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Abstract Hydrogen sulfide (H2S) is a gas signaling molecule with versatile bioactivities; however, its

exploitation for disease treatment appears challenging. This study describes the design and characteriza-

tion of a novel type of H2S donoredrug conjugate (DDC) based on the thio-ProTide scaffold, an evolu-

tion of the ProTide strategy successfully used in drug discovery. The new H2S DDCs achieved hepatic co-

delivery of H2S and an anti-fibrotic drug candidate named hydronidone, which synergistically attenuated

liver injury and resulted in more sufficient intracellular drug exposure. The potent hepatoprotective ef-

fects were also attributed to the H2S-mediated multipronged intervention in lipid peroxidation both at

the whole cellular and lysosomal levels. Lysosomal H2S accumulation and H2S DDC activation were

facilitated by the hydrolysis through the specific lysosomal hydrolase, representing a distinct mechanism

for lysosomal targeting independent of the classical basic moieties. These findings provided a novel

pattern for the design of optimally therapeutic H2S DDC and organelle-targeting functional molecules.
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1. Introduction

Hydrogen sulfide (H2S) is among the three musketeers of gas
signaling molecules, along with nitric oxide (NO) and carbon
monoxide (CO), due to its diverse and rich physiological and
fascinating pharmacological activities1-3, including pivotal antioxi-
dant, anti-inflammatory, and anti-fibrotic functions through a
myriad of biological signaling pathways4,5. More recently, the
involvement of H2S in the post-translational modification of protein
sulfhydryl groups has also been revealed as a second important
function6. The diverse biological activities are the basis for the
conviction that H2S is a potential candidate for the treatment of
diseases with complex mechanisms7,8. Considerable progress has
been made in developing H2S donors with multiple chemical in-
novations that can release H2S under different conditions9-12.
However, assigning greater therapeutic value to H2S donors remains
pending. To achieve this goal, one feasible and clinically validated
approach to achieve is to design H2S donoredrug conjugates
(DDCs), like their clinically successful counterpart NO DDCs13.

H2S DDCs could achieve the co-release of H2S with certain
drugs through innovative chemical structure design. H2S is
believed to counteract the side effects of drug molecules or syn-
ergize with functional molecules to enhance biological activity.
Recent advances in this field have been well reviewed14,15.
Carbonyl sulfide (COS)-based DDCs are one of the few strategies
currently available to balance the controlled release of H2S with
the on-demand drug delivery (Fig. 1A). The COS is generated
with the drug under specific conditions and then converted to H2S
via carbonic anhydrase catalysis. Anetholedithiolethione (ADT) is
Figure 1 Our thio-ProTide-based H2S donoredrug conjugates (DDCs)

based molecules (B, C), providing H2S without lysosomal targeting group
a classic class of H2S donors that slowly release H2S in the
presence of microsomal monooxygenases (Fig. 1A). Compared to
COS-based DDCs, controllable release of H2S at specific sites and
rates is more challenging with ADT-based DDCs because the H2S
release from ADT does not depend on drug coupling or linker
cleavage (decoupling). Nevertheless, more H2S DDCs with novel
and diverse structures are still needed to offer more possibilities to
assess the therapeutic value of H2S.

We believe the ProTide prodrug is a superior approach for
designing H2S DDCs. Phosphoramidate prodrugs based on
ProTide chemistry were pioneered by Prof. Chris McGuigan
(Cardiff, UK) and have achieved great success in the clinic16-18.
The blockbuster drugs sofosbuvir19 and tenofovir alafenamide20

(Fig. 1B) using the ProTide strategy have demonstrated signifi-
cant therapeutic efficacy in treating viral hepatitis caused by HCV
and HBV, respectively. In particular, the activation process of
ProTide prodrugs tends to occur specifically in the liver due to the
susceptibility of the ester bonds in the ProTide structures to
cleavage by liver hydrolases and the resistance to pre-hepatic
metabolism21,22. This strategy has also proven to be a powerful
technology in the efficient intracellular delivery of various active
molecules23. Most recently, a modular design platform for
carboxypeptidase-targeting fluorescence probes was established
based on ProTide chemistry (Fig. 1C)24. However, such a pre-
sumably liver-targeted approach has not yet been applied to the
design of H2S donors and H2S DDCs.

This work presents a new class of H2S DDCs containing
phosphoramidothioate, referred to as the thio-ProTide-based H2S
DDCs (Fig. 1), designed by replacing the phosphoryl oxygen atom
is structurally distinct from conventional DCCs (A) or other ProTide-

s (D).
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with a sulfur atom and the phenol group with functional molecules
in the ProTide backbone. The current phosphorothioate-based
donors25-27, such as GYY413728 and JK-129, exhibit distinct
release responses to varying pH levels. Developing
phosphorothioate-based donors with novel structures and activa-
tion mechanisms is imperative to achieve more precise control-
lability at the tissue, cellular, and subcellular levels. Notably, the
novel H2S DDC enables hepatic delivery of an anti-fibrotic
molecule while releasing H2S, in contrast to conventional
ProTides that produce only a single inert phenol, demonstrating a
potent effect against hepatic fibrosis. The generation of H2S was
proven to occur via a reported donor JK-429 as an intermediate,
which has not been previously employed in any H2Sedonor
hybrid designs. In contrast to the existing H2S donors that rely on
basic groups to achieve lysosomal capture (Fig. 1D)30, the thio-
ProTide strategy may undergo a targeting moiety-free mode.
The potential of this DDC lies in its ability to advance H2S for
synergistic therapeutic applications, and its expandable features
will help to provide new design ideas for co-administration,
diagnostic, and subcellular targeting studies involving H2S.

2. Results and discussion

We designed fifteen H2S donors with different amino acid side
chains and ester groups based on the ProTide prodrug structure. In
brief, phenylthiophosphoryl dichloride was reacted with phenol
and amino acid esters hydrochloride in sequence in the presence
Scheme 1 Synthesis of H2S donors JZs and H
of triethylamine to obtain H2S donors JZ-1eJZ-13 with yields of
24%e60% (Scheme 1). Furthermore, we synthsized a donor
called JZ-14 that contains a fluorophore to facilitate the deter-
mination of kinetic parameters during donor activation. We also
designed a H2S DDC molecule JZ-HND (JZ-15), which carried
hydronidone (HND), an antifibrotic drug candidate31,32, to explore
the activity and mechanism of the synergistic donoredrug release
pattern. Additionally, non-thio compounds JZ-16 and JZ-17 were
synthesized as a control molecule. All compounds were fully
characterized (Supporting Information Schemes S1eS7).

After preparing the H2S donors, we tested their H2S release
properties in an enzymatic system. Carboxypeptidase Y (CPY) is
a serine protease with high structural and functional similarity to
human carboxypeptidase, which has been widely utilized in
mechanistic studies of ProTide prodrugs33,34. CPY was employed
for validating prodrug activation and screening the H2S release
performance of donor JZs. On the other hand, the methylene blue
method is commonly used for classical H2S detection, but it re-
quires strong acidic conditions. However, the acidic environment
may accelerate the degradation of the phosphorothioate and the
cleavage of the PeN bond in the ProTide structure20,29. Therefore,
it is recommended to select alternative H2S detection methods.
The fluorescent probe DNS-N3 (Fig. 2D, Supporting Information
Scheme S6)35, which has a sulfonyl azide structure, demon-
strated exclusive sensitivity to H2S with excellent linear correla-
tion (Supporting Information Fig. S1). As a result, this probe was
chosen as a practical tool for the quantitative detection of H2S.
2S donoredrug conjugate (DDC) JZ-HND.



