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Engineering a highly selective probe for ratiometric
imaging of H,S,, and revealing its signaling pathway
in fatty liver diseasef

a

Wei Li,? Lu Wang,1® Shulu Yin, Huanhua Lai,? Lin Yuan {2 *@ and Xiaobing Zhang

Hydrogen polysulfides (H,S,, n > 1) have continuously been proved to act as important signal mediators in
many physiological processes. However, the physiological role of H,S, and their signaling pathways in
complex diseases, such as the most common liver disease, nonalcoholic fatty liver disease (NAFLD), have
not been elucidated due to lack of suitable tools for selective detection of intracellular H,S,,. Herein, we
adopted a general and practical strategy including recognition site screening, construction of
a ratiometric probe and self-assembly of nanoparticles, to significantly improve the probes’ selectivity,
photostability and biocompatibility. The ratiometric probe PPG-Np-RhPhCO selectively responds to
H,S,,. avoiding interaction with biothiol and persulfide. Moreover, this probe was applied to image H,S,
in NAFLD for the first time and reveal the H,S,, generation pathways in the cell model of drug-treated
NAFLD. The pathway of H,S, revealed by PPG-Np-RhPhCO provides significant insights into the roles of
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Introduction

Hydrogen sulfide, one of the reactive sulfur species (RSS), has
proved to be a key molecule in many diseases.’” Studies have
shown that H,S and H,S, are redox partners in terms of
chemical properties and coexist in biological systems.**
Recently, accumulated data have indicated the important roles
of H,S, in signal transduction in physiological processes, such
as cardiovascular system, ion channels, oxidative post-
translational modification, antioxidation and cytoprotection.>™*
Furthermore, aberrant production and physiological levels of
H,S, are found to be correlated with physiological processes
and diseases such as sulfur redox balance and liver disease.'***
Nonalcoholic fatty liver disease (NAFLD), referring to a wide
spectrum of liver damage that ranges from simple steatosis to
steatohepatitis, advanced fibrosis, and cirrhosis, represents the
most common chronic liver disease in developed countries.
Clarification of the functions of signaling molecules in NAFLD
offers important insights into the pathogenesis of the disease,
drug development and therapeutic evaluation.'*** Even though
some research studies have implied the existence of H,S, in
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H,S,, in NAFLD and future drug development.

liver disease,''®'” the role and signaling pathway of H,S,, in the
process of NAFLD have not been revealed due to the lack of
suitable analytical methods for selectively monitoring H,S, in
living biological systems.

Some in vitro analysis techniques including UV-spectros-
copy, cold cyanolysis and mass spectrometry have been
described to detect H,S,,>'® while fluorescence imaging has
received widespread attention in H,S, bioanalysis due to its
unique advantages in live cell imaging, such as excellent
biocompatibility and high spatial and temporal resolution.™
Previous efforts in designing H,S, fluorescent probes were
mainly based on conjugating functional groups, such as 2-flu-
oro-5-nitro-benzoic ester, phenyl-2-(benzoylthio)benzoate, and
cinnamate ester, with hydroxyl-containing fluorophores.*****
However, these functional groups may also react with abundant
biothiols and active hydrolases inside cells, which could cause
interference in H,S,, detection. Only a few probes have been
designed based on other electrophilic receptors, such as deriv-
atives of xanthene or silicon-rhodamines.?*** However, there
are currently no methods suitable for selectively sensing H,S,,
from other persulfides (RSSH). At the same time, poor solu-
bility, concentration fluctuation and unsatisfactory photo-
stability make it more difficult to accurately monitor the
changes of H,S,, in live-cell imaging. To address these problems,
we report a first-generation through-bond energy transfer
(TBET) ratiometric fluorescent probe, PPG-Np-RhPhCO, with
significantly improved photostability, selectivity and biocom-
patibility for monitoring intracellular H,S, via a simple and
general strategy. The design concept consists of three steps
(Fig. 1): (i) screening of new recognition sites based on the
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Fig. 1 Design strategy of the ratiometric fluorescent probe PPG-Np-RhPhCO for sensing H,S,.
construction of the TBET-based ratiometric fluorescent probe for quantifying H,S,,

photostability and biocompatibility.

stable electrophilic receptor, enabling an optimal response site
for specific detection of H,S, that is independent of pH and
hydrolases; (ii) construction of ratiometric probes, achieving
accurate detection of H,S, by single-wavelength excitation; (iii)
self-assembly of nanoparticles, improving the selectivity, pho-
tostability and water solubility. The nano-probe PPG-Np-
RhPhCO was successfully applied for monitoring the generation
of H,S,, in NAFLD, which to our knowledge is reported for the
first time. Importantly, we also show that 3-mercaptopyruvate
sulfurtransferase (MPST) and cystathionine y-lyase (CSE) are
largely responsible for participating in the regulation of H,S,,.
Furthermore, we revealed that ROS/H,S/H,S, crosstalk
signaling pathways that increased ROS in the drug-treated
NAFLD model would stimulate MPST and CSE to produce more
H,S, which causes significant enhancement of H,S,, via reaction
with ROS or catalysis by MPST and CSE.

