
This journal is©The Royal Society of Chemistry 2019 J. Mater. Chem. B, 2019, 7, 305--313 | 305

Cite this: J.Mater. Chem. B, 2019,

7, 305

Imaging of anti-inflammatory effects of HNO via a
near-infrared fluorescent probe in cells and in rat
gouty arthritis model†

Yan Huang,ab Xia Zhang,bc Na He,b Yue Wang,bc Qi Kang,*a Dazhong Shen, a

Fabiao Yu *bd and Lingxin Chen *be

Nitroxyl (HNO) plays a crucial role in anti-inflammatory effects via the inhibition of inflammatory

pathways, but the details of the endogenous generation of HNO still remain challenging owing to the

complex biosynthetic pathways, in which the interaction between H2S and NO simultaneously generates

HNO and polysulfides (H2Sn) in mitochondria. Moreover, nearly all the available fluorescent probes for

HNO are utilized for imaging HNO in cells and tissues, instead of the in situ real-time detection of the

simultaneous formation of HNO and H2Sn in mitochondria and animals. Here, we have developed a

mitochondria-targeting near-infrared fluorescent probe, namely, Mito-JN, to detect the generation of HNO in

cells and a rat model. The probe consists of three moieties: Aza-BODIPY as a fluorescent signal transducer, a

triphenylphosphonium cation as a mitochondria-targeting agent, and a diphenylphosphinobenzoyl group as an

HNO-responsive unit. The response mechanism is based on an aza-ylide intramolecular ester aminolysis

reaction with fluorescence emissions on. Mito-JN displays high selectivity and sensitivity for HNO over

various other biologically relevant species. Mito-JN was successfully used for the detection of the

endogenous generation of HNO, which is derived from the crosstalk between H2S and NO in living cells.

The additional generation of H2Sn was also confirmed using our previous probe Cy-Mito. The anti-

inflammatory effect of HNO was examined in a cell model of LPS-induced inflammation and a rat model

of gouty arthritis. The results imply that our probe is a good candidate for the assessment of the

protective effects of HNO in inflammatory processes.

Introduction

As the one-electron-reduced and protonated congener of nitric
oxide (NO), exogenous nitroxyl (HNO) has been confirmed to
have the ability to exacerbate ischemia-related injury and
induce neurotoxicity.1 However, endogenous HNO acts as a
pharmacological agent that possesses distinct pharmacological
properties from those of NO.2 Under biological conditions,

HNO directly interacts with biothiols3 and then activates vascular
voltage-dependent K+ channels (Kv)

4 to increase the level of plasma
calcitonin gene-related peptide (CGRP), which makes HNO an
important potential therapeutic candidate for the treatment of
heart failure.5 HNO also induces the nitrosation of thiolates and
releases zinc ions to trigger a series of zinc-related signalling
pathways.6,7 In addition to cardiovascular effects, HNO has
recently been reported to possess anti-inflammatory effects.
HNO inhibits inflammation-induced hyperalgesia in subcutaneous
plantar tissue in rats and suppresses the carrageenan-induced
production of cytokines.8 The anti-inflammatory effects of HNO
in living cells are dependent on the inhibition of the NF-kB and p38
MAPK pathways.9 In view of the critical physiological roles of HNO
in cells and in vivo, it is necessary to clearly detect the endogenous
generation of HNO in biological systems. Endogenous HNO can be
produced via a heme iron-catalyzed reaction between NO and
hydrogen sulfide (H2S).10–12 However, the adjunctive use of HNO
as a therapeutic agent for anti-inflammatory treatment needs
further clarification.

Both hydrogen sulfide (H2S) and NO are gaseous signaling
mediators for the regulation of various biological functions. NO
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is generated by three NO synthase (NOS) isozymes in mitochondria
with L-arginine as a substrate.13 At the molecular level, inflamma-
tion will increase the concentration of NO, mainly via the catalysis
of inducible NOS (iNOS).14 H2S can be synthesized via enzymatic
reactions that are catalyzed by cystathionine b-synthase (CBS),
cystathionine g-lyase (CSE) and 3-mercaptopyruvate sulfurtransferase
(3-MST).15 3-MST is constitutively expressed in mitochondria.16

Under stimulation by specific stresses (such as inflammation), CSE
and CBS can be translocated into mitochondria to promote the
production of H2S.17,18 Furthermore, the abundant heme iron
centers in mitochondria are available for the formation of HNO
via the reaction between NO and H2S. Therefore, mitochondria
are considered to be the organelles where HNO is generated.
Therefore, it is essential to develop efficient biochemical tools
for the detection of the formation and metabolism of HNO in
mitochondria. It is worth noting that the interaction of H2S and
NO can also produce polysulfides (H2Sn).19 The physiological
functions of H2Sn may facilitate anti-inflammatory effects. How-
ever, the simultaneous formation of HNO and H2Sn remains to
be confirmed.