Figure 2 H2S release and activation mechanism of JZ donors. (A, B) Enzyme-catalyzed H2S release. Reaction conditions: donors (5 mmol/L),

CPY (60 ng/mL), DNS-N3 (10 mmol/L) in TBS (with 1% acetonitrile and 1% menthol, pH 7.4, 37 �C), followed by fluorescence intensity

measurement (lex/lem Z 325 nm/450 nm). H2S release from JZ-6: kZ 0.0113 min�1, t1/2 Z 61.6 min. (C) Generation of compound 3, JK-4 and

DNS-NH2 after JZ-6 (5 mmol/L) activation by CPY (60 ng/mL) in TBS (with 1% menthol, pH 7.4, 37 �C), followed by LCeMS/MS quanti-

fication. Degradation of JZ-6: kZ 0.0178 min�1, t1/2 Z 38.9 min; generation of 3: k Z 0.0133 min�1, t1/2 Z 52.2 min; generation of DNS-NH2:

k Z 0.0111 min�1, t1/2 Z 62.7 min. (D) Proposed mechanism of donor activation. Data represent the mean � SD (n Z 3). The half-life is

calculated from the equation, t1/2 Z 0.693/k, where k (the rate constant) is obtained by curve fitting with a single-exponential function.
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In the presence of CPY, the amount of H2S produced by the JZ
donors (5 mmol/L) was determined (Fig. 2A and B). The results
demonstrated an intriguing structureeactivity relationship, most
notably manifested in the influence of amino acid side chains. In
comparison to the alanine backbone of JZ-3, the introduction of
an overly large alkyl side chain at the a-position (JZ-1 with
benzyl and JZ-2 with isopropyl) or an underly small one (JZ-4
without an a-alkyl side chain) resulted in a notable reduction in
H2S production. The JZ-3 with methyl exhibited an H2S release of
1.16 mmol/L over 6 h (Fig. 2A). Comparison of JZ-1eJZ-3 and
JZ-9eJZ-11 with the same a-alkyl group showed that the
configuration of the a-alkyl group also had a significant effect on
H2S release, with the amino acid as the natural L-configuration
being more favorable for H2S release. Subsequently, the struc-
ture of the amino acid ester was also demonstrated to be a key
factor influencing the H2S donation (Fig. 2B). JZ-6 and JZ-8
demonstrated superior performance, with H2S releases of 1.37
and 1.42 mmol/L, respectively, over 6 h. The results indicated that
CPY has a precise mechanism for recognizing the steric confor-
mation and size of the a-position and ester group of amino acids in
the donors. This mechanism affects the activation of donors and
the release of H2S. Furthermore, the release behavior of JZ-12
was inadequate, indicating that hydrolysis of the ester bond is a
prerequisite for donor activation. JZ-13 exhibited minimal H2S
release, suggesting that a phosphamide structure alone is
insufficient for effective release. The phosphorothioate donor
GYY4137 released a low amount of H2S at 6 h in the reaction
system of this study, which may be attributed to the fact that this
donor is characterized by slow H2S release.

The activation pathway of the donor was verified by following
a series of steps. First, CPY cleaved the ester bond, generating a
carboxylate anion that triggered the first nucleophilic
additioneelimination reaction, resulting in the formation of
phenol (Fig. 2D, Supporting Information Scheme S8). To gain
a detailed understanding of this step, we designed a compound
JZ-14 with a coumarin structure, which allowed us to describe the
kinetic characteristics of this activation step by measuring changes
in fluorescence intensity. Compound JZ-14 was synthesized by
replacing the phenolic group with 7-hydroxycoumarin. The rate of
fluorescence intensity increase was dependent on enzyme con-
centration, and a concentration of 60 ng/mL was selected for
subsequent experiments (Supporting Information Fig. S2A). To
distinguish between enzymatic degradation and non-enzymatic
decomposition as the cause of donor release over time, a stabil-
ity evaluation was also conducted using JZ-14. The study found
that the stability of the donors was satisfactory in buffers without
enzymes and even in simulated gastric and intestinal fluids
(Fig. S2C).

The cyclic intermediate Int B (Fig. 2D) underwent hydrolysis
to form a tautomeric pair (Int C/JK-4 and Int D). Subsequently,
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the pair then underwent a second nucleophilic
additioneelimination reaction, releasing H2S and generating the
final metabolic byproduct 3 via the cyclic intermediate Int E hy-
drolysis pathway. The process was investigated using liquid
chromatography-tandem mass spectrometry (LCeMS/MS)
(Fig. 2C). DNS-NH2 was considered a suitable quantitative mass
spectrometry probe for monitoring H2S generation, which is the
product of the reaction between H2S and the probe DNS-N3.
Compound 3 was also synthesized for quantification. As illus-
trated in Fig. 2C, JZ-6 was rapidly degraded in the CPY-catalyzed
reaction system, with a half-life of 38.9 min (k Z 0.0178 min�1),
which is nearly identical to the release of 7-hydroxycoumarin
from JZ-7, as indicated by the observed rate constant
(k Z 0.0189 min�1, Fig. 2B). This suggested that the cyclization
of Int A may coincide with the degradation of the donor.
Furthermore, DNS-NH2 was detected in the reaction system, with
a maximum concentration of 1.84 mmol/L and kinetic parameters
(t1/2 Z 63.1 min, k Z 0.01098 min�1) consistent with the fluo-
rescence response of H2S in Fig. 2A. The key H2S donor, JK-4,
was detected in the reaction system as an intermediate, exhibiting
a tendency to increase and then decrease (Supporting Information
Scheme S9, Figs. S3 and S4). Compound 3 was also generated at a
similar rate to the release of H2S. The above results demonstrated
that the postulated enzymatic activation pathway for the donors is
aligned with that for the ProTide prodrugs.

The yield of active metabolites in tissue homogenates reflects
the efficiency of prodrug activation in target organs, which is
crucial for assessing pharmacological activity and druggability.
The degradation of JZ-6 and the production of metabolite 3 in the
homogenates were verified using LCeMS/MS (Supporting
Information Fig. S6). The H2S yields of donors JZ-3 and JZ-6
were measured in rat intestine and liver homogenates, as well as
JZ-HND, a DDC derivative, and Na2S (bolus H2S) and GYY4137
(sustained-releasing H2S) were selected as control donors. The
area under the curve (AUC) was calculated to determine the
accumulation of H2S in the homogenate within 40 min, and it was
found that these five donors exhibited distinct release behavior in
homogenates. As depicted in Fig. 3, Na2S resulted in a rapid and
short-lived release of H2S in both homogenates. The formation of
H2S in the GYY4137 group was almost undetectable during the
co-incubation time. In comparison to the control donors, the H2S
production of JZ-3, JZ-6, and JZ-HND was biphasic and lasted
longer (Fig. 3A and B). The release of H2S by JZ-3 was slightly
higher in intestinal homogenates than in liver homogenates,
with a liver/intestine AUC ratio of 2.71. The release behavior of
Figure 3 Liver-specific H2S release of JZ-6 and JZ-HND. (A, B) H2S

intestine homogenates (A) and liver homogenates (B). Donors (250 mmo

menthol, pH 7.4, 37 �C), then reacted with DNS-N3 (250 mmol/L), followed

represent the average � SD (n Z 3). (C) AUC ratio of the H2S levels of
JZ-HND is similar to that of JZ-6, with both releasing signifi-
cantly less H2S than JZ-5 in intestinal homogenates. However, in
liver homogenates, the yield of H2S is comparable to that of JZ-3.
Consequently, JZ-6 and JZ-HND have a higher liver/intestine
AUC ratio, reaching values of 10.15 and 9.52, respectively
(Fig. 3C). These results suggest that JZ-6 and JZ-HND are
promising for the specific release of H2S in hepatic tissues. The
liver-targeting property of JZ-6 and JZ-HND may be attributed to
the fact that they are structurally more susceptible to hydrolysis by
carboxylesterase 1 (CES1), which is highly expressed in the liver
and prefers to hydrolyze the ester substrates containing a small
alcohol group and a bulky acyl group21,22,36,37. In the intestine,
only CES2 is present and highly expressed, which tends to hy-
drolyze esters with a smaller acyl group36,37. Structurally, the JZs,
including JZ-6 and JZ-HND, may not be ideal substrates for
CES2. Furthermore, the isopropyl ester of JZ-6 is more favorable
for intestinal metabolic resistance than the methyl ester of JZ-3.
In conclusion, JZ-6 and JZ-HND displayed their potential for
sufficient H2S release in the liver and resistance to first-pass
elimination in the intestine, which may contribute to maintain-
ing H2S homeostasis in the liver.

