SATO-functionalized
micelles

Natural polysulfides
HS-NSAIDs

NiNPs

biosynthesis inhibitors

Endogenous H,S
biosynthesis inhibitors
Endogenous H,S
biosynthesis inhibitors;
HaS scavenger

H,S scavenger

HjS scavenger

H,S scavenger
H,S scavenger
H,S scavenger
H,S donor
H,S donor

H,S donor

H,S donor
H,S donor

Carrier

proliferative activity and
induced MET through the
inhibition of 3-MST, CBS and key
enzymes involved in H,S
degradation ETHE1 and TST.
Anti-proliferative activity.

Anti-proliferative activity.

Anti-proliferative activity.
Anti-proliferative activity; CDT/
PTT; MRI imaging.
Anti-proliferative activity; CDT/
PTT.

Anti-proliferative activity; CDT/
PTT.

Anti-proliferative activity; CDT/
PTT; PA imaging.
Anti-proliferative activity.
Anti-proliferative activity.
Anti-proliferative activity.

Anti-proliferative activity.
Induced cell proliferation
inhibition, apoptosis and GO/G1
phase cell cycle arrest; Phase II
metabolic enzyme inducers;
Synergistic treatment with NO.
H,S promoted the anticancer
efficiency of 5-FU in the
presence of NiNPs.
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4.1.1. CBS inhibitors

AOAA is one of the best-known CBS inhibitors. In aqueous solution,
AOAA is able to react with the aldehyde group of vitamin B6 (pyridoxal
form) and generate a stable oxime [148]. As the metabolically active
form of vitamin B6, PLP is involved in a series of enzymatic reactions in
biological systems and is a cofactor of enzymes such as CBS and CSE.
Therefore, in the presence of AOAA, oxime is produced irreversibly,
inhibiting the CBS-catalyzed H,S production. In the field of colon tumor
research, Szabo et al. reported that the use of AOAA could inhibit CRC
cell proliferation in vitro and reduce tumor growth in vivo [82]. Zhao
et al. treated HCT116 cells with AOAA and examined the ability of
cancer cells to target HoS probes through the negative control [149]. Yue
et al. found that AOAA sensitizes CRC cells to oxaliplatin via exagger-
ating apoptosis induced by ROS both in vitro and in vivo [150]. But it is
worth noting that AOAA is not a specific inhibitor of CBS, and it inhibits
a variety of PLP-dependent enzymes, including CSE. Moreover, AOAA
exhibited higher inhibitory potency to CSE than CBS (CSE’s ICsg is 1 pM
in the same report where CBS’s ICs¢ is 8 pM) [151]. In addition, AOAA
can also indirectly inhibit HpS formation by the 3-MST system via
inhibiting the enzymatic generation of the 3-MST substrate, 3-MP.
Furthermore, AOAA can even inhibit some non-enzymatic pathways of
HoS generation [46]. In addition, the poor lipophilicity of AOAA
(water/octanol coefficient: 0.0019) makes its action in cells inefficient.
In HCT116 cells, up to 100 pM AOAA was required to significantly
inhibit HsS production, which may be attributable to the low cellular
uptake [147].

To improve its lipophilicity, Szabo’s group designed and synthesized
a series of AOAA-based prodrugs that release AOAA after penetrating
the cell membrane and hydrolyze the ester bond on the prodrug by
cellular esterases [110,152]. Among them, YD0171, a methyl ester de-
rivative of AOAA, possesses stronger lipophilicity and higher inhibition
efficiency compared with AOAA. In the treatment of HCT116 cells,
CBS-induced inhibition of HzS production is inhibited with 30 pM
YDO0171, whereas a similar effect required 100 pM AOAA. The in vivo
efficacy is nine times higher than that of AOAA. At the same time,
YD0171 administration has low systemic toxicity and can target the
metabolism of colon tumors [152]. YD0251, an isopropyl ester deriva-
tive of AOAA, inhibits HCT116 tumor growth in vivo 18 times more
potently than AOAA and exerts anticancer effects at doses that do not
induce severe organ damage. It also inhibited the growth of
patient-derived tumor xenografts and exerted anti-proliferative effects
on CRC cells with a multidrug-resistant phenotype. Furthemore, they
proposed that matching CBS inhibitor therapy to patients with high CBS
expression could be a useful application for future CRC therapeutic
diagnosis. Likewise, they identified lanthionine, a metabolic interme-
diate of CBS-mediated H,S biosynthesis, as a suitable biomarker for
identifying CRC target populations with high CBS expression [110].

Some hydrazine derivatives can antagonize the action of vitamin B6.
Among them, benserazide was found to inhibit CBS activity and suppress
colon cancer cell proliferation and bioenergetics in vitro, as well as
tumor growth in vivo [153,154]. It can bind to the active site of the
enzyme and inhibit CBS by forming a reversible but kinetically stable
Schiff base-like adduct with the formyl portion of pyridoxal, and
reacting with PLP cofactors. Moreover, its main metabolite, 2,3,4-trihy-
droxybenzylhydrazine (THBH), can act as a CBS inhibitor and an
anti-proliferative agent for CRC cells. In buffer, the inhibitory effect of
benserazide on CBS (ICs¢: ~30 pM) was much lower than that of AOAA
(ICsp: ~3 pM). However, it inhibited the proliferation of HCT116 colon
cancer cells (ICsp: ~20 pM) with greater potency than AOAA (ICso:
~300 pM) in cytological assays, probably owing to the good cellular
uptake. Meanwhile, benserazide showed some selectivity for CBS, with
the activity inhibition of CSE and 3-MST being 16% and 35%, respec-
tively, after 2 h of 100 pM benserazide treatment, while the activity
inhibition of CBS was as high as 66%. It is noted that this conclusion was
drawn from the comparison under different substrate concentration
conditions, and the inhibition of benserazide is related to the substrate
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concentration, which remains to be further verified [147]. The efficacy
of many anticancer drugs is reduced when cancer cells have a
multidrug-resistant phenotype. Szabo’s group evaluated the role of
AOAA and benserazide in multidrug-resistant phenotypic tumor cells by
constructing a 5-FU resistant HCT116 cell line that also exhibited partial
resistance to the unrelated chemical oxaliplatin. They found that 5-FU
resistance in HCT116 cells was associated with up-regulation of
drug-metabolizing enzymes and enhanced endogenous HsS production.
Moreover, 5-FU-resistant cells showed reduced sensitivity to AOAA, but
remained sensitive to the anti-proliferative effect of benserazide. This
contributes to the development of new strategies for the treatment of
advanced CRC [155].

Epigallocatechin gallate (EGCG) is a major bioactive component of
green tea with antioxidant, anti-inflammatory, anticancer, and anti-
neurodegenerative effects [ [156-159]]. Moreover, the anti-
proliferative effect of EGCG is known to be more effective than a
chemotherapeutic drug, 5-FU, on CRC [160]. Many of the biological
effects of EGCG have been attributed to binding to or sterically inter-
fering with certain enzymes or other regulatory proteins, because they
can form covalent adducts with protein and non-protein thiols [161]. In
the past, many polyphenolic compounds similar to EGCG were selected
in the screening of CBS inhibitors, but most of them were not as effective
as the most commonly used AOAA for inhibition. In contrast, EGCG
inhibits CBS-catalyzed HyS production at sub-micromolar concentra-
tions (ICso: 0.12 pM) and has been shown to significantly inhibit HyS
production in CRC or Down syndrome cell models in vitro [162].
Remarkably, unlike AOAA and its derivatives or hydrazine CBS in-
hibitors, the inhibition of CBS by EGCG does not target PLP or response
mechanisms, but exploits certain structural or conformational features
unique to CBS, which makes it a CBS-specific inhibitor. In addition, it
has been proposed that EGCG can oxidize HyS produced by CBS to form
polysulfides [161], indicating that EGCG may act as a scavenger of H,S.
Nonetheless, a study by Szabo’s group discovered that EGCG exhibited
some H,S scavenging activity only at higher concentrations and also
inhibited non-HyS-generating HsCBS, indicating that it is a true CBS
inhibitor [162]. Although EGCG and other polyphenolic bioflavonoids
usually have a variety of pharmacological targets and actions, their
therapeutic effects on CRC may not be attributed to CBS inhibition
alone. Putting aside the PLP, the studies on EGCG still provide a new
idea for the development of CBS inhibitors by targeting specific sites on
CBS, resulting in the development of new potent CBS-specific inhibitors.

There are many challenges in translational application of EGCG,
including the low systemic bioavailability, less stability in alkaline
media, low membrane permeability, high oxidative degradation, and
metabolic transformations [156]. A clinical trial of EGCG showed that
all the patients treated with EGCG could not respond to it as this un-
stable EGCG exhibited alterable bioavailability [163]. Therefore, how to
improve the stability and bioavailability of EGCG is the focus of further
research.