The rapid dimerization and dehydration of HNO to nitrous
oxide (N2O) always prevents the accurate detection of HNO in
cells and in vivo.2 Therefore, reliable methods for the detection
of the intracellular generation of HNO with excellent selectivity
and high spatiotemporal resolution are greatly desired. More-
over, these methods must be suitable for the rapid in situ
detection of HNO in living systems. Fluorescence bioimaging
technology based on fluorescent probes has been recognized to
be an effective tool for the in situ detection of bioreactive
species in biological systems.20 Hitherto, two main types of
fluorescent probe have been designed for the intracellular
detection of HNO, which are based on: (i) the reduction of
Cu(II) to Cu(I)21–30 and (ii) the bioorthogonal reaction of Staudinger
ligation to form an aza-ylide.31–53 Although these HNO probes have
enabled great achievements, new HNO probes are still needed to
meet different new requirements in practical applications. As
far as we know, there is a lack of fluorescent probes for the
mitochondrial localization of HNO, because HNO is mainly
produced in mitochondria.54 It is unfortunate that only one
probe has been reported for imaging HNO that is derived from
the reaction between NO and H2S.55 However, nearly all the
probes that have been developed focus on the visual inspection
of HNO in cells and tissues, instead of the in situ real-time
detection of HNO in mitochondria and animals.54 Near-
infrared (NIR) fluorescence can deeply penetrate tissue and
effectively avoid background noise.51 Therefore, the imaging of
HNO in mitochondria and animals using a desirable mitochondria-
targeting NIR probe is another considerable issue that must be
addressed.

To meet the above challenges and further our previous
research,35–37 we designed and synthesized a mitochondria-
targeting NIR fluorescent probe, namely, Mito-JN, for the visualiza-
tion of HNO in cells and in vivo. Mito-JN displayed high selectivity
and sensitivity with a turn-on fluorescence response to HNO. The
probe could exclusively accumulate in mitochondria and be used
for monitoring the generation of endogenous HNO. We evaluated

the proposed biosynthetic pathways by which HNO could be
formed via the reaction between NO and H2S in mitochondria.
Moreover, the simultaneous formation of H2Sn during the process
of the production of HNO was also identified by our reported
H2Sn probe Cy-Mito.56 The results of flow cytometry confirmed
that our probe could qualitatively and quantitatively detect
intracellular HNO. Our results demonstrated that HNO possessed
anti-inflammatory effects in a cell model of lipopolysaccharide
(LPS)-induced inflammation and a rat model of gouty arthritis
(GA). A western blotting assay and pathological sectioning
were also performed to demonstrate the anti-inflammatory
function of HNO.

Results and discussion
Synthesis and design of the probe Mito-JN

To design a desirable fluorescent probe for HNO, one must first
take its selectivity and biocompatibility into account. Because
derivatives of phosphine are abiotic and inert toward bio-
molecules, the reaction of phosphine with HNO based on
Staudinger ligation has been extensively employed for the
development of HNO probes.54 The reaction between HNO
and triarylphosphine results in the corresponding phosphine
oxide and aza-ylide. The aza-ylide will undergo an immediate
intramolecular ester aminolysis reaction to release an alcohol/
amide. The proposed detection mechanism is outlined in
Scheme 1. Using this reaction, we have successfully performed
the imaging analysis of HNO in lysosomes, the endoplasmic
reticulum and cytoplasm.35–37 In this study, we aimed to
achieve the detection of the endogenous generation of HNO
during NO/H2S crosstalk in mitochondria. Aza-BODIPY was
employed as the fluorophore owing to its NIR absorption/emission.
Aza-BODIPY also features high resistance to photobleaching, high
membrane permeability, and a high fluorescence quantum yield.
The HNO recognition unit was a diphenylphosphinobenzoyl group,
and the integration of a lipophilic triphenylphosphonium cation
enabled the probe to preferentially accumulate in mitochondria.57

HNO initially reacted with triarylphosphine to yield an aza-ylide
intermediate, which then underwent an immediate intramolecular
nucleophilic reaction on the carbonyl carbon to release the
fluorophore (Scheme 1). The synthetic routes of the probe Mito-
JN are shown in the ESI† (Scheme S1). In brief, the fluorophore
aza-BODIPY was synthesized according to our previous method.35

An SN2 reaction with (4-bromobutyl)triphenylphosphonium bromide
afforded the compound Mito-1, which was then subjected to
esterification with 2-(diphenylphosphino)benzoic acid to yield

Scheme 1 Proposed mechanism of the reaction of Mito-JN with HNO.
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the final product, namely, Mito-JN. All the compounds were
characterized by 1H NMR, 13C NMR, 31P NMR and HRMS.