The intracellular pharmacokinetics are crucial for evaluating
and optimizing drug efficacy38,39. In this study, we investigated
the cellular metabolism of JZ-HND, which releases the
active molecule HND, metabolite 3, and H2S when catalyzed
by the intracellular hydrolases (Fig. 4A). The kinetic behavior of
JZ-HND was characterized by quantifying HND and 3 using
LCeMS/MS. Similar to JZ-6 (Fig. 2C), JZ-HND was gradually
degraded and produced HND and 3 when catalyzed by recom-
bined CPY (Fig. 4B). JZ-HND underwent a two-phase metabolic
activation in HepG2 cells, accompanied by the generation of 3 and
HND (Fig. 4C). HND is a promising drug candidate for treating
liver fibrosis in the clinic. This study designed the first prodrug of
HND and compared the intracellular generation of HND by
JZ-HND with the intracellular uptake of HND after direct co-
incubation with the cells. It was found that JZ-HND increased
intracellular concentration of HND (Fig. 4D) by nearly 10-fold,
indicating that thio-ProTide strategy could improve drug uptake
and enhance its therapeutic efficacy.

Subsequently, in vivo pharmacokinetic studies were conducted
in mice. Following the oral administration of JZ-HND, the
undegraded prodrug, the active metabolite HND, and its metabolic
byproduct 3 were detected in plasma and liver tissue (Fig. 4E
and F, Supporting Information Tables S6 and S7). The plasma
half-lives of the prodrug and HND were determined to be 2.2 and
release from JZ-3, JZ-6, JZ-HND, GYY4137 and Na2S in the rat

l/L) were incubated in homogenates (0.1 g/mL) in PBS (with 2.5%

by fluorescence intensity measurement (lex/lem Z 325/450 nm). Data

JZs in intestine and liver homogenates.



Figure 4 JZ-HND enables co-release of HND and H2S. (A) The release of HND from JZ-HND was accompanied by the production of H2S

and 3. (B) Generation of HND, 3, and H2S after JZ-HND (5 mmol/L) activation by CPY (60 ng/mL) in TBS (with 1% menthol, pH 7.4, 37 �C),
followed by LCeMS/MS quantification and H2S detection. Degradation of JZ-HND: k Z 1.085 h�1, t1/2 Z 38.3 min; generation of HND:

k Z 1.090 h�1, t1/2 Z 38.2 min; generation of 3: k Z 0.3133 h�1, t1/2 Z 132.7 min; generation of H2S: k Z 0.3748 h�1, t1/2 Z 110.9 min. (C)

Intracellular levels of JZ-HND, HND and 3 in HepG2 cells after continuous incubation with JZ-HND (50 mmol/L) for 24 h. (D) JZ-HND

increases the intracellular exposure of HND. Intracellular levels of HND in HepG2 cells after continuous incubation with JZ-HND (50 mmol/L,

green line) or HND (50 mmol/L, gray line) for 24 h. (E, F) In vivo Concentration�time profiles of JZ-HND and its metabolites in mice plasma

(E) and livers (F) after oral administration of JZ-HND (1.0 mmol/kg). The table included a list of representative pharmacokinetic parameters. (G)

Levels of H2S and related sulfur-containing species (HSSH, GSH, GSSH, CysSH, CysSSH) in liver tissue at different time points (0.5 and 4 h)

after oral administration of JZ-HND (1.0 mmol/kg) or before administration (0 h). Data represent the average � SD (n Z 3). **P < 0.01 and

*P < 0.05 versus 0 h group; ns, not significant.
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2.0 h, respectively. The maximum plasma concentrations of both
were 13 and 23 mmol/L, respectively; the maximum intrahepatic
concentrations appeared half an hour after administration, with
values of 15 and 3 mmol/L, respectively; and the prodrug and
metabolite were not detected in the liver after 8 h of
administration.

To ensure accurate quantification of H2S production and
endogenously formed persulfides in the mouse liver following the
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administration of JZ-HND, b-(4-hydroxyphenyl)ethyl iodoaceta-
mide (HPE-IAM) was selected as the trapping agent to promote
the formation of S-alkylated derivatives of sulfur-containing spe-
cies, which can indirectly reflect the amount of H2S and endog-
enous sulfur species, as well as their changes. Notably, H2S was
also detected in the liver tissue, with the highest levels at half an
hour and a significant increase compared to the pre-dose level
(point 0) (Fig. 4G). The results indicate that the prodrug has the
potential to facilitate the co-delivery of HND and H2S in the liver
tissue. The formation of persulfides has been proposed to under-
stand the cellular signaling mechanisms and the cytoprotective
effects of H2S

6,40,41. Therefore, our study further explored how an
increase in intrahepatic H2S levels, as described above, would
alter the composition of sulfur-containing species (Fig. 4G). The
results showed that in parallel with H2S delivery, significant in-
creases in the levels of glutathione (GSH), glutathione persulfide
(GSSH), and cysteine persulfide (CysSSH) were observed at 0.5 h.
In contrast, no significant change was observed in the levels of
hydrogen persulfide (HSSH) and cysteine (CysSH).

To investigate the bioactivities of JZ-HND, the antifibrotic
effects on transforming growth factor (TGF-b1)-induced fibrosis
in human hepatic stellate LX-2 cells were examined (Fig. 5A).
The mRNA levels of ACTA2 and COL1A1, two representative
markers of LX-2 cell activation, were significantly increased upon
stimulation of LX-2 cells with TGF-b1. After treating cells with
TGF-b1 (10 ng/mL) for 72 h, JZ-HND dose-dependently inhibi-
ted the mRNA expression of ACTA2 and COL1A1. Its activity was
superior to that of the positive control HND. Moreover, both the
H2S-only releasing donor JZ-6 and the HND-only releasing
prodrug JZ-17 did not inhibit the expression of pro-fibrotic genes
as much as JZ-HND, suggesting the possibility of a synergistic
Figure 5 JZ-HND and JZ-6 combined multiple protections at the cell

inflammatory cytokine secretion. (A, B) JZ-HND attenuated TGFb1-in

HND. Relative ACTA2 and COL1A1 mRNA expression in LX-2 cells. Gen

incubated with TGF-b1 (5 ng/mL) and HND (200 mmol/L), JZ-HND (25,

NaHS (200 mmol/L), or GYY4137 (200 mmol/L) for 72 h. (C) Reduction of

TGF-b1 (10 ng/mL) and HND (100 mmol/L) or JZ-HND (100 mmol/L) fo

DA (10 mmol/L); Scale bars Z 200 mm. (D) Effects on LPS-induced IL-1

with the indicated concentrations of NaHS, JZ-6, or JZ-HND for 1 h prior

of IL-1b and IL-6 present in the supernatants were measured using ELISA

****P < 0.0001, ***P < 0.001, **P < 0.01 and *P < 0.05 versus mode
effect of the cascade-released HND and H2S. Notably, the thio-
ProTide-based donors JZ-6 and JZ-HND showed more effective
inhibition of the pro-fibrotic gene expression compared to the
classical donors NaHS and GYY4137 (Fig. 5B).

Oxidative stress may contribute to the induction and persistence
of TGF-b1 induced fibrosis42. The study illustrated that JZ-HND or
HND significantly inhibited high levels of ROS induced by TGF-b1
in LX-2 cells (Fig. 5C). Additionally, we assessed the levels of two
typical pro-inflammatory cytokines IL-1b and IL-6 (Fig. 5D) in
mouse RAW264.7 macrophages. Significant elevation of IL-1b and
IL-6 was observed in the culture media of LPS-stimulated cells.
NaHS only showed a modest inhibitory effect on cytokine secretion
in the high-concentration group (500 mmol/L). However, JZ-6 and
JZ-HND exhibited significant inhibition of the cytokine secretion in
a dose-dependent manner. These results suggest that JZ-HND,
combining its two active metabolites, has therapeutic potential for
alleviating liver injury due to its anti-fibrotic, anti-oxidative, and
anti-inflammatory effects.