4.1.2. CSE inhibitors

There are few reports on the application of CSE inhibitors in the
treatment of CRC, due to the lack of direct evidence to prove that CSE
plays a significant role in CRC. pr-propargylglycine (PAG) is an early
discovered irreversible CSE inhibitor [164]. Unlike most PLP-dependent
enzyme inhibitors, PAG irreversibly changes the CSE active center,
thereby inactivating enzyme function. The whole inhibition process is
closely related to several key amino acid residues of CSE, including Arg
62, Lys 212 and Tyrl14 [147]. Fan et al. reported that treatment of
SW480 cells with CSE inhibitors PAG or shCSE effectively reduced
tumor cell proliferation, migration, and in vivo tumor xenograft growth
[115]. However, this PAG or shCSE-mediated CSE silencing was inef-
fective in inhibiting H,S production or cell proliferation in HCT116 cells
[82]. The role of CSE inhibitors in the treatment of CRC remains to be
explored.
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4.1.3. 3-MST inhibitors

High throughput screening has been employed to find suitable
endogenous H,S synthase inhibitors. Hanaoka et al. identified four novel
3-MST inhibitors with ICso values in the micromolar range by high-
throughput screening of a library of 174,118 compounds using the
HoyS-selective fluorescent probe HSip-1. Among them, (2-[(4-hydroxy-6-
methylpyrimidin-2-yl)sulfanyl]-1-(naphthalen-1-yl)ethan-1-one) or
HMPSNE is considered to be the most effective and selective [118].
Inhibition of HyS biosynthesis in CRC cell lines by HMPSNE inhibits
tumor cell proliferation, migration, and induces MET [87,117]. Partic-
ularly, when treated with 300 pM HMPSNE, expression inhibition of
3-MST, CBS and key enzymes involved in HyS degradation ETHE1 and
TST was observed in HCT116 cells. The effect of HMPSNE on HCT116
cells at this concentration must be explained by the direct inhibition of
3-MST catalytic activity and the combined effect of CBS
down-regulation [87]. Bantzi et al. synthesized a library of 63 com-
pounds using the central core of HMIPSNE (renamed 1a) to indepen-
dently modify the pyrimidinone and aryl ketone sides, and then
evaluated in vitro the efficacy of these new derivatives as 3-MST in-
hibitors and their effects on CRC cell proliferation and viability [165].
Six novel 3-MST inhibitors were found to be effective in inhibiting the
proliferation of two mouse CRC cells (MC38 and CT26). Although the
inhibitory effect of compound (1 b) on recombinant 3-MST was not as
good as that of starting compound 1a, it was more effective than 1a in
inhibiting tumor growth in tumor-bearing mice in vivo.

4.1.4. H,S scavengers

The ideal scavenger should have high reactivity and high selectivity
to HS, and the product after the reaction should have the lowest bio-
logical activity [147]. Researchers have developed some small molecule
endogenous HjS scavengers based on sulfonyl azides [166] or NBD
[1671, because these properties are very similar to those of HsS sensors.
Szabo ‘s group found that while the clinical drug disulfiram did not
directly inhibit HyS production in CRC cells, its metabolite bis(N,
N-diethyldithiocarbamate)-copper (II) complex (CuDDC) could be used
as an effective inhibitor of CBS and CSE as well as an H,S scavenger to
inhibit CRC cell proliferation [168].

Thanks to the development of modern nanotechnology, researchers
have begun to explore the direct elimination of endogenous HsS by
appropriate nanomaterials. Zinc oxide has more prominent desulfur-
ization performance than other metal oxide desulfurizers [169], and has
better biocompatibility and low toxicity when made into nanoparticles
[170]. Based on these characteristics, Pan et al. developed a ZnO-coated
virus-like silica (VZnO) nanoparticle HyS-responsive nanoplatform for
CRC treatment. After entering the cells, VZnO can reduce the level of
endogenous HjS, lead to a significant decrease in intracellular GSH
levels, and ultimately lead to ferroptosis in CRC cells. They injected
fluorescently labeled VZnO@FITC intravenously into a mouse model of
CRC to evaluate the tumor selectivity of this scavenger. The results
showed that the tumor tissues had the highest uptake of VZnO@FITC
compared with most normal tissues, except the liver. Moreover, the
scavenger has no therapeutic effect on the 4T1 breast cancer model (non
H,S rich cancer), suggesting that it may be selective for cells with high
H2S levels [171].

Chemodynamic therapy (CDT) is a highly tumor-specific and mini-
mally invasive treatment modality. It uses Fenton or Fenton-like drugs to
degrade the highly expressed hydrogen peroxide (H203) in tumors and
generate highly toxic hydroxyl radicals (eOH) to kill cancer cells [
[172-174]]. However, its therapeutic efficacy is limited by the low ef-
ficiency of ¢OH production. In particular, in CRC, the high expression of
H,S with strong reducibility leads to the depletion of the generated eOH,
which further weakens the efficacy of CDT [175]. Therefore, a thera-
peutic strategy combining endogenous HsS scavengers, CDT, and pho-
tothermal therapy (PTT) has been proposed for CRC treatment. The key
to this effective strategy is that the heating effect of activated PTT can
accelerate e¢OH production while depleting endogenous HsS, thus
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improving CDT efficiency and providing better synergistic therapeutic
effects.

The classical CDT based on Fe(II)-mediated Fenton reaction is strictly
limited by the catalytic efficiency of Fe(II). To this end, Yang ‘s group
assembled EA-Fe@BSA nanoparticles (NPs) using natural polyphenols,
Fe(IIl), and albumin [176]. These NPs have excellent T1-weighted MRI
performance as well as enhanced CDT effects through the combined
effect of the strong reducing properties of high concentrations of H,S in
CRC, which accelerates Fe(III)/Fe(II) conversion, and the thermal effects
of PTT. This holds great potential for effective colon cancer theranostics.
In addition, Wang et al. designed an iron-triggered tumor microenvi-
ronment (TME)-responsive PMSN-Fe-LA-BSA (PMFLB) nanotherapeutic
agent combined with CDT/PTT for colon cancer [177]. It is loaded with
Fe>* by polydopamine (PDA) decorated mesoporous silica nanoparticles
(PMSN), and uses the phase change ligand lauric acid (LA) to prevent
Fe®* leakage. Under NIR laser irradiation, PDA generates a large amount
of heat to kill colon tumor cells by hyperthermia, and induces the phase
transition of LA to release Fe®*. Fe®* further reacts with endogenous HyS
in TME to form Fe?", which reacts with HyO5 in TME to form eOH and is
then converted back to Fe>*. This repeated reaction with endogenous
H,S produces more ¢OH, thus enhancing CDT.

Cu(Il)/Cu(l) pair has lower redox potential (—1.6 eV) and higher
catalytic activity than Fe(II)-based Fenton reagents [178,179]. Li et al.
developed a non-photoactive copper-based metal-organic framework
named HKUST-1, which can be activated by endogenous H5S in colon
tumors to produce photoactive CuS for thermal imaging and PTT [180].
At the same time, HKUST-1 exhibits horseradish peroxidase (HRP)
mimetic activity that effectively converts overexpressed HyO2 in CRC
cells into a more toxic ¢OH, as well as synergistic therapy of endogenous
HoS scavenging, PTT and CDT. Wang et al. also designed a
two-dimensional (2D) Cu-bipyridine [Cu(bpy)2(OTf)2] metal-organic
framework (2D Cu-MOF) nanosheet for combination therapy [175].
This nanotherapeutics can significantly improve the applicability of CDT
in CRC treatment by inhibiting the consumption of the generated ¢OH
through rapid depletion of HS via 2D Cu-MOF, promoting the
Fenton-like reaction by ultra-small CuS produced by in situ vulcaniza-
tion, and generating CuS with good photothermal properties because of
its strong NIR-II absorption.

4.2. Hj3S donor therapy

HjS donor therapy has gained widespread attention in recent years
as an important gas chemical transmitter. HoS donors, i.e., exogenous
compounds that can release H,S, are the key to HyS gas treatment.
Considering the intricate mechanism of the H,S dose response, its effects
are dual in nature and are influenced by many factors such as in vivo
concentration and biodistribution [181]. Targeted delivery and
controlled release of HjS is thus critical for efficient and safe precision
gas therapy. To this end, scientists have developed a number of small
molecules or macromolecular HyS donors based on biocompatible
polymeric materials that can respond to various stimuli, such as pH,
thiol-containing compounds, enzymes, and other pathological micro-
environments, as well as external stimuli, such as light and ultrasound,
resulting in a controlled release of HyS gas [182]. In this section, we
review the application of small and large molecule HyS donors with
different activation mechanisms in the field of CRC research (Table 1)
and discuss some new strategies for HyS donor therapy in CRC.