Spectroscopic properties and selectivity

We investigated the absorption spectra and the fluorescence
spectral response of Mito-JN to HNO under simulated physio-
logical conditions (10 mM HEPES buffer, pH = 7.4). Angeli’s salt
(AS) was employed as the source of HNO. The absorption of the
probe Mito-JN was located in the NIR spectral region (Fig. S3,
ESI†). The maximum absorption wavelength was 680 nm with
e = 3.70 � 104 M�1 cm�1. However, the addition of AS induced
hardly any changes in absorption (Fig. S3, ESI†). The fluorescence
spectrum of Mito-JN in the presence of AS was next recorded to
investigate the fluorescence response of the probe to HNO. As
shown in Fig. 1a, the addition of AS (from 0 to 10 mM) triggered
increases in the NIR fluorescence emission centered at 730 nm.
Therefore, the emission at 730 nm was selected as the optimal
fluorescence intensity to quantify the fluorescence response of
our probe to HNO. The calibration curve is shown in Fig. 1b.
High linearity was observed for concentrations of AS in the
range from 1 to 10 mM. The regression equation was DF730 nm =
198262.1[AS] (mM) + 18297.5 (r = 0.9983). Under the given
experimental conditions, the limit of detection (3s/slope) for
HNO was determined to be 50 nM. The results suggested
that Mito-JN had high sensitivity in the response to endogenous
HNO. The probe Mito-JN had potential for applications in
bioassays.

We next tested the fluorescence response of Mito-JN to other
physiologically related species in a HEPES buffer solution
(10 mM, pH 7.4). As illustrated in Fig. 1c and d, the probe was
incubated with various biospecies, including S-nitrosoglutathione
(GSNO), ONOO�, NO (NOC-5), NO2

�, tocopherols, H2O2, O2
�,

methyl linoleate hydroperoxide, ClO�, Na2S4 (a donor of H2Sn),
L-cysteine (L-Cys), glutathione (GSH), NaHS, ascorbic acid, L-arginine
(L-Arg), tyrosine, and hydroxylamine (HA). The fluorescence inten-
sities were recorded at time points of 0, 5, 10, 15, and 20 min. Only
AS gave rise to a remarkable increase in the fluorescence emission
at 730 nm within 10 min, but GSNO, which was considered to react
with phosphines and yield aza-ylides, exhibited rather slow reac-
tion kinetics. In comparison with the fast response of HNO, GSNO
would not strongly interfere with the detection of HNO. Biological
reductants represented another major challenge for our examina-
tion, because they are usually present in high concentrations in
cells. When biological reductants, such as GSH, ascorbic acid and
NaHS, were added to the solution of Mito-JN in HEPES buffer, no
obvious fluorescence signals were observed (Fig. 1d). The results
confirmed that the fluorescence response induced by AS was due
to the generation of HNO. Our results indicated that Mito-JN
possessed excellent selectivity for HNO in the presence of various
biologically relevant species under physiological conditions.

We next examined the ability of our probe to detect HNO
derived from the interaction between NO and H2S. Assays were
performed in HEPES buffer (10 mM, pH 7.4) at 37 1C for
30 min. NOC-5 was used as a donor of NO for the reaction with
H2S (NaHS) to generate HNO under the catalysis of a water-soluble
porphyrin [Fe3+(P)]. As expected, the probe Mito-JN rapidly gave a
fluorescence response to different sources of HNO (Fig. 1e). The
result revealed that our probe could be utilized for the in situ
detection of HNO that was generated from the crosstalk between
NO and H2S, but the interaction involved a pathway catalyzed by
heme iron. Although H2Sn are additional common products of the
NO/H2S crosstalk signaling pathway, until now they had not been
directly detected using a fluorescent probe for H2Sn. We attempted
to detect the generation of H2Sn. We used a recently developed
fluorescent probe (Cy-Mito)56 for the in situ real-time detection of
H2Sn. The results in Fig. 1f clearly demonstrate that the interaction
between H2S and NO generated H2Sn.