The liver protection effect of JZ-HND was investigated in vivo
using a mouse liver injury model induced by carbon tetrachloride
(CCl4) (Fig. 6), following the confirmation of its versatile effects
in cells. The mice received intraperitoneal injections of 20% CCl4
(10 mL/kg, dissolved in soybean oil) three times per week for four
weeks. CCl4-treated mice were subjected to JZ-HND (1 mmol/kg)
or HND (1 mmol/kg) treatment by daily gavages. Microscopy
analysis of hematoxylin and eosin (H&E) staining revealed that
the model group exhibited hepatocyte damage induced by CCl4;
however, treatment with JZ-HND and HND significantly reduced
the CCl4-induced hepatic ballooning and inflammatory cell infil-
tration in the mouse livers (Fig. 6A, upper panel). In addition,
Masson’s trichrome staining demonstrated that JZ-HND and
ular level, including antifibrosis, antioxidation, and inhibition of pro-

duced cellular fibrosis through the synergistic effect of H2S with

e expression was normalized to ACTB mRNA levels. LX-2 cells were

50, 100, and 200 mmol/L), JZ-6 (200 mmol/L), JZ-10 (200 mmol/L),

ROS levels induced by TGF-b1 in LX-2 cells. Cells were treated with

r 24 h, then ROS were detected by fluorescence imaging using DCFH-

b and IL-6 release in RAW 264.7 macrophages. Cells were pretreated

to incubation with LPS (1 mg/mL). After incubation for 24 h, the levels

kits. Data represent mean � SD of independent experiments (n Z 3).

l group and ####P < 0.0001 versus control group. ns, not significant.



Figure 6 JZ-HND attenuated CCl4-induced hepatotoxicity in mice. (A) Effects of JZ-HND and HND on histology of the liver were measured

by H&E and Masson’s trichrome staining. Scale bars Z 50 mm. (B) Serum ALT and AST levels. (C) Serum SOD levels. (D) Glutathione

peroxidase (GPX) activity in liver. (EeG) Quantitative real-time PCR analysis of the transcript levels of genes related to (E) fibrosis (Tgfb1,

Col1a1, Col3a1, and Acta2), (F) oxidative stress (Gpx1, Sod1, Sod2, and Cat), and (G) inflammation (Nfkb1, Nfkbia, Il1b, and Tnfa). Gene

expression was normalized to Actb mRNA levels. The mice were intraperitoneally injected with 20% CCl4 (10 mL/kg, dissolved in soybean oil)

three times per week for 4 weeks. JZ-HND (1 mmol/kg) or HND (1 mmol/kg) were orally administered once a day for 4 weeks. Data represent

mean � SD of independent experiments (n Z 6). **P < 0.01 and *P < 0.05 versus CCl4 group, and
##P < 0.01 versus control group.
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HND treatment significantly slowed collagen fiber accumulation
in mice exposed to CCl4 (Fig. 6A, lower panel).

Next, serum alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) activities were measured to indicate he-
patocellular injury. The serum levels of ALT and AST were
consistently lower in the JZ-HND-treated mice compared to the
control group (Fig. 6B). The serum superoxide dismutase (SOD)
activity was significantly lower in the JZ-HND group than in the
control and HND groups (Fig. 6C). The study found a significant
increase in hepatic tissue glutathione peroxidase (GPX) activity in
mice with JZ-HND and HND compared to the control group
(Fig. 6D). Moreover, representative genes in liver were examined
using quantitative real-time PCR assays. The treatment of JZ-
HND and HND resulted in reversals of the increased gene levels
of fibrotic markers (Tgfb1, Col1a1, Col3a1, and Acta2) (Fig. 6E).
The model group exhibited reduced hepatic expression of genes
(Gpx1, Sod1, Sod2, and Cat) that combat oxidative stress, while
these genes rebounded in the JZ-HND and HND groups (Fig. 6F).
Treatment with JZ-HND and HND strongly suppressed mRNA
levels related to the pro-inflammatory factor Nfkb1 and cytokines
Il1b and Tnfa, while increasing the levels of Nfkbia (Fig. 6G).
Collectively, both in vitro and in vivo findings indicate that
JZ-HND treatment protects mice from hepatic injury induced by
CCl4 and may be a superior candidate over HND in multiple as-
pects of anti-fibrosis, anti-oxidation, and anti-inflammation.

The therapeutic advantage of H2S DDC JZ-HND is believed to
stem from the thio-ProTide-driven release of extra H2S compared
to HND. Therefore, we explored the potential mechanisms
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involved in the hepatoprotective effects of H2S. The primary cause
of liver injury induced by CCl4 is lipid peroxidation (LPO) initi-
ated by its hepatic free radical metabolites43. Moreover, LPO
caused by viral infections or non-alcoholic fatty liver disease
(NAFLD) is a central culprit in the process of hepatic fibrosis44,45.
Thus, we utilized the donor JZ-6 as a probe molecule to examine
Figure 7 H2S donors JZ-6 mitigates cellular lipotoxicity. (A) JZ-6 a

Representative fluorescent images of ROS and quantitative analysis of DC

compared to the control group; Scale bars Z 100 mm. (B) Lipid peroxidati

(500 mmol/L), JZ-6 (20, 100, and 500 mmol/L), JZ-8 (20, 100, and 500 mm

RSL3 (4 mmol/L) in HepG2 cells. (D) Reduction of lysosomal MDA le

HepG2 cells with acridine orange staining. Scale bars Z 20 mm. (F) Schem

of JZ-6. Data represent mean � SD of independent experiments (n Z 6)

model group and ####P < 0.0001 versus control group. ns, not significant
the reduction of LPO by H2S (Fig. 7). To establish an in vitro
model of LPO, we exposed HepG2 cells to free fatty acids (FFA),
including palmitate and oleate (Supporting Information Fig. S16).
As illustrated in Fig. 7A, bright fluorescence signals were
observed in HepG2 cells after FFA treatment, indicating an in-
crease in intracellular reactive oxygen species (ROS), which are the
ttenuated the ROS accumulation induced by free fatty acids (FFA).

FH-DA fluorescent probe. Fluorescence intensity depicted as a ratio

on levels (MDA levels) of steatosis HepG2 cells pretreated with NaHS

ol/L) and JZ-9 (500 mmol/L). (C) Inhibition of ferroptosis induced by

vels. (E) Determination of lysosomal membrane permeabilization in

atic diagram showing multidimensional protection against lipotoxicity

. ****P < 0.0001, ***P < 0.001, **P < 0.01 and *P < 0.05 versus

.
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main initiators of LPO. The preventive interventions of JZ-6 and
NaHS strikingly reduced the cellular fluorescence signal, demon-
strating their effectiveness in alleviating cellular ROS accumulation.
Malondialdehyde (MDA) is the final product and representative
biomarker of LPO46. The impact of H2S donors on MDA levels was
assessed in HepG2 cells treated with FFA (Fig. 7B). The MDA
levels in the model group exhibited a significant increase compared
to the control group. The ROS aggregation was alleviated by high
concentrations (500 mmol/L) of NaHS. Notably, lower concentra-
tions of JZ-6 achieved a more complete depletion of MDA
compared to NaHS. Cells were also treated with JZ-9, a phospho-
nate analog of JZ-6 that cannot release H2S due to the absence of the
sulfur atom. At a high concentration of 500 mmol/L, it showed
minimal positive activity. We believe that introducing sulfur atoms
and the thio-ProTide-based H2S delivery are responsible for the
scavenging of aldehydes.