Inorganic sulfide salts, e.g., NasS and NaHS, are the simplest and
most common class of donors in HpS-related biological studies. Although
commonly categorized as HyS donors, these sulfide salts are a direct
source of HyS once dissolved in water. They immediately hydrolyze and
establish an equilibrium between H,S, HS™, and Sz’, followed by rapid
volatilization of HyS [183]. These gaseous HyS substitutes have now
been widely used to assess the therapeutic efficacy of exogenous HyS in a
variety of cancer studies, including CRC [184]. However, simple sulfide
salts are flawed as chemical tools for studying the biology of H,S and as
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potential therapeutics. Due to their direct and rapid gas release mode,
they are difficult to use to mimic the biological effects of endogenous
H,S, and they usually fail to maintain the therapeutic effect and may
cause side effects. Furthermore, because sulfide salts lack targeting
ability, they are only useful for systemic delivery [185].

Morpholin-4-ium 4 methoxyphenyl (morpholino) phosphinodi-
thioate (GYY4137) is a class of Lawson’s reagent-derived hydrolysis-
activated HS donors with slow-release properties that allow for the slow
release of HyS in aqueous solution [186]. It showed in vitro killing ef-
fects on several types of cancer cells, including HCT116 [187]. GYY4137
also exhibited anti-proliferative activity against Caco-2 cells, possibly
through the production of HyS-induced G2/M phase cell cycle arrest,
apoptosis, and necrosis [188,189]. In addition, NHE1 internalization in
colorectal cancer DLD1 cells and uncoupling of the NCX1/NHE1 com-
plex after treatment with GYY4137 resulted in intracellular acidification
and apoptosis [190]. Researchers have also proposed a new combination
therapy strategy based on the mechanism of action of GYY4137 in CRC.
Kajsik et al. reported that GYY4137 could be used to increase the
sensitivity of CRC cells to the potent chemotherapeutic agent paclitaxel,
which is commonly used in the treatment of a variety of cancers but has
low efficacy in CRC [191].

Dithiothiones (DTTs), represented by anethole dithione (ADT), are
generally considered as hydrolysis-activated HoS donors. However,
recent studies have shown that H)S release from ADTs may occur
through an enzymatic process in the presence of hepatic microsomes and
reduced NADPH [182]. Li et al. designed and synthesized three series of
the HyS-releasing oridonin derivatives using its demethylated analogue
(ADT-OH). Among them, compound 12 b showed strong
anti-proliferative effect in Caco-2 or HCT116 cells and low toxicity to
two human normal cells, making it a potential anticancer candidate
[192]. In addition, Hu et al. proposed a new strategy to design HaS
donor-based antitumor drugs by combining a potent natural compound
evodiamine with the HyS donor ADT-OH or a-thioctic acid. They tested
the anti-proliferative activity of all synthesized new compounds in five
human cancer cell lines and normal cells, and found that the most
effective ADT-OH conjugate 12c exhibited significant cytotoxicity
against both Caco-2 and HL-60 cell lines with ICs values of 2.02 and
0.58 uM, respectively. And its enhanced anti-proliferative efficacy
accompanied by increased selectivity is a class of promising antitumor
candidates [193].

Some HyS donors can be reduced by thiol-containing bioactive
compounds lke Cys or GSH to release HsS, resulting in a smart polymeric
HoS delivery system for therapeutic applications. For example, S-
aroylthiooxime (SATO) can react with Cys-containing compounds to
release HyS [194] and reduce the proliferation viability of HCT116 cells
[195]. In addition, natural polysulfides, such as diallyl trisulfide (DATS),
are thiol-activated HyS donors [196], which are cytotoxic to cancer cell
lines like HCT116 [ [197-199]].

Hydrogen sulfide-releasing non-steroidal anti-inflammatory drugs
(HS-NSAIDs) are a special class of anticancer drugs that covalently link
traditional non-steroidal anti-inflammatory drugs with hydrogen
sulfide-releasing parts. Kashfi’s group reported that H,S-donating
aspirin derivatives (HS-ASA) can act as phase II metabolic enzyme in-
ducers for HT29 cells, with great potential for CRC prevention [200].
They also investigated the effects of four different HS-NSAIDs (HS-as-
pirin, -sulindac, -iburofen, -naproxen) on the growth characteristics of
different human cancer cell lines. The results showed that HS-NSAIDs
inhibited cell proliferation, induced apoptosis, and caused GO/G1 cell
cycle arrest in a variety of cancer cells [201]. Moreover, it has higher
anti-inflammatory activity, tumor growth inhibitory potency, and
chemo-preventive effects than conventional counterparts [ [201-204]].
Based on NO-releasing NSAIDs (NO-NSAIDs) and HS-NSAIDs, a new
strategy for the synergistic cancer treatment with NO and HyS was
proposed. Kashfi’s group designed and synthesized a hybrid of
NOSH-NSAIDs that can simultaneously release NO and HjS, including
NOSH-aspirin, NOSH-sulindac, and NOSH-naproxen for
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anti-inflammatory and antitumor studies [205,206]. After a series of in
vivo and in vitro studies, these NOSH-NSAID drugs showed excellent
performance in inhibiting the growth of CRC cells and are a class of
drugs with considerable potential in the prevention and treatment of
CRC [ [205-212]].

Despite the great progress in the development of small molecule HyS
donors, they usually do not meet the requirements for in vivo applica-
tions considering the stability, water solubility, trigger specificity,
toxicity, and by-products generated upon H,S release of the donors
themselves. Therefore, macromolecular/supramolecular H,S donor
systems attracted a lot of interest from researchers [213]. For direct
release of HyS from NayS and NaHS, polymeric carrier encapsulated
delivery is an effective strategy for achieving controlled HyS delivery.
Other sulfide salts, such as MnS, FeS, and ZnS, are less water soluble but
slowly hydrolyze at acidic pH to generate H,S and metal ions, and have
been used to develop pH-responsive nanotherapeutic release [182].
Foster et al. prepared an HyS-releasing micelle from
SATO-functionalized polymeric amphiphiles as an in vitro or potential
in vivo targeting delivery tool. The micelles were selectively toxic to
cancer cells and reduced the survival of CRC cells (HCT116) more
significantly than other common HyS donors including Na,S, the small
molecules SATO and GYY4137 [195]. Furthermore, Housein et al.
evaluated the effects of different combinations of nickel nanoparticles
(NiNPs) with 5-FU, HjS, and NO donors on CRC cells. They found that
H,S promoted the anticancer efficiency of 5-FU in the presence of NiNPs,
while NO had anti-apoptotic activity on CRC cell lines [214]. This pro-
vides a new idea for HyS donor therapy in combination with chemo-
therapy. In the future, a new combination therapeutic nanoagent that
delivers both HyS and chemotherapeutics can be developed for colon
tumors by loading NiNPs with H»S donors and 5-FU.

Overall, all donors mentioned in this section failed to achieve tar-
geted delivery and controlled release of H,S in vivo, even with SATO-
functionalized micelles, which were only evaluated in vitro on the
selectivity for HCT116 and mouse embryonic fibroblasts NIH/3T3.
Indeed, targeted and controlled delivery of HyS by nanotechnology is
feasible. For example, Li et al. provided a strategy combining H,S donor
therapy, PTT, and imaging technology applied to breast cancer treat-
ment to improve the targeting of nanotubes to tumors by responding to
GSH enriched in tumor cells [215]. Therefore, an effective strategy to
achieve targeted delivery and controlled, on-demand release of H,S is
that combines imaging technology (dynamic monitoring of HaS levels)
and delivery vehicles that respond to tumor microenvironmental factors
(e.g., pH, thiols) or external stimuli (e.g., acoustic signals, light signals).
In addition, the development of prodrugs through surface modification,
or the use of cancer cell-selective or semi-selective enzymes may be an
effective way to improve tumor targeting.

4.3. HzS-mediated colon cancer therapy

Targeted therapy allows for better therapeutic outcomes and
reduced side effects compared to conventional CRC treatment. HjS is a
TME factor that can be exploited for targeted therapy in CRC, due to
elevated levels of endogenous H,S in CRC cells [114,127,216]. In this
section, we focus on therapeutic agents activated by H,S designed to
target the high levels of endogenous HyS in CRC, including H,S-acti-
vating chemotherapy, photodynamic therapy, photothermal therapy,
chemodynamic therapy, and some combination therapy strategies
(Table 2). These promising CRC-targeted therapeutics are currently in
development and have not yet been translated into clinical trials.