Results and discussion
Design and screening of recognition sites

Although several fluorescent probes for H,S, were prepared
based on the introduction of aromatic ester groups into fluo-
rophores,'>?*?*?%2¢ their poor stability resulting from the
susceptibility to pH and hydrolase could easily cause false
signals, thereby limiting their application in live-cell imaging.
Several persulfide probes based on xanthene derivatives that
are susceptible to nucleophilic attack and regulate the fluo-
rescence changes for hydropolysulfide detection have been
reported,** but they lack the specificity of H,S,,. To address
these concerns, unsaturated double bonds containing
different electron-withdrawing groups were introduced into
the benzene moiety of xanthene dyes (Fig. 1 and Scheme S17).
It was proposed that the reaction with H,S, produces persul-
fide intermediates via nucleophilic addition and then rapidly
undergo intramolecular spirocyclization because of the high
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(i) Screening of new recognition sites, (ii)
, (iii) self-assembly of nanoparticles to achieve high selectivity,

nucleophilicity and bis-nucleophiles of persulfide intermedi-
ates.” As a proof of concept, seven xanthene derivatives
bearing different substituents containing unsaturated double
bonds (RhCHO1, RhIndo2, RhThia3, RhCN4, RhCOOEt5,
RhPhCO6, and RhAton7 in Scheme S2t) were synthesized and
tested as candidates for new recognition site screening. To
examine the fluorescence response toward different RSS, Sg,
$,05>7, SO, HSO; ™, SO4>7, Na,S, GSH, Cys, Hcy, Na,$, and
Na,S, were incubated with the probe in phosphate buffer (25
mM PBS mixed with 1% MeCN, pH 7.4) separately (Fig. 2, S1
and S2t). RhPhCO6 was chosen as the target recognition site
due to fast response to H,S,, (<1 min, Fig. S3at) and resistance
to pH (pH 4.0-11.0, Fig. S3b¥). The higher reaction activity of
RhPhCO6 toward H,S,, than of the other six compounds was
further explained by density functional theory (DFT) calcula-
tions (Fig. 2 and S47), and it was a result of proper electrostatic
charges of the B-carbon of the C=C bond and the medial
carbon of rhodamine in RhPhCO6, as well as steric hindrance.
The reaction between unsaturated double bonds and H,S,, was
followed by rapid intramolecular spirocyclization (Fig. S51), as
evidenced in the high resolution mass spectrum (Fig. S61) and
'"H NMR spectrum (Fig. S71). Furthermore, to examine the
possible reasons for the specific response of RhPhCO6
towards H,S, rather than H,S, time-dependent 'H NMR
spectra of the reaction between RhPhCO6 and H,S, or H,S
were recorded (Fig. S7 and S8%). The excellent selectivity is due
to the ultra-fast reaction between RhPhCO6 and H,S,,, which is
probably caused by the special alpha effect of H,S,."**® Even
novel recognition sites in RhPhCO6 exhibit excellent response
towards H,S,, but a reaction with a high concentration of GSH
and Cys could cause some interference with intracellular H,S,
sensing. Therefore, the self-assembly strategy of amphiphilic
polymers was further utilized to increase the selectivity, which
will be detailed in the next paragraph.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) Relative fluorescence intensities of 5 uM concentrations of compounds RhnCHO1, Rhindo2, RhBThia3, RNCN4, RhnCOOEt5, RhPhCO6,

and RhAceton7 in the presence of 50 uM Na,S, and other biologically relevant analytes (1 mM glutathione, 50 uM Na,S,4, and 200 uM for other
analytes) in PBS (pH 7.4) at 37 °C. Incubation time: 30 min. A¢x = 520 nm. (b) The structural analysis results of RhnPhCOG6 via DFT calculations. (c)

Calculated electrostatic charges of the enone B carbons C; = C-CO
rescence spectra of RhPhCOG6 (5 uM) in PBS (25 mM, pH 7.4, 1% CH=CN,
596 nm.