Excessive LPO leads to ferroptosis, a newly identified pro-
grammed cell death implicated in various diseases, including
NAFLD and liver fibrosis47,48. RSL3 can increase LPO by inhib-
iting glutathione peroxidase (GPX4) activity, which in turn triggers
ferroptosis49. In this study, we chose RSL3 as a potential inducer of
cellular LPO in HepG2 cells (Fig. 7C)50. Treatment with
ferrostatin-1 (Fer), a well-established ferroptosis inhibitor51,
attenuated RSL3-induced cytotoxicity. JZ-6 at 20 mmol/L signifi-
cantly improved the cell viability. Similarly, even high concentra-
tions of JZ-9 were unable to counteract the cytotoxicity caused by
RSL3. LPO also occurs in various types of organelle membranes52.
In particular, ferroptosis-related organelle damage has received
much attention53. We found that RSL3 treatment significantly
increased MDA contents in lysosome-enriched fractions of HepG2
cells. Pre-administration of JZ-6 effectively reduced the lysosomal
MDA levels (Fig. 7D). LPO is the major biochemical and metabolic
event leading to plasma membrane damage53. Lysosomal LPO
drives lysosomal membrane permeabilization (LMP) and the sub-
sequent lysosomal cell dysfunction54,55. Herein, the occurrence of
LMP was investigated using acridine orange (AO) staining
(Fig. 7E). AO accumulates in lysosomes, resulting in red fluores-
cence upon excitation. Leakage of AO from the lysosomes into the
cytosol resulted in green fluorescence56. AO staining experiments
revealed that normal HepG2 cells exhibited bright red fluorescence
in lysosomes after staining. After pretreatment with RSL3 for 1 h,
the lysosomal red fluorescence weakened, and the nucleus and
cytoplasm showed extensive green fluorescence, indicating a sig-
nificant change in lysosomal permeability. Treatment with JZ-6
resulted in a considerable regression of red fluorescence, indi-
cating improved lysosomal integrity.

Excess free fatty acids (FFA) in the liver can lead to hepatic
lipotoxicity57, primarily caused by the uncontrolled generation of
reactive oxygen species (ROS) during mitochondrial and peroxi-
somal fatty acid oxidation58. ROS, including hydroxyl radical,
superoxide, and H2O2, are the grand initiators of LPO58. During
the propagation of LPO, ROS attack the carbonecarbon double
bonds of unsaturated fatty acids, leading to the formation of highly
reactive aldehydes such as MDA. This process also triggers fer-
roptosis by disrupting cellular and subcellular membranes53. Our
donor JZ-6 was shown to alleviate LPO-mediated lipotoxicity at
both cellular and subcellular levels, restoring normal cellular
function in a multidimensional manner (Fig. 7F).

The protective role of our H2S donors at the subcellular level is
noteworthy, encouraging a preliminary investigation of their
lysosomal enrichment and potential mechanism from a cellular
drug metabolism perspective in the present study (Fig. 8).
Cathepsin A (CTSA) is a multifunctional serine protease that is
primarily expressed in the liver, kidney, and lung. Its primary
subcellular site of function is the lysosome59. CTSA exhibits
significantly higher hydrolysis activity than other hydrolases
responsible for the in vivo activation of ProTide prodrugs21,22,60.
Therefore, CTSA-triggered donors are believed to be more in-
clined to achieve lysosomal targeting activation and subsellluarly
precise H2S release. To test this hypothesis, we designed and
synthesized the donor JZ-18 as a control compound, which con-
tains a morpholine group, the conventional lysosome-targeting
moiety (Fig. 8A). We investigated the H2S production of JZ-6
and JZ-18 under CTSA catalysis (Fig. 8B). The CTSA-
promoted H2S release from JZ-6 was slower than the CPY-
catalyzed reaction shown in Fig. 2A. We extended the incuba-
tion time to 10 h and the H2S yield of JZ-6 was approximately
55%. JZ-18 also released H2S, with a lower yield of approxi-
mately 37%. We also described the kinetic changes of DNS-NH2

generation and the degradation of JZ-6 or JZ-18 (5 mmol/L) by
CTSA (250 ng/mL) in the reaction system using LCeMS/MS
(Supporting Information Fig. S5). These findings suggested that
modifying the phenolic structure of the donors preserved their
H2S-releasing properties.

Next, we compared the distribution of JZ-6 and JZ-18 within
the lysosome in HepG2 cells. Compound 3, a metabolite shared by
both donors, has a lower calculated pKa value of 3.9, which falls
below the lysosome acidity window (with the pH range from 4.5
to 5.5). This suggests that 3 may exist as a negative ion upon
generation and be restricted within the lysosome (Fig. 8E).
Therefore, 3 was selected as a LCeMS/MS marker probing
lysosomal distribution. To achieve lysosomal targeting of mole-
cules, the introduction of targeting groups into the structure is a
classical strategy. The most commonly used targeting groups are
tertiary amine structures, such as N-alkylated morpholines. Sur-
prisingly, the conversion of JZ-18 to 3 in lysosomes was even
slightly lower than that of JZ-6 (P Z 0.518) (Fig. 8C), suggesting
that the morpholine moiety did not assist JZ-18 in achieving more
effective lysosomal targeting. Furthermore, this indicated that
JZ-6 could achieve lysosomal activation without reliance on
classical lysosomal targeting moieties. We speculated that the
lysosomal enrichment of JZ-6 is associated with lysosomal
CTSA-mediated activation. Donors can be metabolized by cyto-
solic esterases and lysosomal CTSA. We treated cells with bis(p-
nitrophenyl) phosphate (BNPP)61,62, an inhibitor of cytoplasmic
carboxylesterase 1, and found an increase in lysosomal 3
(Fig. 8C). In contrast, after switching to telaprevir, a CTSA-
specific inhibitor61,62, a significant decrease in detectable 3 in
lysosomes was observed (Fig. 8C). The results suggest that CTSA
is involved in the lysosomal enrichment of JZ-6. This lysosomal
targeting depended on the ester moiety of the donor itself
responding to the subcellular enzyme, rather than the targeting
moiety redundantly modified to the donor.

To characterize the intracellular H2S production, we performed
live-cell imaging of H2S using fluorescent probes in HeLa cells.
Organelle-targeted probes, like Lyso-AFP, have proven to be more
sensitive and practical for detecting cellular H2S production and
localization30,63. We synthesized Lyso-AFP (Supporting
Infromation Scheme S7) to analyze lysosomal H2S production
and used the typical lysosomal marker dye, LysoTracker, for co-
localization. In this study, NaHS (100 mmol/L) was used as a
positive control, and a strong fluorescence signal was also
observed that overlapped with the signal from LysoTracker
(Supporting Information Figs. S14 and S15), demonstrating that



Figure 8 JZ-6 achieves lysosomal delivery of H2S without the aid of a targeting moiety, due to its innate targeting. (A) Structure of JZ-18, an

analog of JZ-6 with a lysosome-targeting moiety. (B) CTSA-catalyzed H2S release of JZ-6 and JZ-18. Reaction conditions: donors (5 mmol/L),

CTSA (250 ng/mL), DNS-N3 (10 mmol/L) in TBS (with 1% acetonitrile and 1% menthol, pH 7.4, 37 �C), followed by fluorescence intensity

measurement (lex/lem Z 325/450 nm). H2S released from JZ-6: k Z 0.3105 h�1, t1/2 Z 2.2 h; from JZ-18: k Z 0.2978 h�1, t1/2 Z 2.3 h. (C)

Effect of CES1 inhibitor BNPP, CTSA inhibitor telaprevir, and lysosome-targeting moiety on formation of compound 3 in lysosomes. HepG2

Cells were incubated with JZ-6 or JZ-18 (25 mmol/L), with or without the presence of BNPP (20 mmol/L) and telaprevir (5 mmol/L), and

harvested at 6 h post-compound addition. Lysosomes were separated and the amount of compound 3 in lysosomes was determined. *P < 0.01

indicates statistically significant difference by ANOVA test. (D) Confocal images of lysosome-localized He2S delivery in Hela cells. Endogenous

H2S and lysosome-localized He2S delivery from JZ-6 or JZ-18 in the presence of Lyso-AFP (10 mmol/L, lex Z 488 nm, lem Z 535 nm) and

Lyso Tracker (50 nmol/L, lex Z 577 nm, lem Z 590 nm). Scale bars Z 10 mm. (E) Schematic illustration of the lysosomal targeting mechanism.