4.3.1. H,S in chemotherapy

Chemotherapy is the most commonly used treatment strategy in the
clinical practice. Chemotherapeutics that are commonly used include
doxorubicin (DOX), camptothecin (CPT), 5-FU, and curcumin (Cur),
which are employed in the treatment of many cancers, including CRC
[217]. However, chemotherapeutics have a number of limitations in
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Table 2
Summary of recent reported HoS-mediated CRC therapy.
Therapeutic agent Therapeutic Imaging Stimulus  Colon
strategy method cancer
cells
MSNP-N3-FA/DOX Chemotherapy - H,S HCT116;
HT-29
TP-HS Chemotherapy Fluorescence H,S HCT116
imaging
Ru-NBD PDT Fluorescence H,S; HCT116
imaging Light
MOF NPs PDT Fluorescence H,S; HCT116;
imaging Light LoVo
TNP-SO PDT NIR imaging H,S; HCT116
Light
12*-pSs-FA PDT NIR imaging H.S; HCT116;
NIR HT-29
light
ZNNPs@FA PDT PA imaging H,S; HCT116
Light
Nano-PT PTT NIR-II H,S; HCT116
imaging Ligh
t
Cuy0 NPs PTT PA imaging H,S; HCT116
NIR
light
Au@Cux0 PTT PA imaging H,S; HCT116
NIR
light
Bi:Cu,O@HA PTT CT imaging H,S; CT26
NIR
light
FeOOH NSs PTT/ MRI imaging H,S; CT26
Ferroptosis/ NIR
Scavenging light
endogenous H,S
PL-Cu Chemotherapy/ - H,S; HCT116
PTT NIR
light
N3-GT-CPT/ICG Chemotherapy/ NIR imaging H,S; CT26
PTT NIR
light
NPs@BOD/CPT Chemotherapy/ NIR-II H,S; HCT116
PTT imaging NIR
light
CatCry-AgNP-DOX Chemotherapy/ NIR-II H,S; HCT116
PTT imaging NIR
light
Cu-DhaTph COF PDT/PTT - HsS; HCT116
NIR
light
FR-H,S PDT/PTT Fluorescence H,S; HCT116
imaging Far-red
light
NP-Cu PDT/PTT/CDT - H.S; HCT116
NIR
light;
Cu,0@CaCOs@HA PDT/PTT/CDT/ - H,S; CT26
Calcium NIR-II
overload light;
pH
5-Fu/Cur- Chemotherapy/ - H,S HCT116
P@HMPB CDT/Autophagy

their use, including rapid clearance after administration, non-specific
distribution, and non-discriminatory damage to normal tissues [218].
As a result, scientists have been working for a long time to develop a
drug carrier that can precisely control the on-demand release of che-
motherapeutics in order to increase targeting to tumor tissues and
improve therapeutic efficacy.

Recently, considering the high endogenous HsS levels in some tumor
cells (e.g., colon cancer, ovarian cancer [219]), some carriers using HaS
as a specific environmental stimulus to control the release of chemo-
therapeutics have been developed. Thirumalaivasan et al. designed
HoS-activated folate-modified azide functionalized biocompatible
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mesoporous silica nanoparticles (MSNPs) capable of targeting tumor
cells via folate receptor [220]. In the presence of HyS, the ester bond in
DOX-loaded MSNP-N3-FA breaks and leads to the release of the drug
from the MSNP nanocarriers. At the same time, the therapeutic effect of
DOX delivery via MSNP-N3-FA was verified in HT29 (human colon
cancer cells) tumor-bearing mice.

In addition, Bobba et al. developed a therapeutic diagnostic molec-
ular prodrug (TP-HS) in combination with fluorescence imaging tech-
nology [221]. It is capable of synergistically releasing rhodol and the
active therapeutic component SN-38 under the stimulation of endoge-
nous HyS, which can be monitored dynamically and quantitatively by
fluorescence imaging. Based on the experimental results in colon cancer
(HCT116 cells) and lung cancer (A549 cells), it was shown that TP-HS is
an effective therapeutic diagnostic delivery system that can be activated
in tumor-specific regions and allows the assessment of free drug content
by fluorescence modulation.

It is important to note that although these HsS-activated nanodrug
carriers exhibit excellent delivery of chemotherapeutic drugs in cellular
or tumor-bearing mouse models, it is difficult to achieve experimental
drug delivery in translational applications in organisms due to complex
biological barriers.

4.3.2. H,S in photodynamic therapy

Photodynamic therapy (PDT) is primarily based on the accumulation
of non-toxic photosensitizers, oxygen and light to produce reactive ox-
ygen species (ROS), particularly singlet oxygen (105), which selectively
induces apoptosis and necrosis in cancer cells [222,223]. It is a prom-
ising approach for cancer therapy due to its high selectivity, minimal
invasiveness, significant efficacy, low impact on the host system, and
many other advantages. Monitoring the phototherapy process by
detecting changes in HyS-activated optical signals to guide the
on-demand treatment of tumors is another effective strategy that max-
imizes the effect of PDT. Based on this idea, Yuan et al. developed a
multifunctional HyS probe, Ru-NBD, which can act not only as an
effective PDT reagent for HyS activation, but also for real-time and in
situ monitoring of therapeutic effects on tumors through restored
luminescence during PDT [224]. Similarly, Ma et al. reported a novel
metal-organic framework nanoparticle (MOF NP) for photodynamic
therapy of colon cancer via controlled release of HoS-activated 105 in
TME [225]. They used zinc-metallized 5,10,15,20-tetra(4-methoxycar-
bonylphenyl)porphyrin (ZnTCPP) as a photosensitive bridging ligand
to construct a new one-component MOF NP PS. Cu?* ions as metal nodes
of the network quench ligand-based fluorescence and significantly
reduce the release of '0,. When H,S appears, Cu®" ions are taken out
from the MOF nodes, thereby simultaneously obtaining the luminophore
photosensitive ligand. Since Cu?' ions are detached from the MOF
network after exposure to HsS, the fluorescence of the ligand is turned
on and the production of 105 is enhanced. Through controlled release of
photosensitive ligands, this turn-on MOF nanophotosensitizer achieves
effective photodynamic therapy for cancer.

To combine NIR imaging with PDT, Wang et al. validated a designed
therapeutic diagnostic prodrug, TNP-SO, in human colon cancer cells as
well as in tumor-bearing mouse models. It consists of an H,S -activated
imaging probe, NIR-BSO, and a photosensitive drug, 3I-BOD, with both
HjyS-activated NIR-emitting light and efficient 102 generation [226]. The
experimental results showed that the TNP-SO platform accurately
guided where light is applied to generate cytotoxic ROS for on-demand
cancer treatment through cancer imaging. In addition, Wu et al. doped
an electrochromic material based on an organic n-electron structure
(bicationic 1,1,4,4-tetraarylbutadiene, 12%) into semiconductor polymer
nanoparticles (SPNs) and constructed tumor-targeted fluorescent probes
(12+-SNP830-FA) by folic acid modification for HpS-related tumor im-
aging [227]. On this basis, they further developed a new tumor-targeted
photosensitizer (12*-PSs-FA) by replacing SNP with organic photosen-
sitizer, which generates ROS under 808 nm laser irradiation after
HoS-specific activation. The reagent exhibited a significant
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photodynamic therapeutic effect on tumor tissues while showing
negligible phototoxicity to normal tissues.

Based on PA imaging technology, Zhang et al. developed a H,S-
responsive and consumable nanoplatform ZNNPs for early diagnosis and
treatment of HyS-related diseases [10]. In the presence of HyS, ZNNPs
exhibited NIR conversion (Fig70—F720) and ratiometric PA
(PAego/PAggp) signals, thereby sensitively and visually detecting
endogenous H,S levels in acute hepatotoxicity, brain hemorrhage
models, and colorectal tumors in living mice. In addition, the designed
ZNNPs@FA can deplete mitochondrial H,S in tumors to cause signifi-
cant ATP reduction and severe mitochondrial damage, and simulta-
neously activate photodynamic effects for effective inhibition of
colorectal tumors in vivo.

Notably, the therapeutic efficacy of PDT is influenced by factors such
as penetration depth, photosensitizer distribution and permeability, and
especially oxygen supply (the hypoxic environment of most solid tumors
results in limited PDT efficacy), which need to be considered when
designing PDT drugs.

4.3.3. HsS in photothermal therapy

PTT is a simple, safe and non-invasive treatment method. It uses the
heat generated by photothermal agents under near-infrared light irra-
diation to achieve local hyperthermia to kill tumor cells [ [228-230]].
However, conventional photothermal agents have limitations such as
non-specificity and treatment-related side effects. To address these is-
sues, photothermal agents with intelligent responses need to be devel-
oped to turn on the photothermal effect at the tumor site through
specific stimuli while remaining silent in normal tissues. Furthermore,
scientists are interested in combining imaging technology and photo-
thermal therapy to improve photothermal conversion performance and
photothermal agent targeting in order to improve the therapeutic effect
of PTT on tumors. Taking advantage of the high endogenous HsS in
colon cancer TME, Shi et al. developed an HjS-activatable nano-
structured photothermal agent (Nano-PT) [231]. Through in vivo
studies, they found that the Nano-PT probe was specifically activated in
H,S-rich CRC tissues, emitting NIR-II fluorescence and generating high
NIR absorption, thereby achieving efficient photothermal conversion
under NIR laser irradiation, while remaining inactivated in normal tis-
sues. Based on these characteristics, Nano-PT was able to achieve
effective photothermal ablation of CRC tumors using NIR-II imaging.
Yang’s group designed a switchable diagnostic and therapeutic probe
with combined diagnostic and therapeutic functions using the PA signal
activated by the in situ reaction between endogenous H»S and Cuy0 at
the colon tumor site and PTT [232]. On this basis, they developed a
plasmonic hybrid Au@Cuy0 with intelligent response to HaS [233]. The
photothermal conversion efficiency of Au@Cu,0 in the presence of HyS
is much higher than that of pure CuyO due to the localized surface
plasmon resonance coupling effect between noble metals and plasmonic
semiconductors. Au@CuyO can be used for CRC diagnosis and treatment
due to its improved PAI and PTT. Bismuth (Bi)-based nanoparticles are
widely used as computed tomography (CT) reagents [ [234-236]]. Bi
doping can improve the NIR absorption of CuyO triggered by endoge-
nous HyS [237]. Based on these features, Cheng et al. developed a smart
HoS-responsive  nanoplatform, Bi:CuO@HA NPs, combining
tumor-targeted delivery, high-performance CT imaging, and enhanced
PTT into one system for colon cancer treatment [238].