Construction of the ratiometric fluorescent nano-probe

The ratiometric signal offers more accurate detection of intra-
cellular analytes due to its resistance to the influence of probe
concentration and various cellular environments.”*** Several
ratiometric probes for H,S, have been reported recently, whose
ratiometric mechanisms were achieved by intramolecular
charge transfer (ICT) and Forster resonance energy transfer
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Scheme 1 Synthesis of the ratiometric probe Np-RhPhCO. (i) NBS,
AIBN, CHCls, reflux. (i) H,O, reflux. (iii) p-Toluenesulphonic acid,
propionic acid, 3-diethylaminophenol, 90 °C. (iv) H,SO4, CH3zOH, 80
°C. (v) LiAlHg4, dry THF, O °C. (vi) p-Chloranil, CH,Cl,/CH3OH, rt. (vii)
1,1,1-Triacetoxy-1,1-dihydro-1,2-benziodoxol-3(1H)-one, CHClp, rt.
(viii) (Benzoylmethylene)triphenylphosphorane, LiCl, CHClsz, 70 °C. (ix)
The boronic acid pinacol ester of Np (Np-Borate), KsPOy4, Pd(dppf),Cl,,
1,4-dioxane/H,0, reflux.
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(eV) and Cg charge (eV) of these compounds. (d) Absorption and fluo-
v/v) in the presence of Na,S; (0-50 puM) for 5 min at 37 °C. Aex/Aem = 520/

(FRET)."»*>*> Ratiometric probes based on through-bond energy
transfer (TBET) usually exhibit higher energy transfer efficiency
than those based on FRET even without spectral overlap.**
Thus, a ratiometric fluorescent probe Np-RhPhCO for sensing
H,S,, was constructed by combining a naphthalene unit (donor)
and RhPhCO6 (acceptor) via Through-Bond Energy Transfer
(TBET) cassettes (Scheme 1). The synthesis of probe Np-
RhPhCO started from commercially available 5-bromoph-
thalide using bromination and condensation to yield Br-Rhod-
COOH and then reduction, oxidation and alcohol oxidation to
obtain Br-Rhod-CHO (Scheme 1 and S3+t). And the receptor Br-
RhPhCO was subsequently synthesized via the classic Wittig
reaction. Lastly, Pd-catalyzed Negishi cross-coupling of Br-
RhPhCO and the boronic acid pinacol ester of Np (Np-Borate)
provided the TBET-based ratiometric probe Np-RhPhCO
(synthesis and characterization details in the ESI}). As reported
before,** the naphthalene-rhodamine TBET platform showed
two well-separated absorbance peaks at 355 nm and 565 nm
with emission peaks at 486 nm and 591 nm, respectively
(Fig. 3a). Titration of Na,S, (0-50 uM) gradually increased the
fluorescence at 486 nm and decreased the fluorescence at 591
nm, offering a 59-fold fluorescence ratio (I;56/I591) enhancement
(Fig. S9%).

In recent years, nanoparticles used to improve the photo-
stability and biocompatibility of small organic molecules have
attracted increasing attention in the fields of biosensing, in vivo
imaging and drug release.***® In addition, it has been reported
that the selectivity can be improved by encapsulating an organic
fluorescent probe in a self-assembled supramolecular system of
an amphiphilic polymer.*® In order to achieve the application in
a complex living system, we tried to encapsulate the small

Chem. Sci, 2020, 11, 7991-7999 | 7993
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Fig. 3 (a) Absorption and fluorescence spectra of Np-RhPhCO (5 uM)