Data represent mean � SD of independent experiments (n Z 3).
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Lyso-AFP is a viable probe for lysosomal H2S localization. Weak
fluorescence was observed from endogenous H2S in Lyso-AFP-
treated cells compared to cells without the probe (Fig. 8D and
Fig. S14). The cells were pretreated with JZ-6 or JZ-18
(100 mmol/L) for 3 h, followed by incubation with LysoTracker
(50 nmol/L) and Lyso-AFP (10 mmol/L) for 30 min. Bright fluo-
rescence responses were observed after pretreatment with JZ-6 or
JZ-18. The fluorescence signals from Lyso-AFP overlapped with
those from LysoTracker with a high Pearson’s coefficient (0.76
and 0.80, respectively) (Fig. 8D, Figs. S14 and S15). These results
illustrated that introducing the thio-ProTide scaffold could
enhance the lysosomal activation of donors and the subcellular
H2S accumulation. Upon lysosomal entry, the thio-ProTide-based
donor JZs are converted to the metabolic intermediate Int C (also
known as JK-4, Fig. 2D) catalyzed by CTSA (Fig. 8E). It is
noteworthy that JK-4 is a H2S donor reported by Xian’s group29
inclined to release H2S to the greatest extent under weakly
acidic conditions, which aligned with the lower pH of the lyso-
somal interior. On the other hand, JK-4, similar to compound 3,
has a lower predicted pKa value (around 4.0), resulting in lyso-
somal restriction. These characteristics undoubtedly favor the
lysosomal release of H2S. Of course, H2S tends to exist in lyso-
somes as a membrane-permeable formation, facilitating its
membrane shuttling and slowing down the disintegration of
membrane structures caused by LPO.
3. Conclusions

In conclusion, we have confirmed that the thio-ProTide strategy
has the potential to intervene in hepatic dysfunction through the
combined release of pharmacologically active molecules and H2S,
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based on the observed intrahepatic release and lysosomal activa-
tion, as well as the mitigation of hepatic fibrosis and cellular/
subcellular lipid peroxidation exhibited by the H2S DCC JZ-HND
and the H2S donor JZ-6. The release of H2S from the thio-
ProTide-based donors is spatially progressive, undergoing a “he-
patic-cellular-lysosomal” cascade. In the future, the structural
diversity of the thio-ProTides is worth being further enriched to
achieve a more liver-specific release and confer more on-demand
targeting properties. Introducing diverse ester and phenolic groups
into the thio-ProTide backbone, which is synthetically easy, will
facilitate continued optimization. To achieve lysosomal targeting
design, excavating enzymes located in the lysosome for prodrug
activation via ester hydrolysis is a promising alternative.
Furthermore, to enhance the efficiency of H2S release and provide
more diverse and appealing functions, it will achieved by intro-
ducing potentiating phenolic groups with additional pharmaco-
logical activities, targeting groups for tissue/organelle-specific
delivery, or physicochemical property-improving moieties.

4. Experimental

4.1. General information

General experimental information is provided in the Supporting
Information.

4.2. Synthesis

4.2.1. Synthesis of isopropyl ((4-(5-methyl-2-oxopyridin-1(2H)-
yl)phenoxy) (phenyl)phosphorothioyl)-L-alaninate (JZ-HND)
1-(Benzyloxy)-4-bromobenzene (1578 mg, 6.0 mmol) and
5-methylpyridin-2-ol (545 mg, 5.0 mmol) were dissolved in
anhydrous DMF (10 mL), to this solution was added anhydrous
K2CO3 (1380 mg, 10 mmol) and CuI (190 mg, 0.10 mmol) under
an Ar atmosphere. The reaction was stirred at 160 �C for 8 h. The
reaction was diluted with 50 mL saturated NaHCO3 aqueous so-
lution then extracted by EA (100 mL � 3), the organic phase was
dried over Na2SO4, filtered and concentrated under vacuum. The
crude product was purified by flash chromatography (PE/
EA Z 1:1) to afford the benzyl-protected HND (Bn-HND) as a
white solid (958 mg, 65.8%). 1H NMR (300 MHz, DMSO-d6)
d 7.57e7.26 (m, 9H), 7.15e7.07 (m, 2H), 6.40 (d, J Z 9.2 Hz,
1H), 5.17 (s, 2H), 2.04 (s, 3H).

Bn-HND (873 mg, 3 mmol) and 10% Pd/C (87.3 mg) were
dissolved in THF, the reaction was stirred at room temperature
overnight under H2 atmosphere. The reaciton was filtered with
celite, and the reaction solution was concentrated under vacuum.
The crude product was washed with EA to obtain HND as a white
solid (4.92 g, 81.5%). 1H NMR (300 MHz, CDCl3) d 7.38 (dd,
J Z 9.3, 2.5 Hz, 1H), 7.21e7.14 (m, 1H), 7.05e6.96 (m, 2H),
6.73e6.62 (m, 3H), 2.14 (s, 3H).

Phenylphosphonothioic dichloride (422 mg, 2 mmol) was
dissolved in anhydrous DCM (5 mL). To this solution was added
HND (402 mg, 2 mmol) and TEA (304 mL, 2.2 mmol) in anhy-
drous DCM (2 mL) under an Ar atmosphere at �78 �C. The re-
action was stirred at �78 �C for 1 h. L-Alanine isopropyl ester
hydrochloride (334 mg, 2 mmol) and TEA (608 mL, 4.4 mmol) in
anhydrous DCM (5 mL) was added subsequently. The reaction
was stirred overnight at room temperature. The mixture was
diluted with DCM (10 mL), washed with water (30 mL), dried
over Na2SO4, and concentrated under vacuum. The crude material
was purified by flash chromatography (DCM/MeOH Z 50:1) to
afford the product JZ-HND as a yellow solid (300 mg, 32%). JZ-
HND was a mixture of two inseparable diastereomers. 1H NMR
(300 MHz, CDCl3) d 8.08e7.95 (m, 2H), 7.61e7.47 (m, 3H),
7.35e7.27 (m, 4H), 7.26 (s, 1H), 7.12 (s, 1H), 6.64 (d,
J Z 9.3 Hz, 1H), 5.00 (m, 1H), 4.23e4.06 (m, 1H), 4.00 (t,
J Z 9.3 Hz, 1H), 2.10 (s, 3H), 1.30 (d, J Z 7.0 Hz, 3H),
1.25e1.16 (m, 6H); 13C NMR (126 MHz, DMSO-d6) d 173.17
(dd), 160.94, 150.15 (dd), 143.57, 137.91 (d), 136.61, 135.93,
134.77, 132.40, 131.14 (d), 131.04 (d), 128.89 (t), 128.23, 122.73
(d), 122.31 (d), 120.68, 114.56, 68.46, 51.12 (d), 21.92 (d), 21.89
(d), 20.17 (dd), 16.80; 31P NMR (202 MHz, DMSO) d 76.56,
74.59; HRMS (ESI) for C24H27N2NaO4PS [MþNa]þ Calcd. for
493.1321, Found 493.1327.

The synthesis and characterization data of other compounds
including H2S donors, probes and relevant compounds are pro-
vided in the Supporting Information

4.3. Validation of H2S release by fluorescent probe

Enzyme-catalyzed: The solution of carboxypeptidase Y (CPY,
C3888, SigmaeAldrich) was prepared in deionized water
(6 mg/mL) and the solution of recombinant human cathepsin A
(CTSA, Cl11, Novoprotein, Suzhou, China) was prepared in
deionized water (25 mg/mL). CTSAwas activated with the method
similar to that from a previous report64. 10 mL of the donor JZs
solution (500 mmol/L in menthol) and 10 mL of probe DNS-N3

solution (1 mmol/L in acetonitrile) were added sequentially to a
mixture containing 970 mL of TBS buffer (10 mmol/L, pH Z 7.4)
and 10 mL of enzyme solution. After incubation of the reaction
solution for indicated time at 37 �C, 100 mL of reaction solution
was transferred into black 96-well plate containing 100 mL of
ACN (n Z 3).