Furthermore, MRI can be used to guide photothermal treatment of
CRC. Li et al. developed a FeOOH NSs nanotherapeutic drug for MRI,
ferroptosis, and HoS-based cascade-enhanced combination CRC therapy
[239]. FeOOH NSs can effectively scavenge endogenous HjS through
reduction reactions and generate H,S-driven cascades of FeS with pho-
tothermal therapeutic ability and Fe?"-mediated ferroptosis. Surpris-
ingly, in vivo experiments revealed that FeOOH NSs do not have
curative effects on other cancer types and can be used as a specific
therapeutic agent for CRC.

It is important to note that PTT has side effects such as damage to
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normal tissues around the tumor, inflammatory reaction after treatment,
and short-term massive release of tumor cell contents during thermal
ablation. For this purpose, mild-temperature photothermal therapy was
introduced, which solved some side effects, but some new and other
problems emerged, such as decreased therapeutic effect (due to the heat
resistance of cancer cells). Combining other therapies, such as chemo-
therapy and PDT, to synergistically assist the therapeutic effect of PTT is
a feasible strategy.

4.3.4. H,S in combination therapy of chemotherapy and PTT

The combination of nanotechnology-based targeted chemotherapy
and PTT can synergistically enhance the efficiency of cancer treatment,
thus reducing the systemic toxic effects of the drugs on patients because
of their high targeting and lower concentrations of use [240,241].
Taking advantage of the rapid development of nanotechnology, new
advancements has been made in the design of a nanotherapeutic plat-
form that integrates PTT and targeted delivery of chemotherapeutics.

Sun et al. reported a copper complex modified drug-loaded liposome
nanoplatform (PL-Cu) [242]. The synergistic ablation of colon tumors at
mild apparent temperature achieved successfully performed in a mouse
model using photothermal inactivation of tumor cells mediated by
tumor endogenous H,S stimulation and drug release induced by thermal
effects. To better guide and control drug release, Hou et al. developed a
multifunctional therapeutic nanosystem using a small molecule prodrug
N3-GT-CPT designed to link two chemotherapeutic drugs, CPT and
gemcitabine (GT), to easily co-precipitate with the photothermal agent
indocyanine green (ICG) [243]. The N3-GT-CPT/ICG nanosystem
showed selective HyS-triggered drug release behavior by a lock GT
strategy using a HyS-responsive azide group. At the same time, a syn-
ergistic chemotherapy, PTT and NIR imaging for tumors was achieved
by combining N3-GT-CPT with ICG. In addition, Shi et al. developed a
photoresponsive drug delivery system NPs@BOD/CPT combined with
NIR-II imaging [244]. NPs@BOD/CPT was developed by
co-encapsulating a rationally designed borodipyrrole methylene
(InTBOD-Cl) dye (used as an HpS-activatable NIR photothermal agent)
and the clinical drug camptothecin-11 (CPT-11). Under NIR laser irra-
diation, HsS induces an increase in local temperature and conforma-
tional changes in the thermosensitive matrix, resulting in the
instantaneous release of encapsulated CPT to inhibit tumor growth in
vivo in a tumor-bearing mouse model of HCT116 (human colon cancer
cells).

It is worth noting that the tedious preparation steps, the introduction
of toxic reagents, and uncertain long-term toxicity may cause unpre-
dictable limitations to the clinical application of nanocarriers [245].
Zhou et al. introduced catalase nanocrystals (CatCry) as a TME-activated
nanoplatform into the CRC treatment and prepared a nanoformulation
(CatCry-AgNP-DOX) by a one-step co-crystallization method using
catalase, AgNOs, and DOX as substrates [246]. The CatCry-AgNP-DOX
nanoformulation reacted in situ to form Ag»S nanoparticles under the
action of large amounts of HyS in the tumor, which provided
NIR-I-activated photothermal effects and NIR-II imaging capabilities
while triggering the release of loaded DOX chemotherapeutics. More-
over, CatCry catalyzes the conversion of abundant HyO5 in TME to Og,
thereby relieving tumor hypoxia and correspondingly enhancing
DOX-induced chemotherapy.

4.3.5. H,S in the combination therapy of PDT and PTT

At the moment, the combination of PDT and PTT therapy is still the
research focus, because it not only improves the treatment efficiency,
but also avoids unnecessary damage to normal tissues caused by the high
power and prolonged irradiation generated by single-peak phototherapy
[247]. However, how to integrate the photosensitizer responsible for
ROS production during light irradiation and the photothermal agent
responsible for local warming into a single nanosystem to construct a
multifunctional therapeutic nanoagent remains a major challenge.

Feng et al. designed a Cu(Il)-porphyrin-derived nanoscale covalent
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organic framework (Cu-DhaTph COF) [248]. Upon arrival of the
Cu-DhaTph COF at the colon tumor site, Cu(Il) is captured by endoge-
nous H,S to form the photothermal agent CuS, allowing the recovery of
porphyrin-derived fluorescence. Moreover, the synchronously released
photosensitizer DhaTph produces 'O, in photodynamic mode under
light irradiation to achieve in situ activated PDT/PTT combination
therapy. In addition, Zhu et al. constructed a far-red (FR) absorbing H,S
-responsive nanosystem (FR- H,S) based on the prodrug dinitrophenyl
BODIPY (DNP-BDP) [249]. DNP-BDP has fluorescence turn-on proper-
ties after endogenous HsS-specific thiolation in tumors, as well as the
ability to generate abundant 'O, and heat for imaging-guided CRC
phototherapy.

4.3.6. Other combination therapy

Recently, researchers have provided a three-mode cascade treatment
strategy for endogenous HaS-responsive PDT, PTT, and CDT in CRC
treatment. Yang et al. developed an intelligent multifunctional nano-
platform (NP-Cu) by clickable assembly of dibenzocyclooctayne (DIBO)
functionalized lysine (D-K), the photosensitizer chlorin e6 (Ce6)-
responsive prodrug oxyanthraquinone (AQ4N), and cyclen-Cu?* com-
plex [9]. In NP-Cu, Cu®>" quenched the luminescence of Ce6 in the
inactivated state, resulting in PDT in the “turn off” state, and in situ
reaction with endogenous HyS led to the “turn on” state of PDT. In
particular, the simultaneous CuS production not only provides addi-
tional PTT but also amplifies intracellular hypoxic stress to trigger
AQ4N-associated CDT. Chang et al. synthesized a nanoformulation
Cu0@CaCO3@HA that can respond to colonic TME by in situ miner-
alization of hollow mesoporous CupO coated with CaCOs shells and
modified with HA [250]. The protective CaCOg3 shell decomposes and
releases calcium in the acidic colonic TME, allowing the CupO core
sulfidated by HjS to form metabolizable Cus;S;¢ nanocrystals, which
exhibit excellent PDT/PTT/CDT effects under 1064 nm laser irradiation.
After HA modification, the nanocomposite can achieve synergistic CRC
targeting and TME-triggered PDT/PTT/CDT/calcium
overload-mediated combination therapy.

In addition, Chen et al. developed a novel 5-Fu/Cur-P@HMPB
nanomedicine by co-encapsulating Cur and 5-Fu into a hollow meso-
porous Prussian blue (HMPB), combining enhanced chemotherapy and
CDT and amplifying autophagy [8]. 5-Fu/Cur-P@HMPB enter CRC’s
HoS-rich TME, PB with low Fenton catalytic activity is responsively
converted to Prussian white (PW) with high catalytic activity, which in
situ produces high levels of eOH to activate CDT while triggering
autophagy. The natural anticancer drug Cur can amplify autophagy to
induce autophagic cell death, and can also be used as a clinical
chemotherapy drug 5-Fu specific chemical sensitizer, with a good syn-
ergistic antitumor effect.

It is important to note that combination therapeutic strategies,
including sections 4.2.4 and 4.2.5, and the approaches described in this
section, require a balance of the characteristics of each system, which
increases the difficulty of design development. Moreover, the
complexity of the systems may have unknown implications in practical
applications and represent a significant challenge for the clinical
translation of the drugs.