in MeCN/PBS (v/v =4 : 6, PBS 25 mM, pH 7.4) buffer solution at 37 °C.
(b) Average hydrodynamic size of PPG-Np-RhPhCO measured by
dynamic light scattering. (c) Fluorescence spectra of PPG-Np-
RhPhCO (4.8 uM) in the presence of various concentrations of Na,S,
(0,05,10,15,2.0, 25, 3.0, 5.0, 6.0, and 7.0 uM, respectively) in PBS
buffer (pH 7.4) at 37 °C. Aex = 420 nm. (d) Plot of fluorescence intensity
ratio (l4g6/1594) changes as a function of Na,S, concentration in PBS
buffer (pH 7.4) at 37 °C. F and Fy represent the fluorescence intensity
ratio (/4g6/l594) in the presence and absence of Na,S,, respectively. (e)
Ratiometric fluorescence changes of PPG-Np-RhPhCO (4.8 uM) in the
presence of 7 uM Na,S, and other biomolecules (1 mM glutathione, 50
uM hypochloric acid, 50 pM GSSH/CysSSH, 30 uM Na,S,4, and 200 uM
for other analytes). (f) Ratiometric fluorescence changes of PPG-Np-
RhPhCO (4.8 uM) in the presence of 7 uM NaS, and other RSS (5 mM
glutathione, 50 uM GSSH/CysSSH, 30 uM Na,S4, and 200 uM for other
analytes) after incubation for 0.5 h, 1.5 h, and 2.5 h, respectively. (g)
Ratiometric fluorescence changes of PPG-Np-RhPhCO (4.8 uM) in the
presence of 1 uM Na,S,, 10 mM GSH, and the mixture of 1 uM Na,S,
and 10 mM GSH after incubation for 0.5 h, 1.5 h, and 2.5 h, respectively.
F and Fq represent the fluorescence intensity ratio (/4g6//594) in the
presence and absence of analytes, respectively. Measurement condi-
tions: Aex = 420 nm, PBS (pH 7.4) buffer, 37 °C. (nh) Normalized time-
dependent emission profile of PPG-Np-RhPhCO (4.8 uM) and Np-
RhPhCO (5 uM) with continuous irradiation for 1 hin PBS (pH =7.4, 1%
MeCN) at 37 °C using a Xe-lamp at 420 nm.

molecule ratiometric probe Np-RhPhCO into the self-assembled
nanoparticles based on an amphiphilic copolymer to construct
a more suitable organic nano-probe. 1,2-Dimyristoyl-sn-glycero-
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View Article Online

Edge Article

3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]
(DSPE-PEG2000) and poly(ethylene glycol)-block-poly(propylene
glycol)-block-poly(ethylene  glycol) (mPEG-PPG-PEG) were
applied to prepare the nano-probes, respectively (Fig. S10-137).
Among them, PPG-Np-RhPhCO with a 33 nm average hydrody-
namic size (Fig. 3b and S12bt) exhibited a 21-fold ratiometric
signal (I,g6/I501) enhancement in the presence of H,S,, (Fig. 3¢
and d), displaying a better response than DSPE-Np-RhPhCO.
The detection limit was calculated to be as low as 9.4 nM,
indicating the great potential to detect endogenous H,S, in live
cells. Importantly, 7 uM Na,S, triggered a prominent
enhancement of the fluorescence intensity ratio (I4g6/I501), while
negligible signal fluctuation was obtained in the presence of
other analytes (30 uM to 1 mM) (Fig. 3e). Notably, compared
with Np-RhPhCO, the nanoprobe PPG-Np-RhPhCO showed less
response towards bulky biothiols and their hydropolysulfides
(Cys, GSH, CysSSH and GSSH) even with a longer incubation
time (2.5 h) (Fig. 3f and g), which is probably due to physical
blocking of the interaction. In addition, PPG-Np-RhPhCO is
capable of responding toward H,S, over a wide pH range (pH
4.0-11.0) (Fig. S12at).

Another key parameter of ideal fluorescent probes for living
cell imaging is stability, primarily including long-term stability
and photostability. The formed nano-probe showed good
stability with only slight spectral changes for ten days at room
temperature (Fig. S13f). Furthermore, illumination with
continuous laser scanning showed that the fluorescence signal
of PPG-Np-RhPhCO remained stable over 3600 s, while the
intensity of the parent probe Np-RhPhCO decreased by 62
percent, demonstrating the significantly improved photo-
stability of the nano-probe (Fig. 3h). This was ascribed to the
fact that the outer polymer micelle provides an effective shelter
protecting the inner organic small molecule probe Np-RhPhCO
from the surrounding environment.*

Monitoring endogenous H,S,, generation in live cells

Inspired by the excellent in vitro response, we then investigated
the performance of PPG-Np-RhPhCO for detecting endogenous
generation of H,S, in live cells. The cytotoxicity of PPG-Np-
RhPhCO in cells was first examined by standard MTT assays,
indicating negligible cytotoxicity on the human liver cell line
HL-7702 (L02) after 24 h of incubation (Fig. S14t). In good
agreement with the in vitro photostability test, the probe PPG-
Np-RhPhCO exhibited significantly higher photostability than
the parent small-molecule probe Np-RhPhCO in live cells under
continuous excitation (Fig. S15T). To demonstrate the capability
of PPG-Np-RhPhCO for detecting endogenous H,S,, we next
performed live-cell imaging under different stimulation condi-
tions. As shown in Fig. 4a and c, L02 cells incubated with PPG-
Np-RhPhCO showed weak fluorescence in the green channel
(425-475 nm) but strong fluorescence in the red channel (570-
620 nm) in the cytosol, indicating a low level of H,S, in the
normal state. A lower Fgreen/Frea Value was observed when 500
UM N-ethylmaleimide (NEM, a RSS blocking agent®) was pre-
treated for 30 min to cause the depletion of endogenous poly-
sulfide and mercapto compounds. In contrast, addition of