Released within tissue homogenates: Liver or intestine ho-
mogenates (0.1 g/mL) were prepared from SpragueeDawley rats
in PBS buffer (10 mmol/L, pH Z 7.4). 25 mL of donor solution
(500 mmol/L in methanol) was added to 975 mL of liver homog-
enates or intestine homogenates at 37 �C. After incubation for the
indicated time (at 1, 10, 20, 30, and 40 min), 25 mL of reaction
solution was mixed with 25 mL of probe DNS-N3 (1 mmol/L in
acetonitrile) and vortexed for 5 min. The resulting mixed solution
was diluted 100 times with ACN and added to a black 96-well
plate. The Bicinchoninic Acid (BCA) protein assay kit (P0012S,
Beyotime, China) was used for the quantification of total protein
in homogenates.

The fluorescence intensity was measured (Ex Z 325 nm,
Em Z 450 nm) using a plate reader (BioTek SYNERGY-H1 multi-
mode reader, Winooski, VT, USA). All experimental results were
obtained by subtracting the background of the control group from
the fluorescence values of the experimental group. The above
assays were repeated in triplicate and reported as the
mean � standard deviation (SD) of three experiments. The results
are shown in Figs. 2A, 3 and 8B.

4.4. H2S donor activation monitored by LCeMS/MS

The solition of probe DNS-N3, donor and enzymes were prepared
as mentioned above. 20 mL of donor solution (final
concentration Z 5 mmol/L) and 20 mL of probe solution (final
concentration Z 10 mmol/L) were added into 1940 mL of TBS
buffer (10 mmol/L, pH Z 7.4) with 20 mL of CPY stock solution
(60 ng/mL) or 10 mL of CTSA stock solution (125 ng/mL)
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at 37 �C. At 0, 0.5, 1, 2, 4, 6, 8, 12, and 24 h, 50 mL reaction
solution was added into 200 mL ACN containing 200 ng/mL of
4-methylumbelliferone as internal standard. The mixture was
centrifuged twice at 18,000 rpm (Biofuge Stratos, Thermo Sci-
entific, Osterode, Germany) at 4 �C for 5 min to remove invisible
impurities, and 80 mL of supernatant was used as sample for
LCeMS/MS (Supporting Informaton Tables S1eS4, Figs.
S7eS11). The concentration was calculated based on calibration
curve. HPLC condition, MS condition, representative calibration
curves, and other experimental information were provided in the
Supporting Information This assay was repeated in triplicate and
recorded as the mean � SD (n Z 3).

4.5. Cell culture

The immortalized human hepatic stellate cell line LX-2, HeLa cell
lines and macrophage cell line RAW 264.7 was acquired from the
Cell Bank of Shanghai Institute of Cell Biology, Chinese Acad-
emy of Sciences (Shanghai, China). Hepatocarcinoma cell line
HepG2 were provided by KeyGEN BioTECH (Nanjing, China).
Cells were maintained in complete high-glucose Dulbecco’s
modified Eagle’s medium (DMEM; Gibco; Thermo Fisher Sci-
entific, Inc., Waltham, MA, USA) supplemented with 10% fetal
bovine serum (FBS; Genetimes Technology Inc., Shanghai,
China) and 1% penicillinestreptomycin (Gibco) in an incubator
containing 95% humidified air and 5% CO2 at 37

�C. In LX-2 cell
assay, a recombinant human TGF-b1 (5 ng/mL; Solarbio, Beijing,
China) was added with compounds to the cell culture for 24 h for
detection of fibrosis factors. All tested compounds showed no
cytotoxicity to cells (Supporting Information Fig. S12).

4.6. Subcellular fractionation

Lysosomal fractionation was performed as described previously in
our group with minor modifications65,66. Briefly, the cells were
scraped, collected by centrifugation (600 � g, 5 min, 4 �C), and
washed twice with ice-cold PBS. Break the cells with Dounce
homogenizer and centrifuge the sample at 1000 � g for 10 min.
The resulting supernatant was transferred and centrifuged at
20,000 � g for 20 min to afford the crude lysosomal fraction
(CLF). CLF was re-suspended in a OptiPrep™ density gradient
medium solution. The solution was separated by density gradient
centrifugation (100,000 � g for 1 h), and the top band was
collected as the lysosome fractions.

4.7. Cellular pharmacokinetics

Cellular pharmacokinetics was performed as described previously
in our group with minor modifications65,67. HepG2 cells were
seeded in 6-well cell culture plates (2 � 105 cells/well) and grown
to 90% confluence. The cells were treated with JZ-HND or HND
at 37 �C for the designated time. Then, the medium was removed.
The cells were washed with ice-cold PBS three times and lysed in
cold 70% methanol solution. The mixture was vortexed for 5 min
for more complete analyte abstract and protein precipitation, and
then centrifuged at 18,000 rpm for 5 min. An aliquot (100 mL) of
the supernatant was transferred to a new tube, diluted with
acetonitrile solution containing IS, and recentrifuged at
18,000 rpm before LCeMS/MS analysis (Section 4.4, Supporting
Informaton Tables S1eS4, Fig. S13). Lysosomal uptake of com-
pound 3 was determined in the presence or absence of inhibitors.
The cells were treated with JZ-6 (25 mmol/L)/BNPP (20 mmol/L),
JZ-6 (25 mmol/L)/talaprevir (5 mmol/L), JZ-6 (25 mmol/L) or
JZ-11 (25 mmol/L) for 6 h. Then lysosomes were separated as
mentioned above (Section 4.6). The fractions were washed with
ice-cold PBS and lysed in cold 70% methanol solution. The
mixture was vortexed for 5 min and centrifuged at 18,000 rpm for
5 min. The aliquots were used to determine drug concentrations by
LCeMS/MS. HPLC condition, MS condition, representative
calibration curves, and other experimental information were pro-
vided in the Supporting Information Cellular and lysosomal ac-
cumulations were calibrated by protein content, which was
determined using a BCA Protein Assay Kit (Beyotime, China). All
experiments were conducted in triplicate.

4.8. Cell imaging

4.8.1. H2S release in cellular lysosome
HeLa cells were inoculated into 12-well plates and cultured
overnight. Cells were co-incubated with 100 mmol/L of the donors
at 37 �C for 3 h or NaHS (100 mmol/L) for 0.5 h, and washed with
PBS buffer to remove extracellular donors. Cells were then co-
incubated with the H2S-responsive fluorescent probe Lyso-AFP
(10 mmol/L) dissolved in DMEM (with 0.1% pluronic F-127)
and commercially available LysoTracker (50 nmol/L) dissolved
in DMEM at 37 �C in the dark for 0.5 h and washed with PBS
buffer. Cells were then co-incubated with Hoechst 33342 (1:1000
dilution) dissolved in DMEM for 10 min and washed with PBS
buffer. Intracellular fluorescence in cells was monitored using a
confocal laser scanning microscope (OLYMPUS FV300). Ex/Em:
346 nm/460 nm for Hoechst 33342. Ex/Em: 488 nm/535 nm for
Lyso-AFP. Ex/Em: 577 nm/590 nm for LysoTracker.

4.8.2. Acridine orange (AO) staining
HepG2 cells were seeded in a laser confocal dish and pretreated
with JZ-6 (50 mmol/L) with or without RSL3 (20 mmol/L) for 1 h.
Then, the cells were incubated with AO (5 mg/mL, MCE HY-
101879) for 15 min at room temperature in the dark. After
washing, the cells were observed by a confocal laser scanning
microscope OLYMPUS FV300 (Olympus, Tokyo, Japan). AO:
Ex Z 488 nm, Em1 Z 530 nm (Green), Em2 Z 640 nm (Red).