4.4. HS-activated probes

Abnormal H,S levels in organisms have been associated with the
development of many diseases, including tumors, Alzheimer’s disease,
and cardiovascular disease [127]. Therefore, highly sensitive probes
targeting HyS concentrations in animals are very important. They can
help us to understand the effects of HyS on various physiological and
pathological processes and serve as potential diagnostic tools for rele-
vant diseases. Optical imaging techniques are widely used for the
development of HyS probes because of their high sensitivity, short
response time, non-invasiveness, and real-time monitoring capability.
For example, the HyS fluorescent probe SF7-AM based on visible light
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imaging allows for direct, real-time visualization of endogenous H»S
produced in live human umbilical vein endothelial cells stimulated by
VEGF [251]. Nanoprobe 1-PEI-DCNPs based on near-infrared imaging
can monitor endogenous HyS in lipopolysaccharide-induced liver
inflammation in animal models [ [252]]. Some other imaging modal-
ities, such as photoacoustic imaging (PAI), magnetic resonance imaging
(MRYI), single-photon emission computed tomography (SPECT), and
combined imaging, have also been explored for potential use in HsS
detection and diagnosis. Recently, due to the increased levels of HsS in
CRC, many probes and HyS-based in vivo diagnosis have been developed
to detect intracellular levels of HoS in CRC cells [ [181,253,254]1]. In this
section, we summarize the HyS-activatable probes relevant in the field of
CRC research (Table 3) and described in detail below.

4.4.1. Visible light imaging probes

In living systems, selective detection and differentiation of endoge-
nous H,S are challenging considering the interference of other active
substances such as intracellular GSH [255]. For HS fluorescent probes,
the selectivity of the sensing reaction should be considered as one of the
most important properties. Probes based on HjS-mediated azide
reduction are a widely adopted design strategy for HyS fluorescent
probes [ [256-258]]. Upon reduction by HsS, the electron-withdrawing
azido group will be converted into an electron-donating amino group
and turn on the fluorescent signal of the fluorophore. 7-Azido-4-methyl-
coumarin (AzMC) is a commercial fluorescent probe which has been
applied in CRC-related biological studies, including screening potential
CRC therapeutic drugs (CBS inhibitors) and evaluating the role of 3-MST
in CRC, because AzMC is easy to synthesize and can selectively and
sensitively detect HyS levels in colon tumor cells [ [154] [117,153,
168]]. Compared with HyS-mediated azide reduction, HyS-mediated
thiolysis of 7-nitro-1,2,3-benzoxadiazole (NBD) amines possess better
selectivity for HoS even in the presence of millimolar GSH [ [259-261]].
Taking advantage of NBD amines, Ye et al. developed a cell-capable
probe (AM-BODIPY-NBD) for highly selective and ultrasensitive imag-
ing of intracellular HyS to reveal a positive correlation between
endogenous HyS and the metastatic potential of CRC and breast cancer
cells [259].

Most of the traditional fluorescent probes still suffered from the
aggregation-caused quenching effect which adversely impacts the per-
formance of the probes. In contrast, molecules with aggregation-induced
emission (AIE) characteristics usually exhibit weak emission when dis-
solved in solvents but intense fluorescence in the aggregated state [262,
263]. Based on these characteristics, Xu et al. developed a fluorescent
probe based on a triphenylamine benzopyridine platform (TPANF) with
AIE characteristics to identify changes in HyS concentration in living
cells and to image endogenous HsS in HCT116 (human colon cancer
cells) xenograft tumor tissue [264]. This probe has the advantages of
high stability to photobleaching and low background fluorescence
interference compared with traditional fluorescent probes. Notably,
AzMC and AM-BODIPY-NBD are usually only used to detect H,S levels in
cells, while TPANF with high photostability can be applied to in vivo
animal imaging, but it is limited by the low tissue penetration and poor
spatial resolution of visible light imaging mode.

4.4.2. Near-infrared-I/II (NIR-1/II) imaging probes

Because of the numerous problems that arise during the transition
from solution, cells, and tissues to whole organisms, NIR fluorescent
probes with good penetration and low phototoxicity are preferable to
fluorescent probes emitting in the visible region for HoS monitoring and
imaging in living animal tissues [265]. Zhang and co-workers developed
a cyanine-based NIR-I probe (Probe 1) for rapid and highly selective
NIR-I imaging of endogenous HaS in live cells, tissues and mouse models
via HyS-mediated thiolysis of NBD amines [266]. Compared to con-
ventional visible light (450-750 nm) and NIR-I (750-900 nm) imaging,
fluorescence imaging in the second near-infrared window (NIR-II,
1000-1700 nm) has higher in vivo spatial resolution compared to
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Table 3
Summary of recent reported HoS-activated probes in CRC.
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H,S probe Imaging method Signal detection Detection limit In vivo Experimental
subject
AzMC Visible light 450 nm 200 nM -
AM-BODIPY-NBD Visible light 520 nm 15.7 nM -
TPANF Visible light 468 nm 170 nM HCT116 tumor mice
Probe 1 NIR-I 796 nm 39.6 nM HCT116, HT29 tumor mice
Ag-CEW NIR-II 1090 nm 35nM HCT116 tumor mice
NanoBOD-SCM NIR-I 710/610 nm 198 nM -
NIR-II@Si NIR-II 700/900 nm 37 nM HCT116 tumor mice
DCNP@HSA-Ag"™ NIR-II 1050/1550 nm 210 pM MC38-luc tumor mice
F12"-ANP Afterglow 790 nm 100 nM -
luminescent
TPAMC-UCNPs@PEG UCL 540/800 nm 220 nM HCT116 tumor mice
Si@BODPA PA 780 nm 53 nM HCT116 tumor mice
AzHD-LP PA 680 nm 500 nM HCT116 tumor mice
NR-NO, PA 710 nm 40 nM HCT116 tumor mice
[ngTc]Tc-Gluconate SPECT gamma-ray — —
Fe304@Cu,0-lipid-mPEG PA; MRI 770-1100 nm; MRI 110/4.10 pM; 214/2.15 pM (wide/narrow concentration HCT116 tumor mice
signals ranges)
Amphiphilic probes 1 and PA; NIR-I 718 nm 60 nM HCT116 tumor mice
2
SiO,@Ag PA; NIR-II 1000-1400 nm 0.92 nM HCT116 tumor mice

conventional visible (450-750 nm) and NIR-I (750-900 nm) imaging
[267]. On this basis, Deng et al. developed an in situ HyS-activatable
NIR-II-emitting nanoprobe for illumination of colorectal cancer in vivo
[268]. This probe is based on an Ag-chicken egg white (Ag-CEW) com-
plex, which forms Ag>S quantum dots via endogenous HyS-induced in
situ chemistry with effective NIR-II emission at 1000-1400 nm, enabling
specific visualization of colon cancer guided by NIR-II imaging as well as
precise localization.

Experiment results for most single-window response fluorescent
probes tend to fluctuate with changes in experimental conditions [269].
In contrast, ratiometric fluorescent probes with two or more emissions
construct a self-calibrating system that minimizes the interference
caused by experimental conditions [270]. Liu and co-workers prepared
nanoprobes (NanoBOD-SCM) by trapping a small molecule probe
BODVA-Cl inside the hydrophobic interior of organic nanoparticles
made from surface cross-linked micelles (SCM) [271]. This probe pro-
vided Hj,S-specific ratiometric fluorescence patterns (I710/Ig10) and was
successfully used to image HyS-rich colon cancer cells in a dual-color
imaging modality. To visualize colorectal cancer in vivo, Xu et al.
designed an activatable NIR-II nanoprobe (NIR-II@Si) consisting of two
dyes, boron-dipyrromethene (ZX-NIR) and aza-BODIPY (aza-BOD)
[267]. This targeted probe exhibits high selectivity and proportional
fluorescence response to HyS, allowing deep tissue imaging and identi-
fication of colon tumors in animal models. In addition, Wang and
co-workers bound human serum albumin (HSA) to Ag" on the surface of
DCNP to form the DCNP@HSA-Ag" nanoprobe, which generate HaS
concentration-dependent ratiometric F1o50em, 808ex/F1550Em, 980Ex Sig-
nals based on HyS-induced in situ reduction reaction to precisely localize
CRC in vivo [255].

In conclusion, HoS-activated NIR imaging probes have the following
features: NIR-II has higher spatial resolution compared to NIR-I imaging
probes; ratiometric probes reduce interference caused by experimental
conditions; and probes based on HyS-mediated in situ reactions (Ag-
CEW and DCNP@HSA—Ag+) allow precise localization of CRC in vivo.