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Imaging exogenous/endogenous H,S, with the nano-probe
PPG-Np-RhPhCO (40 pg mL™%, 4.8 uM). (a) Confocal microscopy
images of H,S, in live LO2 cells with the nano-probe. The first column:
incubation with the nano-probe for 2 h; the second column:
pretreatment with 500 uM NEM for 0.5 h prior to incubation with the
nano-probe for 2 h; the third column: incubation with 30 uM Na,S, for
another 20 min after treatment under the conditions in the second
column; the fourth to seventh columns: incubation with Na,S, (30
uM), NasS4 (30 uM), Na,S (50 uM), or GSH (1 mM) for another 20 min,
respectively, after treatment with the nano-probe for 2 h. (b) Confocal
microscopy images of H,S, in live RAW 264.7 cells with the nano-
probe PPG-Np-RhPhCO (4.8 uM) after stimulation with LPS. Live RAW
264.7 cells were incubated with the nano-probe for 2 h in the absence
and presence of LPS (1 pg mL™Y) for 6 h and 12 h, respectively. The
fourth column: live RAW 264.7 cells were pretreated with pL-prop-
argylglycine (PAG, 1 mM) for 2 h before incubation with LPS (1 pg mL™Y)
and probes. (c) Average fluorescence intensity ratios (Fgreen/Fred) Of
live LO2 cells under the conditions in (a). (d) Average fluorescence
intensity ratios (Fgreen/Freq) Of live RAW 264.7 cells under the condi-
tions in (b). Data are mean + s.e.m., (n = 5 independent experiments;
80 cells). Statistical significance was calculated with unpaired two-
tailed Student’s t-tests. *p < 0.05, **p < 0.01, ***p < 0.001. Green
channel (425-475 nm), red channel (570-620 nm), pseudocolor ratio
images (green channel/red channel). Aex = 405 nm. Scale bar: 20 pm.

Na,S, (30 uM) or Na,S; (30 uM), donors of H,S,, causes
a significant ratiometric signal increase. Notably, 50 pM Na,S
and 1 mM GSH provide only slight Fgreen/Frea changes,
demonstrating the high selectivity of PPG-Np-RhPhCO towards
H,S,, in living cells. Next, we further examined the capability of
the nano-probe for detecting endogenous H,S, generation in
RAW 264.7 macrophages. It has been reported that bacterial
endotoxin lipopolysaccharide (LPS) can induce the over-
expression of cystathionine <y-lyase (CSE), which mediated
cysteine metabolism for H,S, formation in RAW 264.7 macro-
phages.** Thus, we treated RAW 264.7 macrophages with the
probe PPG-Np-RhPhCO in the presence of LPS with different
incubation times (Fig. 4b and d). It was shown that the

This journal is © The Royal Society of Chemistry 2020
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fluorescence ratio (Fgreen/Frea) gradually increased as a function
of incubation time, while introduction of 1 mM br-prop-
argylglycine (PAG, a commercial CSE irreversible inhibitor*?)
yielded a clearly reduced fluorescence ratio signal. Moreover,
the capability of the nano-probe PPG-Np-RhPhCO for imaging
H,S, was further confirmed via two-photon imaging in live cells,
zebrafish, and fresh liver tissues (Fig. S16 and S177).

H,S and MPST involved endogenous H,S,, generation in
NAFLD

Nonalcoholic fatty liver disease (NAFLD) is a common type of
liver disease that evolves from simple steatosis to hepatitis and
liver cancer. Determination of signaling molecules in the
process of NAFLD offers insights into disease prevention, drug
development and therapeutic evaluation. H,S has been
studied for decades to elucidate its functions in NAFLD;**
however, H,S,, as the partner of H,S coexisting in the organism,
has not been investigated in NAFLD due to the lack of suitable
probes. Herein, we tried to examine the existence of H,S, in
NAFLD and further reveal the possible pathway of H,S,, gener-
ation. The NAFLD model was produced via incubating normal
liver LO2 cells with 0.5 mM FFA for 12 h,* which was confirmed
by the significantly increased lipid droplets and triglycerides
based on Oil Red O staining experiments and triglyceride test
kits (Fig. S18t). As shown in Fig. 5a and b, treatment with FFA
leads to a huge increase in the ratiometric signal (Fgreen/Fred =
3.9), indicating the high level of H,S, in NAFLD. Interestingly,
an increase of the fluorescence ratio was observed in both
normal L02 cells and FFA-stimulated L02 cells when a higher
concentration of Na,S (the donor of H,S) was produced, indi-
cating that the key role of H,S is the regulation of endogenous
H,S,, (Fig. 5d). Moreover, a higher level of endogenous H,S in
NFLAD was observed after staining with the reported H,S probe
TPC-N; (Fig. S191),* which further suggests a positive correla-
tion between H,S and H,S, production in NAFLD.