4.8.3. Reactive oxygen species (ROS) detection
ROS was detected using a ROS Assay Kit (R253; Dojindo Lab-
oratories, Kumamoto, Japan). LX-2 or HepG2 cells were incu-
bated in a 12-well plate at a density of 1 � 105 cells/well and
cultured overnight. In LX-2 cells, cells were co-treated with
compounds (100 mmol/L) and TGF-b1 (10 ng/mL) for 24 h. In
HepG2 cells, cells were pretreated with compounds (100 mmol/L)
for 8 h before FFA solution (1 mmol/L) treatment for 24 h. The
cells were then incubated with 10 mmol/L of DCFH-DA for
30 min and Hoechst 33342 (1:1000 diluted) for 10 min at 37 �C.
The images were obtained with a fluorescence microscope
(BioTek Lionheart FX, USA) using DIC for brightfield imaging
and GFP filter cube for fluorescence imaging (Figs. 5C and 7A).
DCFH-DA: Ex Z 488 nm, Em Z 517 nm, Hoechst (33342):
Ex Z 346 nm, Em Z 460 nm. The fluorescence intensity was
analyzed from a series of images using Image J Software.

4.9. Gene expression analysis (qPCR assay)

Total RNA from LX-2 cells or liver tissue was extracted using
TRIzol (Invitrogen), and 2 mg of total RNA was used for reverse
transcription using the One Step TB Green™ PrimeScript™ RT-
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PCR Kit II (Takara, Kusatsu, Japan). Quantitative real-time po-
lymerase chain reaction (qRT-PCR) was performed using a SYBR
Green Supermix kit (Takara). Reactions were performed in trip-
licate for each sample. Relative expression was normalized to the
expression levels of beta-actin. The primer sequences were dis-
cribed in Supporting Information Table S5.

4.10. Malondialdehyde (MDA) measurement

HepG2 cells were inoculated into 6-well plates at a density of
7 � 105 cells/well and cultured overnight. The cells were co-
incubated with FFA (1 mmol/L) or plus JZ-6 (20, 100, and
500 mmol/L), JZ-9 (500 mmol/L), NaHS (500 mmol/L) for 24 h.
For lysosomal MDA measurement, the cells were pretreated with
RSL3 (1 mmol/L) for 2 h and then treated with culture medium or
JZ-6 (100 mmol/L) for 24 h. The cell lysates or pelleted crude
lysosomal fractions (lysed in 50 mmol/L Tris HCl (pH 8),
150 mmol/L NaCl, 1 mmol/L EGTA, 1% NP-40, 0.1% SDS, 3%
glycerol) were collected. MDA was then measured according to
the manufacture’s recommended protocol using the Lipid Perox-
idation (MDA) Assay Kit (SigmaeAldrich). The fluorescence
intensity at excitation/emission wavelengths of 532 nm/553 nm
was measured on a microplate reader. The MDA concentration
was normalized with cell counts. This assay was repeated in three
independent experiments and recorded as the mean � SD.

4.11. Ferroptosis rescue experiments

In the ferroptosis rescue experiments, HepG2 cells were inocu-
lated into 96-well plates at a density of 5 � 103 cells/well
and cultured overnight. The cells were pretreated with RSL-3
(4 mmol/L) for 2 h and then treated with culture medium or
JZ-6 (20 mmol/L), JZ-9 (20 mmol/L), and Fer-1 (1 mmol/L) for
24 h. 100 mL of CCK-8 solution was added to each well and the
cells were incubated for a further 2e4 h at 37 �C. The absorbance
was measured at 450 nm using a microplate reader (Synergy H1
Hybrid Multi-Mode Reader, BioTek Instruments, Inc., Winooski,
VT, USA). The results are expressed as the percentage of cell
viability (%) with respect to the control (medium-treated cells).
This assay was repeated in three independent experiments and
recorded as the mean � SD.

4.12. Enzyme-linked immunosorbent assay (ELISA)

The RAW 264.7 cells were inoculated into 12-well plates at a
density of 2 � 105 cells/well and cultured overnight. The cells
were pretreated with JZ-6 (20, 100, and 500 mmol/L), JZ-HND
(20, 100, and 500 mmol/L) or NaHS (20, 100, and 500 mmol/L) for
1 h before treatment with lipopolysaccharide (LPS, 1 mg/mL).
Thereafter, the cell culture supernatant was collected. The con-
centrations of interleukin-1 beta (IL-1b) and interleukin-6 (IL-6)
in the cell culture supernatant were quantified using a commercial
enzyme-linked immunosorbent assay (ELISA) kit (Dakewe
Biotech, China). This assay was repeated in three independent
experiments and recorded as the mean � SD.

4.13. Animal experiments

All animal protocols were approved by the Institutional Animal
Care and Use Committee of China Pharmaceutical University
(2024-07-058). Male BALB/c mice (Six-week-old) were pur-
chased from Beijing Vital River Animal Technology Co., Ltd.
Mice were housed in pathogen-free conditions in a temperature-
controlled environment at 22e24 �C with a 12-h/12-h light/dark
cycle. The mice were randomly divided into 4 groups (n Z 6 in
each group) as follows: control group, CCl4-treated model group,
JZ-HND group (1 mmol/kg), and HND group (1 mmol/kg). CCl4-
treated mice were injected intraperitoneally with 20% CCl4
(10 mL/kg of body weight) diluted in soybean oil three times per
week for 4 weeks. JZ-HND (1 mmol/kg) or HND (1 mmol/kg)
were orally administered once a day for 4 weeks.

The liver tissues were fixed in 4% paraformaldehyde solution.
The haematoxylin & eosin (HE) and Masson trichrome staining
was performed on paraffin-embedded liver sections according to
standard procedures. Histological images of section tissues were
captured with a light microscope (Olympus, Tokyo, Japan) for
morphological analysis and for visualizing collagen expression.

4.14. Enzymatic assays in tissues

Serum alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), and superoxide dismutase (SOD) levels were
measured using commercial kits according to the manufacturer’s
instructions (BC555 for ALT, BC1565 for AST, and S104195 for
SOD, Solarbio, Beijing, China).

Hepatic tissue glutathione peroxidase (GPX) activity were
measured using commercial kits according to the manufacturer’s
instructions (BC1195, Solarbio, Beijing, China).

4.15. Animal pharmacokinetics

The BALB/c mice were fasted for 12 h without water before the
animal pharmacokinetics experiment. The mice were randomly
divided into 3 groups (n Z 3 in each group), each group were
intragastric administration with JZ-HND (1 mmol/kg, 0.5%
CMC-Na).

Blood samples (approximately 60 mL) were collected from
retro-orbital plexus under light isoflurane anesthesia such that the
samples were obtained at eight time points post dose: 5, 15,
30 min and 1, 2, 4, 8, 12, and 24 h. Blood samples were collected
at each time point into labeled microcentrifuge tubes containing
sodium heparin as anticoagulant. Plasma was collected after
centrifugation at 8000 rpm � 5 min (Biofuge Stratos, Thermo
Scientific, Osterode, Germany). Stored below �40 �C until
LCeMS/MS analysis.

Liver samples were collected at 0.5, 4, 8 h post dose. Liver
samples were homogenized using PBS buffer containing 70%
MeOH in a ratio of 10:1 buffer to liver, this portion of sample was
used to analyses JZ-HND and its metabolites in liver. Liver
sample were homogenized using HPE-IAM solution (20 mmol/L,
in MeOH) in a ratio of 10:1 buffer to liver. This portion of sample
was used to analyses the H2S and sulfur compound levels and
the resulting homogenates were stored below �40 �C until
LCeMS/MS analysis. Pharmacokinetic parameters of JZ-HND
and HND in mice plasma were provided in Tables S6 and S7.

4.16. Detection of sulfur-containing species in mouse liver

HPE-IAM-based sulfur-containing derivatives were synthesized
according reported methods (Supporting Information Scheme
S10)68. The analytical method including HPLC condition, MS
condition, representative calibration curves, and other experi-
mental information were provided in the Supporting Information
Tables S8, S9, and S10).



ProTide-based H2S donoredrug conjugate 5355
4.17. Statistical analysis

GraphPad Prism 9.0 software (GraphPad Software) was used for
statistical analysis. One-way ANOVA was used to test statistical
significance between groups as appropriate; nonlinear regression
was used to analyze drug disappearance curve; linear regression
was used to analyze calibration curves. Pearson correlation coef-
ficient analysis and intracellular fluorescence was used to evaluate
the correlation by Image J. Data were expressed as mean � SD
where applicable.
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