Imaging of HNO and mitochondrial localization in cells

We attempted to exploit the potential applicability of our probe
for the detection of HNO in cells and in vivo. A standard MTT
assay was performed to examine the cytotoxicity of Mito-JN. As
shown in Fig. S5 (ESI†), after they were incubated with 100 mM
Mito-JN for 24 h the cell viability of RAW264.7 cells was greater
than 85% and the 50% cell survival concentration (IC50) was
predicted to be 320 mM, which indicated the low cytotoxicity of
Mito-JN. We next investigated the ability of Mito-JN to detect
HNO in living cells. Initially, RAW264.7 cells were incubated
with 1 mM Mito-JN for 20 min at 37 1C. As controls, the cells
exhibited no fluorescence, as shown in Fig. 2a. However, after
being incubated with 100 mM AS for 20 min the cells, as shown in
Fig. 2b, displayed strong fluorescence. The fluorescence intensity
reached a plateau within 20 min, and a time dependence assay

Fig. 1 (a) Fluorescence response of Mito-JN (2 mM) to different concen-
trations of Angeli’s salt (AS) with emissions in the range from 700 to
780 nm. lex = 680 nm. (b) Linear relationship between the relative
fluorescence intensity at 730 nm and the concentration of AS (0–10 mM).
(c) Time-dependent fluorescence response of 2 mM Mito-JN to the tested
species in a HEPES buffer solution (10 mM, 0.5% TW 80, pH 7.4): 1, 10 mM AS; 2,
20 mM GSNO; 3, 200 mM ONOO�; 4, 50 mM NOC-5; 5, 500 mM NO2

�; 6,
200 mM H2O2; 7, 100 mM O2

�; 8, 20 mM MeLOOH; 9, 200 mM ClO�; 10,
100 mM Na2S4. (d) 1, 50 mM L-Cys; 2, 100 mM GSH; 3, 500 mM NaHS; 4, 200 mM
ascorbic acid; 5, 200 mM tocopherols; 6, 50 mM L-Arg; 7, 200 mM tyrosine (Tyr);
8, 50 mM hydroxylamine (HA). The bars represent the fluorescence intensity
0, 5, 10, 15, and 20 min after the addition of the respective compounds.
(e) Time-dependent fluorescence response of the probe Mito-JN (2 mM) to AS,
NOC-5 (1 mM) + NaHS (100 mM) and NOC-5 + NaHS + [Fe3+(P)] (1 mM) over
30 min. (f) Detection of H2Sn by fluorescence response of Cy-Mito (2 mM) in
AS, NOC-5 (1 mM) + NaHS (100 mM) and NOC-5 + NaHS + [Fe3+(P)] (1 mM)
treated for 10 min. Mito-JN: lex = 680 nm, lem = 730 nm. Cy-Mito: lex =
730 nm, lem = 780 nm. The spectra were acquired in a HEPES buffer solution
(10 mM, 0.5% TW 80, pH 7.4).
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revealed high photostability and a marked increase in the fluores-
cence of Mito-JN in living cells (Fig. S6, ESI†), because HNO could
be directly derived from the interaction between NO and H2S.55,58

Therefore, we investigated the in situ generation of HNO via the
employment of Mito-JN in RAW 264.7 cells. RAW 264.7 cells were
exposed to NOC-5 (a donor of NO) and/or NaHS (a donor of H2S)
for 20 min under physiological conditions. The strong fluores-
cence shown in Fig. 2c was attributed to the endogenous
formation of HNO. Cells that were merely treated with NaHS
or NOC-5 emitted faint fluorescence (Fig. 2d and e). Because
laser scanning confocal microscopy is only valuable in the case of
relatively small amounts of cells in visual fields, which might
decrease the reliability of the data because of various uncontrolled
factors, whereas a flow cytometry assay can provide more statisti-
cally reliable data by rapidly and sensitively analyzing millions of
cells,59 all the fluorescence imaging results were further confirmed
via flow cytometry (Fig. 2f–j). In Fig. 2s, the mean changes in
fluorescence corresponding to Fig. 2f–j are quantified. These data
demonstrated that Mito-JN was available for the detection of the
intracellular generation of HNO, and HNO could be formed directly
from the reaction of NO with H2S in physiological conditions.

Metal centers play a pivotal role in the generation of HNO in
the NO/H2S crosstalk signaling pathway, and thus endogenous

HNO will predominantly be generated in mitochondria, as
these organelles are richest in heme iron centers.12,60 In order
to examine the ability of Mito-JN to detect mitochondria, a
colocalization experiment was carried out by co-staining with
the probe Mito-JN, MitoTracker Green FM (a commercial
MitoTracker) and the nuclear stain Hoechst 33342. RAW
264.7 cells, as shown in Fig. 2k, were loaded with 1 mM Mito-
JN for 20 min, 2 mM Hoechst 33342 for 30 min, and 1 mg mL�1