Given that both H,S and H,S, can be produced from three
major enzymes, CSE, cystathionine-B-synthase (CBS) and 3-
mercaptopyruvate sulfurtransferase (MPST),*”** the roles of
these enzymes in the regulation of production of H,S,, in FFA-
induced NAFLD were examined. As shown in Fig. 5a, a signifi-
cant reduction of the fluorescence ratio was noted upon addi-
tion of pyrrolidine dithiocarbamate (PDTC), which reduced
MPST expression by inhibiting the nuclear factor NF-«B/p65.*°
These results were further confirmed by western blot analysis
(Fig. 5¢). However, pretreatment with PAG (a CSE inhibitor) and
aminooxyacetic acid (AOAA, a CBS inhibitor*?) displayed
a negligible change of the fluorescence ratio (Fig. 5a). Therefore,
we assumed that MPST participates in the regulation of H,S,
production in the NAFLD model. The participation of MPST in
the regulation of H,S production under the treatment of FFA
was also observed in Li's work.*® Taken together, we assumed
that addition of Na,S can increase H,S, the precursor of H,S,,
thus promoting the further increase of H,S, in the NAFLD
model. Meanwhile, up-regulation of the expression of MPST
stimulated by FFA can also promote the generation of H,S, by
producing more H,S or direct reaction with H,S (Fig. 5d).
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Fig. 5 H,S,, imaging in NAFLD. (a) Confocal microscopy images of
endogenous H,S,, in LO2 cells with the nano-probe PPG-Np-RhPhCO
(4.8 uM). The first column: incubation with the nano-probe for 2 h; the
second column: incubation with 100 uM Na,S for 1 h before treatment
with the nano-probe for 2 h; the third column: incubation with 0.5 mM
FFA for 12 h before treatment with the nano-probe for 2 h; the fourth
column: incubation with 0.5 mM FFA for 12 h, and then incubation with
100 uM NayS for 1 h before treatment with the nano-probe for 2 h; the
fifth to seventh columns: pretreatment with AOAA (300 uM), PPG (1
mM), or PDTC (200 pM) for 2 h, respectively, before treatment with 0.5
mM FFA for 12 h and then the nano-probe for 2 h. Green channel
(425-475 nm), red channel (570-620 nm), pseudocolor ratio images
(green channel/red channel). Aex = 405 nm. Scale bar: 20 pm. (b)
Average fluorescence intensity ratios (Fgreen/Freq) Of live LO2 cells
under the conditions in (a). Data represent mean standard error (n = 5
independent experiments; 60 cells). (c) Western blot analysis showing
MPST expression in LO2 cells upon treatment with FFA and PDTC,
respectively. The MPST relative abundance was normalized with -
actin relative abundance. n = 3 independent experiments. Statistical
significance was calculated with unpaired two-tailed Student's t-tests.
*p < 0.05, **p < 0.01, ***p < 0.001. (d) Proposed schematic of H,S,
generation in the NAFLD model. Addition of Na,S canincrease H,S, the
precursor of H,S,, thus promoting the further increase of H,S,, in the
NAFLD model. Meanwhile, increased MPST expression stimulated by
FFA can also promote the generation of H,S,, by producing more H,S
or direct reaction with H,S. Black arrows denote the signal pathway in
FFA treatment; blue arrows denote the H,S participational pathway;
the red dashed arrow indicates possible ROS effects in the regulation
of H,S,,. PDTC is the MPST inhibitor.