4.4.3. Afterglow luminescent probes

Afterglow luminescence probes, also known as persistent lumines-
cence probes, which capture excitation energy in defects and slowly
release photons after the cessation of photoexcitation, have recently
emerged as promising tools to overcome the limitations of fluorescent
probes in biosensing and molecular imaging [ [272-274]]. Wu et al.
designed and developed HsS-activatable NIR afterglow luminescence
probes (F12*-ANP) by doping EM F12* (an organic electrochromic
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material) and NIR775 (a NIR photosensitizer) into MEH-PPV-based
organic afterglow nanoparticles [275]. This probe exhibited a fast
response rate (1563 + 141 M s and large afterglow turn-on ratio
(~122-fold) toward H»S, which can rapidly quantify HoS concentrations
in blood samples from healthy individuals and patients diagnosed with
CRC or hepatocellular carcinoma. The afterglow signal can persist for
more than 40 min after the stop of the pre-irradiated laser with a half-life
of ~6.6 min, and can be charged by multiple irradiations with the 808
nm laser for long-term imaging (validated with 15 cycles over 3 days).

It is noted that there are no afterglow imaging probes for the in vivo
detection of colonic tumors. It might be possible to obtain these probes
through surface modifications. For example, Wu et al. prepared F12+-
ANP-Gal by introducing B-Gal (targeting the p-Gal receptor on HepG2
cells) to the F1 surface of the abovementioned probe for detecting
subcutaneous and in situ tumors in living mice, as well as for depicting
tumor lesions in clinical liver resection specimens [275].

4.4.4. Upconversion luminescence (UCL) probes

Upconversion nanophosphors (UCNPs) can absorb NIR light and
convert it to high-energy light in the wavelength range from UV to NIR [
[276-278]]. Based on the UCL system, Li et al. developed a
lysosomal-assisted mitochondrial targeting probe (TPAMC-UCNP-
S@PEG) consisting of a pH-sensitive PEG shell and a sensing core of
merocyanine triphenylamine-merocyanine (TPAMC)-modified UCNPs
[270]. TPAMC, which acts as an HyS -responsive site, is initially hidden
under the PEG shell and upon entering the cell via endocytosis the
mitochondria-targeting site is exposed due to the acidic environment in
the lysosome enabling further attachment to the mitochondria. The
strong Forster resonance energy transfer effect between UCNPs and
TPAMC allows sensitive detection of HyS by using ratiometric UCL sig-
nals. The group revealed the acid-activated mitochondrial targeting
processes via lysosomal delivery of this probe, and demonstrated that
this probe can be used to monitor mitochondrial H,S levels in living cells
and a mouse model of CRC by ratiometric UCL imaging.

Compared to conventional two-photon materials, they have higher
conversion efficiency due to the presence of stable intermediate states,
which also allow continuous-wave excitation at lower power densities
[259,260,279,280]. Considering that mitochondria are the main meta-
bolic site of H,S in living organisms, UCL nanoprobes are expected to be
an effective and promising tool for studying the biological and patho-
logical roles of mitochondrial HyS.
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4.4.5. Photoacoustic (PA) imaging probes

Researchers have developed a probe with a new imaging modality,
PA imaging, which relies on the translation of excitation light into ul-
trasonic waves based on the PA effect. This imaging method combines
the advantages of high resolution of optical imaging and high penetra-
tion depth of ultrasound imaging for deep tissues and whole animals
imaging [254,281].

Efforts have been made in recent years to develop PA probes for the
detection of HyS in vivo. Shi et al. developed an HjS-activated
Si@BODPA PA probe by encapsulating a hemicyanine-BODIPY hybrid
dye (BODPA) inside a silica nanocomposite [282]. The probe produces a
strong PA signal output in the NIR region in the presence of HsS, con-
verting BODPA within nanoparticles to BOD-HS via aromatic nucleo-
philic substitution. The probe shows an extremely fast response and can
detect transient changes in HjS, which allows direct PA tracking of
endogenous HsS production in a CRC cell-bearing mouse model. To
reduce the interference of experimental results by factors such as
instrumentation, probe concentration and external environment, Ma
et al. developed an AzHD-LP ratiometric PA nanoprobe consisting of a
liposome (LP) encapsulating an HyS-responsive NIR dye (AzHD) for in
vivo detection of HyS [283]. Upon HjS-mediated reduction of the
probe’s azide group to amine, the absorption of AzHD-LP at 600 nm
decreased while the absorption at 700 nm increased, producing a pro-
portional PA signal. By combining AzHD-LP with the tumor-targeting
peptide ¢ (RGDyK), this probe enabled the detection of intra-tumor
H2S production in a mouse model of CRC with ratiometric PA signal.

Multispectral optoacoustic tomography (MSOT) is an emerging
technology combining optoacoustic tomography and multiwavelength
illumination, which allows each light absorber to be visualized indi-
vidually in the target tissue and allows the generation of three-
dimensional (3D) MSOT images [ [284-286]]. Sun et al. proposed a
new strategy for the effective assessment of drug side effects by tracking
their metabolism-related products through HsS turn-on optoacoustic
probes (NR-NOy) [287]. This probe was first developed for monitoring
liver injury induced by metformin, which induces excessive HsS
expression, through detecting hepatic HyS. It can successfully identify
and precisely localize liver injury with the help of MSOT imaging
method, while visualizing the volume of liver injury. It has also achieved
desirable results in the evaluation of the effects of AOAA (a CBS inhib-
itor) used in a mouse model of colon tumors [287].

In general, compared with conventional optical imaging, PA imaging
overcomes the challenges of tissue penetration and in vivo spatial res-
olution, and the reconstruction of 3D photoacoustic images by MSOT
has promising applications in visual cancer diagnosis, drug efficacy
assessment, and other fields. It is to be noted that the spectral coloring
effect and the spectral crosstalk are the two main challenges of multi-
spectral PA imaging, and further research is needed to deal with them.

4.4.6. SPECT imaging

SPECT is an in vivo imaging modality that uses the SPECT camera to
measures gamma rays emitted by radiotracers injected into the body [
[288-290]]. Technetium-99 m (°*™Tc) is one of the most commonly
used isotopes for diagnostic purposes, which has a short half-life of 6 h
and is cheap and can be easily purchased from hospitals or obtained
from “°Mo/*°™Tc generators [291,292]. Jeong’s group labeled various
o-hydroxy acids with *™Tc and developed ®*™Tc-labeled reagents for in
vitro and in vivo HS quantification [293]. These 99mre Jabeled re-
agents, particularly [*°™Tc] Tc-gluconate, can form insoluble complexes
in the presence of H,S, thus enabling imaging of endogenously produced
H,S. In addition, after evaluating a mouse CRC cell model under hypoxic
conditions and a mouse model of acute hindlimb ischemia-reperfusion,
they found a significant increase in the uptake of [99"’Tc] Tc-gluconate
under hypoxic conditions, implying that this imaging agent could be
used to detect endogenous HyS produced in hypoxic tissues [294].
Considering that SPECT is a commonly utilized imaging technique in
clinical practice [295,296], assays based on SPECT imaging principles,
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such as [gngc]Tc-Gluconate, have great promise for translational
applications.

4.4.7. Dual-mode imaging probe

The limitations of single-modal probes in practical applications, such
as poor tissue penetration and photostability of conventional optical
imaging probes, are exacerbated in complex physiological settings. As a
result, it is critical to develop novel dual-modality probes that are sen-
sitive to HyS. Moreover, single-modal imaging rarely provides enough
information to make an accurate cancer diagnosis. Hence, it is important
to develop novel dual-mode probes that are sensitive to HyS [297].

Magnetic probes are not affected by fluorescence quenching or
problems associated with tissue penetration depth and have been widely
used for ultrasensitive detection of bacteria, proteins, viruses, and
nucleic acids [ [298-301]]. However, the resolution of magnetic probes
is insufficient to detect H,S in vivo. In contrast, PA probes have recently
been used to detect H,S in vivo because of their high resolution and the
absence of ambiguous photoluminescence signal caused by
tissue-induced optical extinction and sporadic autofluorescence in the
visible range when using conventional optical imaging techniques.
Thus, combining the two modes into a single system can provide com-
plementary benefits and is expected to greatly improve the accuracy of
H5S detection in vivo. Yan and co-workers constructed core-shell
Fe304@Cup0 nanoparticles as a magnetic-optoacoustic dual-mode
probe for CRC diagnosis based on the in situ response of CuyO to
endogenous H3S in colon tumors [297]. The obtained CuyO with weak
NIR absorption was sulfated in the presence of HyS to generate CugSg
with strong NIR absorption and activated PA signal. Meanwhile, the in
situ response of Cux0 formed a layer of cavities between the core and the
initial coating, leading to enhanced r1-and T1-weighted MRI.