MitoTracker Green FM for 15 min. The spectrally separated
images that were acquired using the three dyes (Fig. 2k–m) were
further analyzed using Image-Pro Plus software. Mitochondria
were stained with MitoTracker Green FM and exhibited clear
fluorescence signals in the green channel (500–580 nm, Fig. 2l).
The fluorescence images were merged with the image acquired
using Mito-JN, as shown in Fig. 2n. We determined that the
Pearson’s coefficient was Rr = 0.93 and the Manders’ coeffi-
cients were m1 = 0.99 and m2 = 0.98, which implied that Mito-JN
was preferentially distributed in mitochondria. An analysis of
the color-pair intensity correlation for Fig. 2k and l gave a
highly correlated plot for the two dyes used for co-staining
(Fig. 2r), whereas a correlation analysis performed for Mito-JN
and Hoechst 33342 resulted in discrete pixels (Fig. 2p). The
intensity profiles of linear regions of interest (white arrow in
Fig. 2n) across the RAW 264.7 cells closely corresponded
(Fig. 2o). Furthermore, we extracted the mitochondria of RAW
264.7 cells using a Cell Mitochondria Isolation Kit, and flow
cytometry analysis of mitochondrial isolation from cells
stimulated as shown in Fig. 2k was also performed to provide
secondary evidence of changes in the fluorescence signal of
mitochondria (Fig. S7, ESI†). These results illustrated that the
majority of HNO was generated in mitochondria and our probe
Mito-JN could specifically target mitochondria for the in situ
detection of changes in the level of HNO.

Additional generation of H2Sn in NO/H2S crosstalk

According to the above experiments, we confirmed that HNO
could be formed in the reaction of NO/H2S crosstalk in cells.
Moreover, H2Sn were also generated in this interaction. In order
to confirm the additional generation of H2Sn, a previously
reported H2Sn probe, namely, Cy-Mito, was employed to directly
detect H2Sn. Human astrocytoma (U87) cells were selected as
the test cell model. U87 cells were incubated with 1 mM Mito-JN
for 20 min and 1 mM Cy-Mito for 15 min at 37 1C for the
simultaneous formation of H2Sn and HNO. As shown in Fig. S10a
and d (ESI†), the HNO channel (Mito-JN) and H2Sn channel
(Cy-Mito) emitted no fluorescence, which indicated that the
levels of HNO and H2Sn in living cells were low. After 1 mM
NOC-5 and 100 mM NaHS were added to Petri dishes for 10 min,
the HNO channel and H2Sn channel exhibited fluorescence
emissions (Fig. S10b and e, ESI†), which illustrated that the
generation of HNO and H2Sn was sensitively captured by
Mito-JN and Cy-Mito, respectively. Remarkable increases in
fluorescence signals were observed in the HNO channel and
H2Sn channel 20 min later (Fig. S10c and f, ESI†). All the
fluorescence response results were further confirmed via a flow
cytometry assay (Fig. S10g–l, ESI†). The two sets of results were

Fig. 2 Confocal microscopy images and flow cytometry assay of RAW
264.7 cells for the detection of HNO. All the cells were incubated with
Mito-JN (1 mM) for 20 min and then washed with DMEM to remove the
excess probe. (a) RAW264.7 cells were incubated with 1 mM Mito-JN for
20 min at 37 1C and washed with DMEM. (b) Performed as described in
part a, but 100 mM AS was additionally added for 20 min. (c) Performed as
described in part a, but NOC-5 (1 mM) and NaHS (100 mM) were addition-
ally added for 20 min. (d) After being treated as indicated in part a, cells
were incubated with NaHS (100 mM). (e) After being treated as indicated in
part a, cells were stimulated with NOC-5 (1 mM). (f–j) Flow cytometry
assays of RAW 264.7 cells corresponding to a–e. (k) RAW264.7 cells were
incubated with 1 mM Mito-JN, and NOC-5 (1 mM) and NaHS (100 mM)
were then added. (l) Fluorescence imaging of MitoTracker Green FM.
(m) Fluorescence imaging of Hoechst 33342. (n) Merged red, green and blue
channels. (o) Intensity profiles of regions of interest (white line in n) across cells.
(p) Colocalization areas of the red and blue channels selected. (q) Colocalization
areas of the green and blue channels selected. (r) Colocalization areas of the
green and red channels selected. (s) Mean fluorescence intensity in assays f–j.
Mito-JN (red channel: lex = 680 nm, lem = 690–720 nm). MitoTracker Green
FM showing mitochondria (green channel: lex = 488 nm, lem = 500–580 nm).
Hoechst showing nuclei (blue channel: lex = 405 nm, lem = 425–525 nm).
The images are representative of n = 5 independent experiments.
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closely consistent with each other. The results indicated that
NO and H2S could trigger the formation of HNO and H2Sn.