ROS/H,S/H,S,, crosstalk signaling pathways in the NAFLD
model

Previous literature showed that the reactive oxygen species
(ROS) level in NAFLD increases greatly due to the progressive
increase of oxidative stress levels caused by mitochondrial
abnormalities in hepatic cells.”® In addition, it is reported that
ROS and RNS (including HCIO, H,0,, O,"~, NO, ONOO, etc.)
react with H,S to form H,S,, RSS™, SO,>”, SO,*, and
$,05% 73195452 thus we assumed that higher ROS levels in the
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NAFLD model would also contribute to production and regu-
lation of H,S,, (Fig. 5d). Moreover, there is growing evidence that
long-term drug use for NAFLD patients could aggravate NAFLD
and further increase the level of intracellular ROS.**™¢ Thus,
a commonly used drug, acetaminophen (APAP, also known as
paracetamol), was chosen to further elucidate the potential
pathways of H,S, production in a drug-treated NAFLD
model.***” As shown in Fig. S21,1 both FFA and APAP can lead to
higher levels of ONOO™, one of the representative ROS, which
was indicated by the reported probe MITO-CC.*® It was shown
that co-treatment with APAP and FFA causes higher ROS
production than individual treatment separately (Fig. S207),
probably due to the aggravation of oxidative stress caused by the
synergistic effect of APAP and FFA.*® Significantly, consistent
enhancement of H,S,, and ROS under the above conditions was
clearly observed (Fig. 6 and S217), strongly supporting our
assumption that ROS plays an important role in the regulation
of H,S,, production. We also investigated the change of the H,S,,
level via two-photon tissue imaging of APAP-treated NAFLD
mice, which was consistent with the results of cells imaging
(Fig. 5221).

Since we have revealed the function of H,S in regulation of
H,S,, generation in NAFLD, we next examined the H,S level
changes in the presence of a high concentration of ROS stim-
ulated by APAP and FFA. Interestingly, consistent with ROS level
changes, the H,S level also increased more with co-treatment
with FFA and APAP than when treated with FFA or APAP alone
(Fig. 6d, S19 and S207). The consistent variation between ROS
and H,S is probably because of the redox homeostasis in living
cells.>®** Moreover, treatment with the antioxidant ascorbic
acid (VC, a natural, effective antioxidant®?) in NAFLD greatly
reduced H,S,, H,S and ROS levels simultaneously. Taken
together, we assumed that direct reaction between H,S and ROS
is probably one of main pathways for producing H,S,, forming
a ROS/H,S/H,S, crosstalk signaling pathway.

To further explore the functions of enzymes CSE, MPST and
CBS in regulating the ROS/H,S/H,S,, pathway, PAG (inhibitor of
CSE), PDTC (inhibitor of MPST), and AOAA (inhibitor of CBS)
were treated, respectively, prior to imaging H,S, in APAP and
FFA-treated L02 cells (Fig. 6a and b). Both H,S,, and H,S dis-
played a significant decrease in the presence of PAG or PDTC,
which points to the capability of CSE and MPST in regulating
H,S, and H,S in the NAFLD model. However, the inhibitor
AOAA had no obvious inhibitory effects maybe because the
abundance of CBS in the liver is much lower than that of CSE.*
These results were also consistent with the CSE and MPST
western blot analysis results (Fig. 6c). Thus, the consistent
changes of H,S and H,S,, by regulation of CSE and MPST allow
us to confirm the roles of H,S, CSE and MPST in the H,S,
generation pathways (Fig. 6e). In combination with the partic-
ipation of ROS in regulation of H,S,, generation, we proposed
the ROS/H,S/H,S,, crosstalk signaling pathways in Fig. 6e.
Increased ROS in FFA-induced NAFLD stimulates MPST and
CSE to produce more H,S, which causes enhancement of H,S,,
via direct reaction with ROS or catalysis by MPST and CSE.

In this work, to accurately and selectively image the intra-
cellular H,S,, we introduced a new ratiometric fluorescent