In addition, other researchers have combined NIR-I/II probes with
PA probes to form complementary multimodal probes that provide ultra-
spatial resolution and sensitivity for tumor imaging and monitoring.
Wang et al. designed and synthesized two small molecule probes using
hydrophilic N-methylpyridinium to act as an electron-withdrawing
group and a hydrophobic monochlorinated BODIPY core to act as an
HyS-responsive unit [149]. The designed amphiphilic probes 1 and 2 are
able to spontaneously self-assemble into nanoprobes with well-defined
nanostructures and show an unprecedented aggregation-enhanced
responsiveness to HyS. This probe in the aggregated state rather than
the molecularly soluble state emits NIR fluorescence as well as PA sig-
nals upon specific activation by HS, thus allowing in vivo visualization
and differentiation of CRC based on differences in HyS content. In
addition, Bi and co-workers developed a NIR-II/PA dual-mode nanop-
robe (SiO2@Ag) based on the HoS-mediated in situ sulfation reaction for
specific monitoring of colorectal tumors [302]. Upon activation by
endogenous H,S, this nanoprobe present turned-on NIR-II fluorescence
from 1000 to 1400 nm as well as an excellent PA signal, showing high
sensitivity and specificity in the diagnosis of colon cancer in vivo.

The development of HyS-activated dual-mode imaging probes and
even multimode imaging probes is currently an emerging field. It re-
mains a challenge to rationally integrate multimodal imaging modalities
into a single probe while responding to endogenous H,S.

5. Conclusion and outlook

HsS has been identified as an important regulator of CRC biology
among numerous compounds released by the colon and colonic micro-
biota. CBS, CSE, and 3-MST are the three major HyS-generating enzymes
that catalyze the production of endogenous HsS in colon cells to varying
degrees. In addition, HoS produced by gut microbes using inorganic or
organic substrates can easily penetrate the cell membrane and enter
colon cells. These intracellular HyS molecules are oxidatively metabo-
lized in mitochondria to generate energy or used in other biological
reactions. The occurrence and progression of CRC are influenced by both
endogenous synthesis of colonic epithelial cells and exogenous delivery
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of HyS from the luminal side. The effect of HoS on CRC showed duality,
promoting energy metabolism, proliferation, and migration of tumor
cells within an appropriate concentration range while acting as a tumor
suppressor above the concentration threshold. As a result, determining
H,S release kinetics, concentration-dependent effect curves, and optimal
therapeutic doses is critical when using it in therapy. Furthermore,
considering the close relationship between intestinal H,S, microbes, and
diet, HsS is regarded as an important factor linking dietary patterns, gut
microbiota, and CRC. Modifying dietary patterns to reduce S-containing
substrates for HyS production and/or limiting the number of HyS-pro-
ducing gut microbes may be a promising approach to CRC prevention.

In terms of HjS synthase inhibitors, the current focus needs to be on
finding effective, selective, and non-toxic inhibitors that can be trans-
lated. Traditional small molecule inhibitors such as AOAA and EGCG
were once of great interest, however, they were not finally used in
clinical treatment because of their respective shortcomings. Unlike
AOAA, the inhibition of CBS by EGCG does not target PLP, but exploits
certain structural or conformational features unique to CBS, which
makes it a CBS-specific inhibitor. According to this idea, the develop-
ment of new potent specific inhibitors targeting specific sites on the
synthase is a feasible strategy. In addition, the search for suitable in-
hibitors from compound libraries by high-throughput screening tech-
niques also deserves researchers’ attention. In terms of scavengers, the
H,S scavenger options available in CRC therapy are still restricted.
Moreover, H,S scavengers require higher doses to deal with the
continuous generation of HyS and its byproducts [147], which is still
under investigation. It is worth mentioning that HyS enzymes are
prevalent in the body and perform important biological functions, and
that endogenous HyS is an important signaling molecule in physiological
or pathological states. Inhibitors or scavengers are likely to have unde-
sired consequences during practical use. For example, CBS and CSE are
key enzymes in the cellular synthesis of cysteine and H»S plays an
important role in the maintenance of vascular tone and angiogenesis.
Inhibition of these effects inevitably causes damage to the body.
Therefore, a comprehensive assessment must be undertaken during drug
development and translation to target and eliminate or attenuate
possible side effects.

Although conventional small molecule HzS donors offer numerous
advantages over sulfide salts in HS donor therapy, they are intrinsically
unstable molecules. To achieve improved therapeutic effects, stimulus-
responsive delivery as well as gradual and prolonged release must be
established. One of the tactics that has received a lot of attention and is
effective in managing the transport and release of HyS gas is the use of
macromolecular/supramolecular polymer carriers in the development
of delivery vehicles. Delivery systems that combine carriers and detec-
tion imaging technologies that respond to the TME as well as to external
stimuli are one way to improve the therapeutic targeting of HyS donors
and to achieve controlled and on-demand gas release.

The development of tumor-targeted intelligent diagnostic and ther-
apeutic drugs based on TME characteristics is currently a popular cancer
treatment strategy [218,303-306]. The high level of HsS in CRC cells
makes it a promising endogenous microenvironment molecule for the
design and synthesis of HyS-responsive diagnostic therapeutics targeting
CRC. Currently, HyS-activated therapeutics developed in combination
with nanotechnology are being investigated in CRC mainly in the fields
of chemotherapy, PDT, PTT, and CDT. Combining these therapeutic
strategies may lead to better therapeutic outcomes, such as the combi-
nation of CDT and PTT (thermal effects can accelerate ¢OH production),
the combination of chemotherapy and PTT (controlled drug delivery
through thermal effects), and the combination of PDT and PTT (many
photosensitizers have photothermal effects themselves). The combina-
tion of HyS-activated therapeutic agents with the combination of other
emerging therapeutic modalities, such as immunotherapy, sonodynamic
therapy, and electrotherapy, remains to be further explored.

It is to be noted that these nanotherapeutics, including nanocarriers
introduced for controlled gas delivery and HyS-activated targeted
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nanodrugs, can be used in a tumor-bearing mouse model to achieve good
tumor suppression by direct injection of the therapeutic agent at the
tumor site, but the actual application in the organism often does not
yield as effective therapeutic results as in vitro experiments. A complex
set of biological barriers limit the bioavailability of drugs at specific sites
and prevent good therapeutic outcomes. These barriers include mono-
nuclear phagocyte systems, nonspecific distribution, blood rheology/
vascular flow restrictions, pressure gradients, cellular internalization,
escape from endosomal and lysosomal compartments, and drug efflux
pumps [216,307]. In addition, nanomedicines, prior to clinical trans-
lation, must undergo long-term pharmacodynamic and toxicological
studies to fully assess the effects on the human body, due to the
frequently complex and inconsistent biological profiles of nano-
materials. In the future, these barriers should be addressed in a targeted
manner while rationally incorporating innovative designs in the devel-
opment of new generations of CRC tumor-targeting nanotherapeutics to
achieve optimal therapeutic outcomes.

In the last twenty years, HoS detection methods have evolved from
initial methods that require handling and/or destruction of tissues or
cells, including colorimetric method, electrochemical method, gas
chromatography and sulfide precipitation method, to visible light im-
aging fluorescent probes that can be used on living cells, to optical im-
aging modalities, e.g., NIR-I/II imaging, UCL imaging and afterglow
imaging, and other non-optical imaging modalities, e.g., PA imaging,
SPECT imaging, MRI imaging. In response to HyS in the tumor envi-
ronment, NBD amines have a higher selectivity for H,S compared to
azides. The probes developed based on the HjS-mediated in situ
response are able to illuminate tumor sites in situ when applied in vivo.
Conventional visible light imaging modalities have many limitations
such as low tissue penetration, poor spatial resolution of deep tissue,
interference from autofluorescence, and poor photostability when
applied in vivo to animals. In contrast, novel optical imaging modalities
such as NIR-I/II imaging has higher spatial resolution, UCL imaging has
high tissue penetration and strong photostability, afterglow imaging
does not require real-time external light excitation, is not subject to
autofluorescence interference, and has the potential for long-term im-
aging. Compared to optical imaging modalities, PA imaging combines
the features of optical imaging and ultrasound imaging and allows the
reconstruction of 3D photoacoustic images by MSOT. Remarkably, PA
imaging has been clinically translated in the field of gynecology with
high-resolution imaging (down to capillary size resolution) of the cer-
vical microvascular system by transvaginal fast-scan photoacoustic
endoscopy [308]. Likewise, there have been several studies on handheld
photoacoustic imaging devices and platforms that have greatly
increased the potential of this modality for commercial as well as clinical
applications [309]. Similar to the vagina, researchers can develop
high-performance PA imaging probes through CRC tumor microenvi-
ronmental factors, e.g., HyS, or other specific targets to detect PA signals
transintestinally or directly in vitro for accurate diagnosis of CRC. Other
non-optical imaging modalities, such as SPECT imaging and MRI im-
aging, are already widely used imaging techniques in clinical practice,
and the development of corresponding CRC diagnostic probes based on
this technology may facilitate clinical translation.

Overall, HyS-related researches are fruitful in the areas of mecha-
nistic studies of colon cancer development, diagnosis, and treatment.
The current focus is on how to translate the existing researches into
clinical applications. In addition, researchers need to further explore
new HyS-mediated therapeutic modalities, such as HyS-mediated anti-
cancer immunotherapy or HoS-mediated antibacterial therapy in CRC,
whose mechanisms or therapeutic effects are still not fully known.
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