NO is believed to be enzymatically generated from L-Arg by
iNOS,9 and H2S is enzymatically formed from L-Cys by CBS, CSE
and 3-MST in cells.15 We further investigated the endogenous
biosynthetic pathways of HNO and H2Sn. U87 cells were
employed as cell models for overexpression of the four kinds
of enzymes. As illustrated in Fig. 3a and b, the cells in groups ii
and iii were treated with 3 mM L-Arg and 3 mM L-Cys, respec-
tively, for 30 min. The cells in groups iv–vii overexpressed iNOS,
CBS, CSE and 3-MST, respectively, via cell transfection. Group
viii overexpressed iNOS, CBS, CSE and 3-MST and was then
incubated with 3 mM L-Arg and 3 mM L-Cys for 30 min. Then,
we used LPS to stimulate the transfected cells to increase the
production of NO in groups iv and viii. All the groups were
incubated with 1 mM Cy-Mito and 1 mM Mito-JN for 20 min
before imaging. The control cells, as shown in Fig. 3a, emitted
almost no fluorescence. Groups ii–vii exhibited faint fluorescence,
which indicated that the separate production of endogenous NO
or H2S in living cells could not induce the formation of high
levels of HNO and H2Sn. As expected, group viii exhibited strong
fluorescence because the simultaneous presence of endogenous
NO and H2S could produce vast amounts of HNO and H2Sn. These
data demonstrated that endogenous NO and H2S could interact to
induce a burst in the formation of HNO and H2Sn.

Anti-inflammatory effect of HNO in cell models

HNO has the particular ability to treat cardiovascular diseases.
HNO also exerts an anti-inflammatory effect in inflammation
by suppressing LPS-induced inflammation via inhibition of the
NF-kB p65 and p38 MAPK pathways.8,9 Here, we selected a BV-2
microglial cell line as a test model to assess the anti-inflammatory
effect of HNO. LPS (1 mg mL�1) was used to stimulate an
inflammatory response in cells. All the cells, as shown in Fig. 4a,
were incubated with 1 mM Cy-Mito and 1 mM Mito-JN for 20 min.

Fluorescence images were acquired by confocal microscopy, and
the fluorescence responses were further confirmed via a flow
cytometry assay. An Annexin V-FITC Apoptosis Detection Kit was
utilized to assess cellular apoptosis and necrosis induced by
cellular inflammatory stress. The cells in the control group did
not exhibit any fluorescence, and the rate of apoptosis (including
early apoptosis and late apoptosis) in the control cells was almost
0.0%. Once they were treated with LPS, the apoptosis rate of the
BV-2 microglial cells increased to 60.9%, and dark-field images
indicated low levels of HNO and H2Sn. The addition of 1 mM
NOC-5 to the LPS-treated cells induced faint fluorescence, because
the low level of endogenous H2S in inflammatory cells would
generate small amounts of HNO and H2Sn. The apoptosis rate was
54.4%. Therefore, supplementation with 100 mM NaHS resulted in
a strong increase in fluorescence in cells. The result indicated that
the endogenous generation of NO contributed to the production of
HNO and H2Sn under inflammatory stress. The apoptosis rate was
reduced to 39.5%. There is no doubt that a strong fluorescence
image was obtained when NOC-5 and NaHS were added to
the LPS-treated cells. The apoptosis rate was reduced to 14.6%.
We also assessed the anti-inflammatory effect of H2Sn in an
LPS-treated cell model. Even after the addition of 100 mM Na2S4

(a donor of H2Sn), the rate of apoptosis was still 49.4%. To confirm
the anti-inflammatory effect of HNO in our cell model, we
extracted proteins from all the treated cells illustrated in Fig. 4a.
We utilized western blotting analysis to analyze the expression of
inflammation-associated proteins, namely, phosphorylated p38
(P-p38), p38 MAPK (T-p38), phosphorylated NF-kB p65 (P-p65)
and NF-kB p65 (T-p65). As shown in Fig. 4b, P-p38 and P-p65 were
activated in inflammatory cells. In the NOC-5 and H2S groups, the
protein expressions of P-p38 and P-p65 decreased because small
amounts of HNO were produced. As expected, the protein
expressions of P-p38 and P-p65 were drastically reduced after
the simultaneous addition of NOC-5 and NaHS. All these data
demonstrated that HNO possessed an anti-inflammatory effect

Fig. 3 Generation of endogenous HNO and H2Sn in living U87 cells. (a) Confocal microscopy images and flow cytometry assay of U87 cells for the
detection of endogenous HNO and H2Sn. (b) Mode of treatment used for the eight groups of cells. (c) Mean fluorescence intensity of the eight groups of
cells shown in part a. Mito-JN (red channel: lex = 680 nm, lem = 690–720 nm). Cy-Mito (red channel: lex = 730 nm, lem = 750–800 nm). The images are
representative of n = 5 independent experiments.
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in the inflammatory cell model. An illustration of this physio-
logical process is shown in Fig. 4c.