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 H,S, imaging in drug-treated NAFLD. (a) Confocal fluorescence images of the nano-probe PPG-Np-RhPhCO (4.8 uM) in LO2 cells under
different conditions. The first column: incubation with the nano-probe for 2 h prior to imaging; the second and third columns: incubation with
the nano-probe for 2 h after treatment with APAP (3 mM) or FFA (0.5 mM) for 12 h, respectively. The fourth to eighth columns: treatment with FFA
(0.5 mM) for 12 h and VC (1 mM), PAG (1 mM), AOAA (300 puM) or PDTC (200 uM) for 2 h, respectively, and then with APAP (3 mM) for 12 h and with
the nano-probe for 2 h. Green channel (425-475 nm), red channel (570-620 nm), pseudocolor ratio images (green channel/red channel). Aex =
405 nm. Scale bar: 20 pm. (b) Average fluorescence intensity ratios (Fgreen/Freq) Of live LO2 cells under the conditions in (a). Data represent mean
standard error (n = 5 independent experiments; 80 cells). Statistical significance in (a) was calculated with unpaired two-tailed Student's t-tests.
#+¥p < 0.001. Significance is expressed as * compare to the co-treatment with FFA and APAP, #p < 0.05, *##p < 0.001. (c) Western blot analysis
showing MPST and CSE expression in LO2 cells upon treatment with FFA, APAP and inhibitor (PDTC or PAG), respectively. The MPST and CSE
relative abundance was normalized with B-actin relative abundance. n = 3 independent experiments. (d) The relative levels of ONOO™, H,S and
H>S, in the NAFLD model. The data were based on fluorescence imaging of L02 cells stained with ONOO™, H,S and H,S,, probes (MITO-CC in
Fig. S21,# TPC-N3 in Fig. S201 and PPG-Np-RhPhCO in Fig. 6a), respectively, and were normalized with their respective control group. (e)
Schematic of ROS/H,S/H,S,, crosstalk signaling pathways that regulate H,S,, generation in the NAFLD model. Increased ROS in FFA-induced
NAFLD stimulate MPST and CSE to produce more H,S, which causes enhancement of H,S,, via direct reaction with ROS or catalysis by MPST and
CSE. Black arrows denote the H,S,, generation pathway in FFA-induced NAFLD; red solid arrows and dashed arrows indicate ROS roles in the
regulation of H,S, in drug-treated NAFLD, respectively. VC represents antioxidants while PDTC and PAG indicate MPST and CSE inhibitors,
respectively.
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probe PPG-Np-RhPhCO, characterized by three main features
that distinguish it from previous H,S, sensors. First, rational
design and fast screening offer new recognition sites for sensing
H,S,, which avoid interference of pH and hydrolases in living
cells. Second, introduction of nanoparticles formed by polymers
enables the further improvement of selectivity of the probe,
which is a prerequisite for applications in complex biological
environments and a bottleneck for most small-molecule fluo-
rescent probes. The encapsulation of fluorophores into nano-
particles works as a general method to improve the selectivity
because it avoids the interaction with bulky potential competi-
tors (Cys, GSH, CysSSH and GSSH), which were main interfer-
ences for previous H,S,, probes. Third, the nano-probe can offer
more accurate detection of H,S, through ratiometric imaging in
living cells. The ratiometric quantification calculated from two
signal channels can exclude the interference of probe concen-
tration, which particularly benefits cell imaging under different
stimulation conditions.

To examine the application of the new H,S,, probe in live-cell
imaging, we incubated PPG-Np-RhPhCO with the liver cell line,
HL-7702 cells, and murine macrophage cell line, RAW 264.7
cells. Live-cell imaging demonstrated the capability of the probe
in detecting endogenous H,S,, with good sensitivity and signal
to background ratio (Fig. 4). The excellent performance of this
probe in imaging and monitoring H,S, inspired us to address
the challenge of H,S, production pathways. In the NAFLD
model, we found that FFA could stimulate MPST expression,
which promotes the generation of H,S,. Moreover, as the
precursor, H,S at higher concentration can promote the further
increase of H,S, in the NAFLD model. To further explore the
roles of ROS in the production of H,S,, we introduced a widely
used drug, APAP, to boost ROS production in the NAFLD model.
Simultaneous treatment with APAP and FFA causes a dramatic
increase of ROS, which stimulates MPST and CSE to increase
the generation of H,S to maintain redox homeostasis. It is also
worth noting that higher expression of CSE in L02 cells was
observed under the treatment with FFA and APAP simulta-
neously, but not under treatment with FFA alone. This is
probably because ROS at very high levels can stimulate CSE up-
regulation to elevate the level of antioxidant H,S to maintain the
redox balance.®* A higher level of ROS and H,S can generate
more H,S,, via chemical reaction, forming one of main pathways
for H,S, production in NAFLD. Meanwhile, MPST and CSE
which are highly expressed under FFA and APAP-stimulation
can also directly induce H,S to generate H,S,, forming another
main pathway for H,S, production in NAFLD. The ROS/H,S/
H,S, pathways in the NAFLD model (Fig. 6e) reported in this
work will provide new insights into future drug development
and therapeutic evaluation for NAFLD patients.

Conclusions

In summary, we designed and developed a ratiometric fluores-
cent probe, PPG-Np-RhPhCO, for monitoring the generation of
endogenous H,S,, in NAFLD. The new probe, PPG-Np-RhPhCO,
was successfully applied to reveal the possible ROS/H,S/H,S,,
pathways in the NAFLD model. The excellent selectivity,
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photostability and biocompatibility of the probe PPG-Np-
RhPhCO enable it to be a practical and direct tool for detecting
and studying intracellular H,S, in complex biological samples.
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