Imaging of HNO in vivo

Because NIR optical imaging holds great potential for non-
invasive detection in vivo, the probe was next used to perform
noninvasive imaging in living mice. Mito-JN was further used
for in vivo imaging of HNO in BALB/c mice (n = 5) via

intraperitoneal injection. Mice in group A were first injected
with 50 mM Mito-JN (50 mL in 1 : 9 DMSO/saline, v/v) for 20 min.
After 500 mM AS (50 mL in saline) was injected for 20 min, strong
fluorescence was observed in the entire abdominal cavity of
the mice in group A (Fig. 5a). Mice in group B exhibited no
fluorescence emission without the injection of AS (Fig. 5a,
group B). The average fluorescence intensities are shown for a
direct comparison in Fig. 5b. All these results demonstrated
that the NIR fluorescent probe Mito-JN could be successfully
used for deep imaging of HNO in living mice without inter-
ference from autofluorescence in the organism.

Anti-inflammatory effect of HNO in rat model

Considering the excellent behavior of Mito-JN for fluorescence
imaging in vivo and the remarkable anti-inflammatory function
of HNO in cells, we further established a model of gouty
arthritis (GA) in Sprague-Dawley (SD) rats to investigate the
anti-inflammatory effect of HNO. The GA rats were divided into
five groups. All the SD rats were injected with 50 mM Mito-JN
(10 mL in 1 : 9 DMSO/saline, v/v) in the ankle joint cavity for
20 min. In the rats in the control group, almost no fluorescence
was observed (Fig. 6a). GA rats exhibited faint fluorescence after
the probe was injected for 20 min, which indicated low levels of
HNO in vivo. The above rats were additionally injected with
1 mM NOC-5 (10 mL). A weak fluorescence emission was
observed because a small amount of HNO was generated at
the inflammation site. However, the additional injection of
100 mM NaHS (10 mL) resulted in stronger fluorescence images
than the additional injection of NOC-5 into the rat ankle joint.
This result implied an increase in the level of HNO. As
expected, the simultaneous injection of 1 mM NOC-5 (10 mL)
and 100 mM NaHS (10 mL) into the ankle joint cavity of GA rats
resulted in strong fluorescence. A quantization of the fluores-
cence intensities is shown for a direct comparison in Fig. S15
(ESI†). These results demonstrated that HNO could be generated
in the rat ankle joint via the reaction between NO and H2S. To
confirm the anti-inflammatory effect of HNO on gouty arthritis, we
extracted proteins from the synovial membrane tissue of the rat

Fig. 4 Anti-inflammatory effect of HNO in inflammatory cell model and
protein expressions of P-p38 and P-p65 in cells. (a) Confocal microscopy
images, flow cytometry assay and apoptosis analysis of inflammatory cell
model for the detection of HNO and H2Sn. Apoptosis analysis: (Q1)
necrotic, (Q2) late apoptosis, (Q3) viable, (Q4) early apoptosis. (b) Western
blotting analysis of P-p38, T-p38, P-p65 and T-p65 from part a. b-actin
was used as a loading control. (c) Illustration of generation of endogenous
HNO and H2Sn in living cells. Mito-JN (red channel: lex = 680 nm, lem =
690–720 nm). Cy-Mito (red channel: lex = 730 nm, lem = 750–800 nm).
The images are representative of n = 5 independent experiments.

Fig. 5 Fluorescence/X-ray images of BALB/c mice visualizing changes in
HNO levels using Mito-JN. (a) Mice in group A were injected in the peritoneal
cavity (i.p.) with 50 mM Mito-JN (50 mL in 1 : 9 DMSO/saline, v/v) for 20 min
and then injected with AS (500 mM, 50 mL in saline) for a further 20 min. Mice
in group B were treated in the peritoneal cavity (i.p.) with 50 mM Mito-JN
(50 mL in 1 : 9 DMSO/saline, v/v) for 20 min. (b) Mean fluorescence intensities
in group A and group B. The images displayed represent emission intensities
recorded in the window of 690–750 nm, lex = 680 nm. Data are presented
as the mean � SD (n = 5).
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ankle joint. The protein expressions of phosphorylated p38
(P-p38), p38 MAPK (T-p38), phosphorylated NF-kB p65 (P-p65)
and NF-kB p65 (T-p65) were determined to assess the degrees of
inflammation in the five groups using western blotting analysis. As
shown in Fig. 6b, the results of western blotting illustrated that
P-p38 and P-p65 were activated in the GA rat model owing to the
development of gouty arthritis. The addition of NOC-5 or NaHS
slightly decreased the protein expressions of P-p38 and P-p65
because of the formation of low levels of HNO. A high level of
HNO drastically reduced the protein expressions of P-p38 and
P-p65 in the GA + NOC-5 + H2S group. To prove that the anti-
inflammatory effect originated from HNO instead of H2Sn, we
examined the changes in the expressions of P-p38 and P-p65
in GA rats that were pretreated with 100 mM Na2S4 (10 mL) by
western blotting (Fig. S16, ESI†). There were only slight
decreases in the expressions of P-p38 and P-p65 in the
GA + H2Sn group with respect to the GA + NOC-5 + H2S group.
The results demonstrated that the anti-inflammatory effect of
HNO was stronger than that of H2Sn. Furthermore, H&E
(hematoxylin and eosin) staining of synovial membrane tissue
of the ankle joint was carried out to confirm the degrees of

inflammation (Fig. 6a). All these results indicated that HNO
exerted an anti-inflammatory effect in gouty arthritis.

Conclusions

In summary, we have developed an NIR fluorescent probe, namely,
Mito-JN, for the examination of the anti-inflammatory effects of
HNO in cells and in a rat model of gouty arthritis. Mito-JN exhibits
high selectivity and high sensitivity to HNO and low cytotoxicity.
The probe can be localized in mitochondria and can be used for
the detection of HNO in mice without interference from back-
ground fluorescence. We have confirmed that the interaction
between NO and H2S yields HNO in cells and in vivo. This
biosynthetic pathway also involves the generation of endogenous
H2Sn. The results imply that reactive nitrogen species have a close
relationship with reactive sulfur species in biological systems.
With the help of the probe Mito-JN, we assessed the anti-
inflammatory effect of HNO in the NO/H2S crosstalk signaling
pathway in a cell model of LPS-induced inflammation and a rat
model of GA. Western blotting analysis and pathological section-
ing were also employed to demonstrate the anti-inflammatory
effect of HNO. We anticipate that HNO will have huge potential
for the treatment of inflammation.

Experimental
Cell transfection

A mouse macrophage cell line (RAW264.7 cells), human astro-
cytoma cells (U87 cells) and a BV-2 microglial cell line (BV-2 cells)
were obtained from the Committee on Type Culture Collection of
the Chinese Academy of Sciences. U87 cells were chosen as the cell
model for the overexpression of iNOS, CSE, CBS and 3-MST using a
Calcium Phosphate Cell Transfection Kit. The iNOS, CSE, CBS and
3-MST genes were transiently overexpressed using an iNOS cDNA/
pBiGN, an hCSE cDNA/pIRES2-EGFP, an hCBS cDNA/pCMVSPORT6
or a 3-MST/pCI-HA construct (Vigene Biosciences Co., Ltd). Identical
empty vectors that lacked a cDNA insert were used as controls.

Establishment of rat model of gouty arthritis of the ankle joint

Eight- to ten-week-old SD rats were obtained from Binzhou
Medical University. A 0.1 g mL�1 sodium urate solution was
dissolved in physiological saline. We used needles with a
diameter of 0.45 mm to inject 0.1 mL sodium urate solution
into the rat ankle joint. The rat model of gouty arthritis was
completed after 3 days. All experimental procedures were
conducted in conformity with institutional guidelines for the
care and use of laboratory animals, and protocols were
approved by the Institutional Animal Care and Use Committee
of Binzhou Medical University, Yantai, China.

Fluorescence imaging of the rat model of gouty arthritis

The rats used for the model of gouty arthritis were group-
housed on a 12 : 12 light-dark cycle at 22 1C with free access to
food and water. The rats were divided into different groups.
Subsequently, the rats received an injection of Mito-JN

Fig. 6 Representative in vivo NIR fluorescence images visualizing HNO in
a rat model of gouty arthritis. H&E (hematoxylin and eosin) staining of
synovial membrane tissue of the ankle joint and the protein expressions of
P-p38 and P-p65 in synovial membrane tissue. (a) Bright-field images
of the five groups, fluorescence imaging of HNO in the five groups, and H&E
staining of synovial membrane tissue in the five groups. Scale bar = 20 mm.
(b) Western blotting analysis of P-p38, T-p38, P-p65 and T-p65 from part a.
b-actin was used as a loading control. The images displayed represent
emission intensities recorded in the window of 690–750 nm, lex = 680 nm.
Data are presented as the mean � SD (n = 5).
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(50 mM, 50 mL in 1 : 9 DMSO/saline, v/v) in the ankle joint cavity
and were maintained for 20 min. Finally, the five groups of
rats were anesthetized by inhalation of isoflurane. Images
were taken using a PerkinElmer IVIS Lumina XRMS Series
III in vivo imaging system with an excitation filter at 680 nm
and an emission in the range of 700–800 nm. The results were
presented as the mean and standard deviation of five separate
measurements.
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